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Abstrakt

Skeletalni, tzn. chrupav¢ité, kosténé a zubni tkdné pat#i ke klicovym inovacim nés obratlovca.
Jednu z druhové nejpocetnéjsich skupin obratlovct viibec reprezentuji paprskoploutvé ryby
(Actinopterygii), coZz se odrdzi i v mimoradné diverzité jejich skeletdlnich systému. V této
praci se zabyvam ptekvapivé odlinou kraniilni i dentalni architekturou zastoupenou jiz u
Clentt bazalnich linii paprskoploutvych ryb. Zatimco bichifi a kostlini svym masivnim
exoskeletem hlavy i trupu predstavuji doslova obrnéné formy se zuby nékolika typu
pokryvajicimi celou orofaryngedlni oblast, u jeseterd doslo krozsdhlé redukci a
restrukturalizaci skeletu véetné dentice, takZe dospélci jsou bezzubi. Celou analyzu zastfesuje
stika, tedy zastupce kostnatych ryb sodlehéenou skeletdlni architekturou p#i zhruba
srovnatelném poctu kranidlnich elementd. Pfedklddand price nabizi prvni komplexni
srovndvaci analyzu jejich skeletogeneze a odontogeneze, ktera ndm umozni porozumét tomu,
co vyvojové zaklada odli$nou kranidlni architekturu obratlovca.

Komparativni deskripce rastové dynamiky chrupavéitych a kosténych tkini odhalila
distribuci heterochronii na nékolika trovnich. Rozdilné bylo tedy (i) potadi (sekvence)
formovani chrupavd¢itych i kosténych kranidlnich regiond, (ii) relativni nacasovani poc¢atku
samotné chondrogeneze a osteogeneze, stejné jako (iii) doba trvdni téchto procest.
Prekvapivé odlisna pak byla mezidruhovd dynamika vyvoje denzity kosti s necekanym
nejprogresivnéj$im pocatkem osifikace u jesetera. Odlisné nacasovani exprese klicovych
skeletalnich markert ranych stadii vyvoje chrupavky (COLII) a kosti (Col10al) zjevné
predstavuje dulezity faktor regulujici nadsledny proces mineralizace. Vyznamna vyvojova
heterochronie pak byla identifikovana béhem ranych stadii diferenciace hlavovych tkani se
zrychlenou morfogenezi hyoidniho proudu hlavové neuralni listy zakladajici kli¢ové hyoidni
struktury larvilnich stadii.

Jiz zdkladni deskripce odontogeneze unikdtnich vyvojovych #ad bazélnich
paprskoploutvych ryb prokazala vyraznou variabilitu v distribuci a v raném patternovani
dentice. Zcela poprvé byla detailné popsdna exprese klicovych zubnich geni ilustrujici proces
zakladdni zubnich poli u téchto linii. Vizualizace mineralizace zubt pak umoznila vysledovat
dynamiku jejich nahrazovani. Ziskana data poukdzala na zachovalé ancestrdlni prvky ve
vyvoji dentice bichira kontrastujici s vyjime¢né odvozenou dentici jesetera. Zcela poprvé byly

popsany aspekty zaklddani a vyvoje komplexni zubni dentice kostlina.

Klicova slova: kranialni skeletogeneze, odontogeneze, heterochronie, paprskoploutvé ryby,

chrupavka, kost, dentice, neuralni lista



Abstract

Skeletal (cartilaginous, bony, and dental) tissues undoubtedly exemplify the key innovation
of vertebrates. Among all recent vertebrates, the most numerous and successful lineage is
represented by the Ray-finned fishes that, accordingly, exhibit amazing variety of skeletal
architectures and phenotypic adaptations. In order to depict fundamental principles of fish
cranial skeletogenesis the developmental formation of skeletal architectures was described,
compared and analyzed using members of early branching fish lineages, that exemplify very
different strategies of skeletogenesis. While the Senegal bichirs and the Tropical gars are
heavily armored forms with massive exoskeleton and hyperossified dental structures
covering the whole oropharyngeal region, the European sterlets, on the contrary, possess
mostly cartilaginous skeleton and reduce their dental structures during early development.
Whole analysis is underpinned by the Northen pike, teleostean species with lightened skeletal
architecture with comparable number of cranial elements. The present study represents the
first complex comparative analysis of their skeletogenesis and odontogenesis. This allowed
to define developmental strategies founding different lineage-specific skeletal architecture of
vertebrates.

Comparative description of developmental dynamics of cartilaginous and bony
tissues revealed distribution of heterochrony at various levels. We identified differences in
(i) sequence of cranial cartilaginous and bony regions development, (ii) relative timing of
cartilage and bone formation, and (iii) duration (overal rate of development) of these
processes. Quantitative analysis uncovered surprisingly different interspecies dynamic of
skull density development with the most progressive beginning of ossification in sterlet.
Moreover, different timing of key sketelal markers expression obviously represents an
important factor regulating the proccess of ossification. Developmental heterochrony was
also identified during early stages of head tissue differentiation with accelerated
morphogenesis of hyoid stream of cranial neural crest. This developmental heterochrony is
associated with the early formation of hyoid structures during larval development.

Detailed description of odontogenesis based on unique developmental series of basal
Ray-finned fishes revealed substantial variation in dental distribution and early patterning
of their dentition. Expression of key dental markers depicting early process of dentate field
differentiation was thoroughly decribed for the first time. Analysis of dental mineralization
patterning allowed to trace dynamics of teeth replacement among studied lineages. These
data revealed ancestral state of dentition development in bichir contrasting with
exceptionally derived sterlet dentition. Moreover, aspects of teeth formation and

development of complex dentition of gar was described in detal for the first time.

Key words: cranial skeletogenesis, odontogenesis, heterochrony, Ray-finned fishes,

cartilage, bone, dentition, neural crest
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predstavuje srovnavaci analyzu kli¢ovych vyvojovych procest zaklddajici odlisné
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Comparative cranial skeletogenesis in fishes: towards understanding of developmental

strategies of fish craniofacial diversity.

III.  Rizzato PP* Pospisilova A*, Hilton EJ & Bockmann FA (2020) Ontogeny and
homology of cranial bones associated with lateral-line canals of the Senegal Bichir, Polypterus
senegalus (Actinopterygii: Cladistii: Polypteriformes), with a discussion on the formation of
lateral-line canal bones in fishes. Journal of Anatomy 00, 1-29.

* stejny prispévek autoru
IV. Stundl J, Pospisilova A, Jandzik D, Fabian P, Dobiasova B, Minarik M, Metscher BD,
Soukup V & Cerny R (2019) Bichir external gills arise via a heterochronic shift that accelerates
hyoid arch development. eLife 8, e43531.

V. Stundl J, Pospisilova A, Matéjkova T, Psenicka M, Bronner ME & Cerny R (2020)

Migratory patterns and evolutionary plasticity of cranial neural crest cells in ray-finned

fishes. Developmental Biology (forthcoming)
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II. CAST: Srovnani patternu odontogeneze
VI. Soukup V, Tazaki A, Yamazaki Y, Pospisilova A, Epperlein H-H, Tanaka EM & Cerny

R (in prep) Oral and palatal dentition of axolotl arises from a common tooth-competent zone

and co-localizes with the ecto-endoderm boundary.

VII. Pospisilova A, Stundl J, Brejcha J, Metscher BD, Psenicka M, Cerny R & Soukup V
(in prep) The dentition is a highly dynamic organ system during the sterlet sturgeon
ontogeny (Acipenser ruthenus).

Vzhledem k tomu, Ze fada skeletdlnich dat vznikala po del$i dobu (jiz od diplomového
projektu) a skeletdlni ¢ast prace je tedy podlozena péti ze 7 ¢lanku (viz vyse), odpovidd tomu
i samotnd struktura textu I. a II. ¢asti. Zatimco je skeletdlni ¢4st pojatd jako tvod do
problematiky s detaily a obrazovymi figurami deponovanymi do jednotlivych ¢lankd, v ¢asti
zubni jsou, aZz na jesetera, uvedeny dosud nepublikované vysledky studie s obrazovymi
tabulemi ptiloZzenymi p#imo do textu priace. Kompozice kapitol pojednavajicich o
odontogenezi bichira a kostlina pak odpovida struktufe jesetetiho zubniho manuskriptu
(Clanek VII).
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2 Uvod

Skeletélni, tedy chrupav¢ité, kosténé a zubni tkané jsou povazovany ze jednu z kli¢ovych
evolu¢nich novinek nas obratlovct (Gans & Northcutt, 1983; Northcutt & Gans, 1983;
Northcutt, 2005; Green et al., 2015). Jejich vysledna strukturalni diverzifikace se odrazi v
mohutné evolu¢ni radiaci a fenotypické adaptaci fady obratlov¢ich linii (Abzhanov et al.,
2004; Albertson et al., 2005; Streelman & Albertson, 2006 atd.). Neméné vyznamnou roli
v evoluénim tuspéchu obratlovct sehrila evoluce hlavy (Northcutt & Gans, 1983), jejiz
skeletalni pokryv chranici mozek a smyslové organy vystavuje lebku. Pfestoze se jednd o
zna¢né komplexni strukturu, je tvofend relativné jednoduchym a uniformnim souborem
skeletdlnich elementt a vykazuje pozoruhodnou diverzitu napti¢ celou skupinou obratlovci.
Jiz v 19. stoleti si Ernst Haeckel, ptedni némecky evolu¢ni biolog, povsiml nipadnych
odlisnosti dospélych lebek u riznych skupin obratlovcl, kterda kontrastuje sjejich
pozoruhodnou podobnosti patrnou u zakladd hlavovych struktur v raném vyvoji (Haeckel,
1874). Sam Haeckel vsak tento fenomén nedokazal optikou tehdejsi védy dostateéné
vysvétlit, svym vyzkumem vsak podnitil silici zdjem o problematiku vzniku lebky potazmo
celé hlavy (Olsson et al., 2005). Tento zajem o studium lebky jesté zintenzivnil po zjisténi, ze
hlavovy skeletogenni mezenchym, ¢ili prekurzor skeletalnich tkdni lebky, mize pochazet ze
dvou zarodecnych vrstev, a to z mezodermu nebo z unikatni populace bunék neuralni listy
(kup?. Helms & Schneider, 2003; Santagati & Rijli, 2003; Hall, 2005; Kague et al., 2012;
Piekarski et al., 2014; Hirasawa & Kuratani, 2015 atd.).

V poslednich letech se ukazalo, Ze ve srovnani s postkranidlnim skeletem, ktery je
z drtivé vétsiny odvozen z mezodermu, je jedine¢nym zdrojem hlavového mezenchymu
neurdlnilista. Stejné jako lebka samotna je i neuralni lista povazovana za obratlov¢i apomorfii
a ptredpoklada se, Ze jeji vznik sehral zasadni roli v evoluci obratlovcl (Gans & Northcutt,
1983; Northcutt & Gans, 1983; Northcutt, 2005; Holland et al., 1994; Green et al., 2015).
Béhem vzniku neurdlni trubice dochédzi k oddéleni bunék neurdlni listy, které migruji a
nasledné ptispivaji k drtivé vétsiné skeletdlnich tkani hlavy. PfestoZe je neurdlni lista, a
zejména migrace bunék neurdlni lity, povazovana za vysoce konzervativni napti¢ celou
skupinou obratlovcl, vysledné kraniofacidlni skeletdlni struktury vykazuji nebyvalou
morfologickou diverzitu (srv. kup#. Schneider, 2005; Cerny et al., 2006; Schneider, 2018;
Stundl, 2019; Clanek V). Pravé plasticita a evolvabilita bunék neuralni listy a jejich
skeletdlnich derivata pravdépodobné umoznila schopnost modulovat Zivotni strategie u
obratlovct a adaptovat se na nejraznéjsi prostredi (kupt. Abzhanov et al., 2004; Albertson et
al., 2005; Albertson et al., 2010; Powder et al. 2015).

Nebyvalou morfologickou diverzitu lze spatfit rovnéz u zubu, jejichz vznik je
povazovan za dalsi klicovou novinku podtrhujici evolué¢ni aspéch jejich nositela. Prestoze je
evolu¢ni piivod zubt dosud predmétem mnoha debat (kupt. Smith, 2003; Fraser et al., 2009;
Fraser et al., 2010; Murdock et al., 2013; Donoghue & Riicklin, 2014; Chen et al., 2016;
Vaskaninova et al., 2020; Chen et al., 2020), charakter adultni dentice je detailné popsany u
tady obratlovci (shrnuto kupt. v Berkovitz & Shellis, 2017). Mnozstvi detailnich studii

zabyvajicich se ranym vyvojem zubl poukazalo na striktné konzervativni proces provazejici
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samotné zaklddani zubnich tkani obratlovci, ktery kontrastuje s jejich finalni morfologickou
variabilitou. Formovani zubnich zarodka (stejné jako ostatnich ektodermalnich organd, kupt.
chlupy, peti, slinné Zlazy, chutové poharky) je indukovano interakci epitelu a ptiléhajiciho
mezenchymu pochazejiciho z mezodermu ¢i z bunék neurélni listy (Pispa & Thesleff, 2003;
Bloomquist et al., 2015).

Zdaleka nejpocetnéjsi a nejuspésnéjsi skupinou v rdmci soucasnych obratlovci je linie
paprskoploutvych ryb (Actinopterygii), kterd s vice nez 35 500 doposud popsanymi druhy
predstavuje dominantni radiaci obratlovca (Fricke et al., 2020). Vzhledem ke své ohromné
morfologické a vyvojové variabilité tak reprezentuje atraktivni systém pro studium
vnitrodruhové a mezidruhové proménlivosti, kterou skelet snad vice nez kterykoli jiny
systém vykazuje. Pravé tato fascinujici rozmanitost se dostala do hledac¢ku fady genetiku a
evolu¢né-vyvojovych biologi s cilem identifikovat a popsat kandidatni mechanismy, které ji
zakladaji (Alberch, 1982; Lefebvre & Bhattaram, 2010). Oblast vzniku a vyvoje kraniadlnich
skeletalnich struktur se tak stala pfedmétem vyzkumu mnoha komparativnich studii, ovéem
vétsina z nich zvolila pro posouzeni morfogenetickych mechanizm odli$né skeletogeneze
fylogeneticky pfili§ vzdilené druhy (Hanken & Thoroghood, 1993; Mabee & Trendler, 1996).

Aﬁ R PTG o =) 5 L
| | | Esox Atrac!olsteus Acipienser Pofyplxerus
Amniota Amphibia  Dipnoi Teleostei Holostei  Chondrostei  Cladistia
8 12
Tetrapoda Coelacanthimorpha Neopterygii
Chondrichthyes Tunicata
Sarcopterygii Actinopterygii 214 Cyclostomata Cephalochordata
>33000 >35500
Oslemblhyes
Gnathostomata

I_I_

Obr. 1: Schéma fylogeneze recentnich skupin strunatcii s vyzna¢enymi studovanymi liniemi
paprskoploutvych ryb (pievzato z Stundl, 2019; upraveno).

Predklddana dizerta¢ni prace analyzuje vyvoj skeletdlnich, pfedevsim tedy hlavovych
a dentalnich, struktur v rdmci $irsi fylogenetické $kaly a zahrnuje prevazné ,bazalni“ linie
paprskoploutvych ryb s pfesahem k ,nejodvozenéjsi“ korunové linii. Jedna se o zastupce
zaujimajici klicové postaveni v sou¢asném fylogenezi paprskoploutvych ryb (Hurley et al,,
2007; Obr. 1). V prvni fadé jde o bichira senegalského (Polypterus senegalus Cuvier, 1829)
reprezentujictho vramci paprskoploutvych ryb starobylou, nejranéji se odvétvuyjici linii
Cladistia a predstavuje tedy sesterskou skupinu ke zbylym liniim této analyzy (kupt. Hughes
et al., 2018; Betancur-R et al., 2017; Betancur-R et al., 2013; Broughton et al., 2013). Jeseter
maly (Acipenser ruthenus Linnaeus, 1758), jakozto zastupce Chondrostei, je spolu s veslonosy

uznavan jako linie odstépujici se nejblize skupiné Neopterygii seskupujici kostliny, kaprouny

! Je znamo, Ze termin bazalni (stejné jako odvozeny) neni zcela vhodny a zpravidla byva uzivan ke zdtraznéni,
ze u téchto linii dochazi k zachovani fady ancestrélnich znaka vyskytujicich se u jejich predkt. Déle v praci proto
pouzivam terminu ne-kostnaté linie.
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a kostnaté ryby (Teleostei) (kup#. Near et al., 2012; Broughton et al., 2013; Betancur-R et al.,
2017). Praveé kostlin mexicky (Atractosteus tropicus Gill, 1863) reprezentuje spolu se zbylymi
druhy kostlinti a monotypickym kaprounem posledni ,ne-kostnaty” taxon (non-Teleostei,
tedy nélezejici mimo linii kostnatych ryb), ktery byl molekularné-fylogenetickymi studiemi
uznan jako monofyleticky a byl pojmenovan jako Holostei (kupt. Broughton et al., 2013;
Betancur-R. et al., 2013). Celou analyzu zastfesuje $tika obecnd (Esox lucius Linnaeus, 1758)
nalezejici do korunové skupiny kostnatych ryb (Teleostei) (Froese & Pauly, 2019).

Zatimco bichifi a kostlini predstavuji vysoce osifikované formy s télem pokrytym
mohutnymi ganoidnimi $upinami, s masivnim kosténym exokraniem a s mnozstvim zubl
ruznych tvard a velikosti vridmci orofiryngu (u kostlina somezenim na struktury
branchialnich oblouka v posteriorni ¢asti faryngu, viz dale) (kupt. Bartsch, 1997; Bartsch et
al., 1997; Clemen et al., 1998; Jollie, 1984b, Pehrson, 1947; Pehrson, 1958; Grande, 2010;
Jollie, 1984a; Scherrer et al., 2017; Clanek III atd.), u jesetert doslo k rozsahlé redukci
osifikace a ztraté ganoidnich $upin. Tvorba fady kosti je tak potlacena a ve skeletu dominuje
chrupavka. I presto na lebce pozorujeme mohutnou dorzilni dermdlni osifikaci kryjici
chrupav¢ité chondrokranium i anteriorné protazené rostrum. Celistni aparat jesetert progel
v souvislosti s jeho ventralni pozici vyraznou restrukturalizaci a redukce osifikace zasdhla i
dentici, takZe zuby jsou ptitomny pouze vranych larvilnich stadiich a dospélci jsou
povazovani za bezzubé (kup?. Bemis et al., 1997; Hilton, 2005; Jollie, 1980; Parker, 1882;
Pehrson, 1944; Sewertzoff, 1928; Berkovitz & Shellis, 2017; Clanek VII). To vie kontrastuje
s odlehéenou konstrukci lebky $tiky, kdy mezi jednotlivym kostmi je zachovdna zvysena
mobilita zajisténa jejich prekryvy. Jiz na prvni pohled nejsou dermailni kosti lebky tak
mohutné jako ulinii popsanych vyse. Charakteristické pro tento druh jsou zuby raznych tvara
a velikosti, a to zejména na celistech. Vrdmci firyngu dominuji zejména na patém
branchidlnim oblouku (kupt. Jollie, 1975; Burdi, 2010; Clanek I), atkoliv se v juvenilnim
vyvoji objevuji na véech obloucich.

Tato price tedy zahrnuje S$irokou 8kédlu kranidlnich architektur od mohutné
osifikované lebky bichira a kostlina ptes sekundarné redukovanou osifikaci u jesetera az ke
specializované lebce $tiky. Ptestoze ¥ada klasickych praci a u¢ebnic popisuje vyse uvedené
odli$nosti vyslednych kranidlnich architektur (kup#. de Beer, 1937; Goodrich, 1930; Kent,
1987 atd.), je ptekvapivé, Ze se az doposud nikdo nezabyval mechanismy, které tuto
dispardtnost zakladdaji. Vzhledem kunikitnimu komparativnimu materidlu, kterym
laboratot 8kolitele disponuje, detailni pochopeni téchto mechanism muaze byt pfinosem
k nazirdni na pivod a evoluci kranidlni diverzity.

Jednou zhypotéz, kterd nese zidsadni vyznam pro porozuméni potencidlnich
mechanismi zaklddajicich evolu¢ni diverzitu v ptirodé patrnou, je hypotéza heterochronie
vnejdirsim slova smyslu, tedy zmény vnacasovini raznych vyvojovych procest
(kupt. de Beer, 1951; Alberch et al.,, 1979; Smith, 2003 atd.). Poc¢atek historie konceptu
heterochronie saha do dob jiz zmifiovaného Ernsta Haeckla a samotna napln tohoto pojmu
byla v raznych dobach vyrazné pozméiovana v souvislosti s aktudlnimi pottebami (detaily
viz Smith, 2003). V poslednich nékolika desetiletich byla studie heterochronie revitalizovana

zahrnutim molekuldrnich p#istupt a technik, které odhalily, Ze vétsina fenotypické diverzity
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(kupt. Smith, 2001; Smith, 2003; Albertson et al., 2010; Gunter et al., 2014). Kromé této
urovné dochdazi k heterochronickym udéalostem v disledku diferenciace bunéénych populaci
a ukazalo se, Ze nositelem plasticity kraniofacidlni oblasti, a tedy i hybatelem evolu¢ni
diverzifikace, mohou byt jiZz zminéné buiiky neurdlni listy (kup#. Gans & Northcutt, 1983;
Eames & Schneider, 2005; Schneider, 2018).

Tato dizerta¢ni prace tak predstavuje snad vibec prvni pokus o identifikaci
vyvojovych strategii kranidlniho mezenchymu ovliviiyjicich dispropor¢ni rastovou dynamiku
ruznych typi hlavového skeletu.
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3 C(ile prace

Predklddand dizerta¢ni price Uzce navazuje na data ziskand vramci predchazejiciho
diplomového projektu (Pospisilova, 2015), ve kterém jsem se zabyvala srovndvaci analyzou
skeletalnich a dentalnich struktur lebky u bazilnich skupin paprskoploutvych ryb, konkrétné
u bichira senegalského (Polypterus senegalus) a jesetera malého (Acipenser ruthenus). Hlavnim
vystupem této price pak byla semikvantitativni analyza ptirtstini jednotlivych vyvojovych
modult v rdmci lebky definovanych s cilem popsat detaily disproporéni rastové dynamiky a
identifikovat mechanismy zakladajici jejich disparatni skeletalni systémy, které zistavaly
nepoznané. Tato studie v$ak byla zaloZena na 2D materialu s jiz diferencovanou chrupavkou
a kosti. Kli¢ové informace tykajici se mocnosti jednotlivych skeletdlnich struktur stejné jako
charakteristika jejich ranych bunéénych kondenzaci tak zlstaly nerozteSeny. Z tohoto
davodu bylo nutné zaméfit se na ¢asnéjsi vyvojova stidia a vnavazujicim dizertaénim
projektu tak analyzu metodicky rozsitit o moderni zobrazovaci techniky, ¢imz by se docililo
hlubsiho pochopeni vyvoje skeletogeneze a odontogeneze u paprskoploutvych ryb. Diky
navazani spoluprace s nékolika institucemi se podafilo ziskat unikdtni embryondlni material
kostlina a $tiky a analyzovand fylogeneticka $kéla se tak obohatila o dalsi linie s rozdilnou
kranialni skeletogenezi.

Predklddana dizerta¢ni prace se snaZi naplnit nasledujici cile:

< Detailné charakterizovat kranidlni skeletogenezi a odontogenezi za pomoci

tzv. ,whole-mount” barveni chrupav¢itych a mineralizovanych tkani.

< Popsat rana stiddia skeletogeneze a odontogeneze za pomoci genové exprese v

mezenchymu studovanych linii.
x Zanalyzovat proces skeletogeneze za vyuziti 3D pocitatové mikrotomografie
(microCT) umoziujici citlivéjsi rozliseni a presnéjsi detekci ptibyvani

mineralizované tkané.

< Srovnat dynamiky vyvoje kranidlnich struktur a stanovenych homologickych

modult mezi studovanymi druhy.

< Ziskana data zasadit do kontextu sou¢asného poznani skeletogeneze obratlovct.
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4 Srovnani strategii kranidlni skeletogeneze
4.1 Adultni skeletalni architektury studovanych linii vykazuji ndpadné rozdily

Morfogeneze (¢ili ,geneze tvaru®) kranidlnich skeletdlnich struktur v rdmci rozmanité linie
paprskoploutvych ryb ptitahovala pozornost fady anatomu a morfologi jiz po staleti (na
tomto misté tedy nelze nezminit obsdhlé price autori jako de Beer, Goodrich, Jarvik,
Sewertzoff, Pehrson, Allis atd.). Uz vramci téchto studii bylo poukizidno na ptekvapivé
odlisnou kranidlni architekturu u zastupc vSech ne-kostnatych radiaci ryb ve srovnani
s korunovou skupinou ryb kostnatych (Teleostei) (Obr. 2). Nutno podotknout, Ze vyvojovym

pozadim zakladajicim tuto diverzitu se v8ak nikdo podrobnéji nezabyval.

jeseter

Obr. 2: Odlisnosti vysledné kranidlni skeletilni architektury bichira (vlevo nahote), jesetera
(vpravo nahote), kostlina (vlevo dole) a stiky (vpravo dole).
Lebky ptevzaty z www.digimorpg.org; www.BioLib.cz [navstiveno 28 05 2020]

Vzhledem k tomu, Ze nase laboratof jiz del$i dobu disponuje a bézné pracuje se
zastupci v8ech ne-kostnatych radiaci ryb (napt?. Minatik, 2018; Stundl, 2019), studium
mechanismi zaklddajicich diverzitu patrnou u lebek paprskoploutvych ryb zustavala
nasnadé. Pro komparaci se skupinou kostnatych ryb byla zvolena snadno dostupna linie $tiky
obecné (Esox lucius), nicméné jeji vyvoj, a to véetné toho skeletdlniho, byl doposud popsan
spise sporadicky. Pro srovnani vyvoje s takto fylogeneticky vzdilenymi druhy, jakymi vyse
uvedené linie jsou, bylo tedy nezbytné identifikovat a popsat zasadni mezniky v pribéhu
embryonalniho a larvilniho vyvoje stiky (Clinek I). Stika se ukazala byt vhodnym
modelovym organismem, a to hned znékolika davodd. Kromé snadné dostupnosti
embryondalniho materidlu a obrovského mnozstvi velkych jiker (cca 100 tisic na samici) je

bezesporu vyhodou usnadnénd manipulace s embryondlnim materidlem béhem experimenta.

4.2 Variabilita v potadi chondrifikace kranidlnich struktur u studovanych skupin
Lebka obratlovcl vykazuje neobyéejnou strukturalni diverzitu kontrastujici s uniformnimi

komponentami, jez kranidlni skelet vystavuji. Tato komplexni struktura sestava
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z komponent chondrokrania?, viscerokrania a dermatokrania definovanych dle své
topografické pozice i zarode¢nym puvodem. Dominantni slozku béhem raného vyvoje
obratlovcl pfedstavuje chrupavéité chondrokranium a viscerokranium (kupt. Kerr, 1919;
Goodrich, 1930; de Beer, 1937; Liem et al., 2001; Kardong, 2019 atd.). Zajimavé je, Ze podle
de Beera (de Beer, 1937) bylo chondrokranium jako specifickd komplexni entita vitbec poprvé
popséano v roce 1822 na modelu $tiky.

Kli¢ové pro pochopeni formovani lebky se ukazalo byt potadi (sekvence) kranidlni
chondrifikace a osifikace (viz niZe) predstavujici jednu zkategorii heterochonie,
tzv. ,sequence heterochrony” (dédle v textu jako sekven¢ni heterochronie) (Smith, 2001).
Informace plynouci ze studia sekvence zakladani a vyvoje kranidlnich skeletdlnich elementt
naptic linii obratlovci se ukazaly byt uzite¢nym nastrojem pro pochopeni evolu¢nich zmén a
pro identifikovani kli¢ovych ontogenetickych novinek ¢i heterochronickych udalosti (Lukas
& Olsson, 2020).

Pro rychlé identifikovani a pochopeni stéZejnich proménnych zakladajicich rozdily
v procesech kranidlni chondrogeneze a pro orientaci vjejim samotném pribéhu byla
provedena detailni analyza vyvoje chondrokrania za pomoci Alcian Blue barveni
chrupav¢itych tkani. Data prokdzala ndpadnou variabilitu provazejici zaklddani jak
chondrokrania, tak viscerokrania (Fig. 1, 2; Clinek II; kompletni deskripce tamtéz). U fady
obratlovcl jsou parachordilia mezi prvnimi chrupavéitymi elementy, které se vramci
chondrokrania zakladaji (kupt. de Beer, 1937; Langille & Hall, 1987; Schultze, 1993) jako
tomu je u bichira sjeseterem. Je zajimavé, Ze u téchto linii pozorujeme ptednostni
chondrifikaci posteriorni ¢asti lebky. U kostlina dochazi oproti bichirovi ¢ jeseterovi ke
zrychlenému zaklddani anteriornich trabekul, takZe chondrifikace bize chondrokrania
probiha soucasné. Tato strategie je viak odlisna u $tiky, u které parachordalia chondrifikuji
az po trabekulach (Fig. 1, 2; Clanek II). U kostnatych ryb byla tato situace popsana napt. u
kapra (Cyprinus carpio) (Pashine & Marathe, 1977) & bojovnice (Betta splendens) (Mabee &
Trendler, 1996), u linie Tetrapoda pak pozorujeme pfednostni zakladdni trabekul v ramci
modelového organismu dripatky vodni (Xenopus laevis) a u kunky vychodni (Bombina
orientalis) (Lukas & Olsson, 2020). Stejné nekonzistentni je pattern zaklddajicitho se
viscerokrania. Zatimco mandibuldrni oblouk je u vsech linii p#itomen ve formé pre-
chrupav¢itych struktur, pouze u kostlina a $tiky se p¥idavaji chrupavky hyoidniho oblouku,
které, sohledem k pokro¢ilému stavu chrupavcité diferenciace, vznikly ve srovnani s
ostatnimi strukturami jesté dtive. RovnéZz v prvnim analyzovaném stidiu kostlina a $tiky
pozorujeme pre-chrupav¢ité struktury branchidlnich obloukd, které u ranych stadii vyvoje
bichira a jesetera identifikovany nebyly (Fig. 1, 2; Clanek II). Takovy prabéh je v rozporu
s premisi antero-posteriorniho gradientu viscerokranidlni chondrifikace u paprskoploutvych

ryb (Schultze, 1993). Pravé u $tiky jsme strukturu hyoidniho oblouku (tzv. hyosymplectic)

2V literatute se Casto setkdvdme s pojmem neurokranium v mnoha odlinych zptsobech uziti, a to bud jako
ekvivalent k chondrokraniu, nebo jako pojem zahrnujici chondrokranium (chrupavka okolo mozku) spolu
s ptipojenymi pouzdry smyslovych organd, ptipadné jako pojem oznacujici osifikované ¢asti chondrokrania
(Kardong, 2019). Abych se vyhnula ptipadnym nedorozuménim v interpretaci tohoto pojmu, rozhodla jsem se
v praci pouzivat pouze pojem chondrokranium.
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identifikovali jako vibec prvni diferencujici se chrupav¢ity element vrdmci celého
chondrokrania (viz Clanek I; Clanek V). To se ukazalo byt unikatni odchylkou od tradi¢né
uznavaného postupu chondrogeneze, kdy nejdfive dochazi k zaklddani chrupavcité baze
chondrokrania, tj. trabekuly-parachordélia a teprve posléze se diferencuji struktury
viscerokrania (Kerr, 1919; Goodrich, 1930). Obdobny ptipad byl zatim popsan pouze u tresky
(Gadus merlangus), u které byla pozorovana chondrifikace viscerokrania jesté pred zaloZenim
baze chondrokrania (de Beer, 1937).

4.3 Prvni dermdlni osifikace lebky odhalila odklon od klasického schématu u stiky
U vsech obratlovci s kostni tkani (Osteichthyes) dochazi v prabéhu vyvoje k postupnému
zatlac¢ovani chondrokrania procesem zndmym jako endchondralni osifikace. Zastoupeni kosti
vznikajicich timto procesem, a tedy i mira osifikace chondrokrania, je napti¢ Osteichthyes
dosti variabilni (kup?. Smith & Hall, 1990; Hall, 2005). JiZ v rdmci linii zahrnutych v této
studii je podil endchondrélni osifikace lebky zna¢né fragmentarni, a to zejména v ptipadé
jesetera. U bichira s kostlinem jiz k endchondrélni osifikaci dochézi vice, av§ak pfevazné
v pozdéjsich vyvojovych stadiich, ale chondrokranium je stale dobfe zachovano i u adultnich
forem. Podobné tomu je u $tiky, u které je zastoupeni endchondralnich kosti lebky vétsi,
nicméné narustd az v pozdéjsich vyvojovych stadiich (kup#. Goodrich, 1930; Kent, 1987).
Z vyse uvedenych diavoda se v této studii endchondralni osifikaci blize nevénuji, byt je
nedilnou soudasti lebky obratlovca.

Podstatné vice rozsiteny je viak exoskelet, ktery, jak jiz ndzev napovid4, pokryva vyse
zminény endoskelet, at uz je pfevazné chrupavcity ¢i kostény. Tato struktura vytvatela
mohutny hlavohrudni §tit zejména u dnes jiz vymfelych skupin Placodermi a u pfevazné ¢asti
Osteostraci. Vedle bazalni kompaktni a st¥edni trabekuldrni kosti nesla rovnéz superficidlni
odontogenni vrstvu sloZenou z typicky zubnich tkidni — enameloidu a dentinu (zuboviny),
kterd v8ak byla mnohdy redukovdna. V pribéhu evoluce pak doslo k rozsdhlé redukci
hlavohrudniho $titu, jez zasahla i zminénou odontogenni vrstvu. Mezi sou¢asnymi liniemi
ryb lze v8ak i nadale nalézt zistupce s lebe¢nimi kostmi nesoucimi superficidlni odontogenni
vrstvu (kupft. bichiti, latimérie ¢i sumci) (Hall, 1975; Smith & Hall, 1993; Schultze, 1993; Sire
& Hyusseune, 2003; Donoghue & Sansom, 2002; Sansom et al., 2005). V soucasné dobé je
exoskelet omezen do dermatokrania zahrnujiciho vSechny kosténé elementy lebky, které
vznikaji a vyvijeji se v rdmci dermis (tedy bez jakékoli ucasti chrupavky) a které vykazuji
zna¢nou diverzitu morfologickou i histologickou (Smith & Hall, 1993).

Pro rychlé identifikovani a pochopeni stéZejnich proménnych zakladajicich rozdily
v procesech kranidlni osteogeneze a pro orientaci v jejim samotném priabéhu byla provedena
detailni analyza vyvoje osteokrania za pomoci Alizarin Red barveni kosténych tkani. Data
jasné prokazala odlisnosti jiz v procesu prvni osifikace. Zatimco u bichira, jesetera a kostlina
prednostné osifikuji struktury asociované s éelistmi (kdy u bichira skostlinem dochézi
k do¢asné blokaci osifikace horni ¢elisti mohutnymi cementovymi organy), u $tiky se prvni
kosti prekvapivé nachazeji v dermalni ¢asti pletence prsni ploutve, konkrétné jde o strukturu
cleithra (Fig. 3; Clanek II). Obecné panuje domnénka, Ze potadi osifikace kosti se odviji od

funkénich pozadavka jejich nositeld a je tedy konzervativni (Mabee & Trendler, 1996;
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Adriaens & Verraes, 1998; Schoch, 2006). Vzhledem k tomu, Ze je u kostnatych ryb popsana
korelace prvni dermadlni osifikace se strukturami p#imo se Gcastnicich p¥ijmu potravy nebo
dychdani, se situace identifikovanad u $tiky zdad byt pfinejmensim nestandardni (Schultze,
1993). Mabee & Trendler (1996) vsak uvadi, Ze tyto zavéry mohou byt undhlené, protoze
kosténé struktury ucastnici se na p¥ijmu potravy a dychani neptimo (jako je kup#. cleithrum,

hyomandibula, symplectic a urohyal) mohou osifikovat dtive.

4.4 Problematika homologizace dermalnich kosti nap#ic¢ linii paprskoploutvych ryb
V rdmci linie Osteichthyes byla identifikovana ndpadna podobnost co do uspofddani kosti
lebky. AZ na par pozoruhodnych vyjimek (napt. vysoce odvozend lebka u bahniki ¢ilatimérie)
bylo toto rozlozeni kosti stanoveno jako vysoce konzervativni (kup#. Goodrich, 1930;
Kardong, 2019). Vzhledem ke zna¢né morfologické plasticité osifikovanych struktur
dermatokrania odrazejici adaptivni pozadavky odli$nych Zivotnich a potravnich strategii se
vSak hleddni homologie mezi vSemi lebe¢nimi kostmi ukdzalo byt mnohdy taktka nemozné
(Westneat, 2004). Linie paryb (Chondrichthyes) a vymftelych Acanthodii tento problém
vytesila formovanim flexibilniho dermdélniho skeletu vystavéného z malych Supinovych
jednotek, stav oznaovany jako mikromerni (Zhu et al., 2013). JiZ na sklonku 19. stoleti se
uziteénym ndstrojem pro posuzovani homologickych struktur vrimci makromerniho
uspotradani lebe¢nich struktur u ryb ukdazal byt kanilek postranni ¢ary, jehoz prabéh je
asociovan se specifickymi kostmi dermatokrania. To umoZniuje komparaci i mezi
fylogeneticky vzdalenymi taxony, a to véetné téch fosilnich (kup#. Allis, 1898; Allis, 1934;
Webb, 1989; Webb & Northcutt, 1997). Samotna interakce neuromastt (tj. epidermdlnich
receptorovych organi sdruzenych do kanélku postranni ¢ary) a vznikajicich dermalnich kosti
vzbudila zajem fady védct s cilem rozkli¢ovat vzijemnou korelaci téchto dvou entit (vice
viz Clanek III). Ukazalo se, Ze kanalek postranni ¢iry indukuje okolo sebe kondenzaci
mezenchymu, ¢imZ urcuje formovani dermdlni kosti (Devillers, 1947).

Prestoze byla lebka bichira podrobena zevrubnym skeletdlnim studiim, homologie
tady dermdlnich struktur zistdvala spiSe kontroverzni, a to predevsim téch sloZeného
pavodu (rostral, preoperkulum a sphenotic). Z tohoto divodu se analyza sekvence ptirtstani
kranidlnich kosti nap#i¢ skupinou Osteichthyes omezila pouze na sndze homologizovatelné
palatélni kosti (viz Schoch, 2006). Ukazalo se, Zze u fady linii bude potfeba pfezkoumat dtive
stanovené hypotézy o homologii kosti asociovanych s kanadlkem postranni ¢ary, jak tomu bylo
u¢inéno v ptipadé bichira (Clanek III). I s ohledem na fylogenetickou pozici se predpoklada,
Ze kraniadlni skelet bichira inklinuje svou architekturou spise kvelmi ranym formam
paprskoploutvych ryb (Giles et al., 2017). Avsak dalsi ne-kostnaté linie ryb maji vysoce
odvozené lebky, u nichz je tada kosti sekundarné redukoviana (kupt. jeseteti), proto jsou vyse
uvedené studie stanovujici homologii kranidlnich kosti velmi zadoucdi.

Vzhledem k tomu, Ze cilem ptedklddané price neni srovnani vzniku a pfirastini
jednotlivych kranidlnich kosti mezi sebou, byly tyto elementy uskupeny do osmi kranidlnich
regiont (vice viz Clanek II) a ¢asové variabilita v zakladani takovych regiont byla nasledné

posuzovana na zdkladé téchto regiont (viz nize).

-22 -



4.5 Variabilita v poradi osifikace kranidlnich struktur u studovanych skupin
Pfestoze se lebka obratlovct zna¢né lisi co do architektury, funkce a patrnosti rastu, ukazalo
se, Ze vyvojové mechanismy, které tyto odlisnosti zakladdaji, mohou byt evolu¢né dosti
konzervativni (kup#. Hanken & Hall, 1993; Schoch, 2006). Jak jiz bylo zminéno, zna¢ny vliv
na vyvoj lebky byvd prisuzovan funkénim pozadavkim danych vyvojovych stadii
(napt. aktivni lov potravy u ranych larvilnich stadii, potfeba respirace atd.). Obecné tedy
plati, Ze struktury, které zajistuji klicové fyziologické funkce ve velmi raném vyvoji, osifikuji
pfednostné, coz bylo potvrzeno napt. u ryb (kup#. Mabee & Trendler, 1996; Adriaens &
Verraes, 1998), ocasatych obojzivelnikt (kup#. Germain & Laurin, 2009) & savca (kupt.
Sanchez-Villagra et al., 2008). Srovnani potadi vzniku kranidlnich kosténych struktur muaze
rozkli¢ovat mechanismy sehravajici dalezitou roli v diverzifikaci studovanych linii.
Komparace na¢asovani vzniku jednotlivych kranialnich regiont (Fig. 7; Clanek II)
potvrdila rychlou osifikaci vSech zubonosnych elementt u bichira, jesetera a kostlina, pti¢emz
u bichira dochazi k rychlé osifikaci hyoidniho oblouku a orbitalniho regionu, u jesetera pak k
urychlené formaci operkuldrniho regionu. Tato data jsou vsouladu svyse uvedenou
hypotézou preferen¢niho formovani struktur zajistujicich Zivotni pochody nezbytnych pro
prezivani a vyvoj. Zaroven data jasné ukazuji na pfednostni zaklddani struktur pletence prsni
ploutve u vSech linii (zejm. cleithrum), nicméné nejvétsi zrychleni je patrné u stiky. Ujesetera,
jako u jediné linie, pozorujeme osifikaci otického regionu pted orbitdlnim, coz odpovida
pozorovanému uptednostnéni osifikace postorbitilni ¢asti lebky (vice viz Clanek II).
Vzhledem k vysunovatelnému uspofadani Celistniho aparatu se zda, ze ucel této posteriorni
koncentrace osifikace souvisi s vytvofenim pevného ramce pro uloZeni ¢elisti a zaroven tim
poskytuje ¢as potiebny k rozvoji a ristu anteriorniho rostra, jez je pro hlavu jesetera typické.
Na zakladé Fig. 7 (Clanek II) je jasné, Ze zatimco u bichira dochazi k dynamickému
zaklddani dermatokrania jiz od poéatku osifikace lebky (s ranym formovanim zubonosnych
struktur mandibuldrniho a branchiélniho regionu spole¢né s regionem hyoidnim, orbitdlnim
a operkuldrnim), u tiky je tento proces ndpadné pozvolnéjsi a posouva se spise do pozdéjsich
vyvojovych stadii s pfednostni osifikaci regionu pletence prsni ploutve, mandibuldrniho a
operkuldrniho kranidlniho regionu. Napadné podobny pattern pak vykazuje osifikace lebky
jesetera a kostlina s ranym zaklddanim celisti a parasphenoidu (mandibuldrni a orbitalni

region) u kostlina a ¢elisti spole¢né se suboperkulem (mandibuldrni a operkuldrni) u jesetera.

4.6 Prvnikvantitativni analyza ptirastini kostni tkané odhalila diametrilné odlisné
strategie v dynamice deponovani vapniku
Prestoze se kost tadi mezi nejprostudovanéjsi kompozitni pojivovy materidl velmi dobte
dokumentovany podrobnym histologickym barvenim napt#i¢ obratlovci, mnoho otazek
zUstava nevytedenych. Aplikaci poéita¢ové tomografie (microCT), ptipadné synchrotronové
analyzy, se znalosti prohloubily a jesté naléhavéjsi se ukadzala potteba podrobnych 3D
vizualizaci tak komplexniho systému, kterym vyvoj skeletu bezpochyby je (Silvent et al.,
2017). Velkym pfinosem téchto analyz je pomérné pfesny propocet hustoty kostni tkané,

ktery je jinak na zakladé histologického barveni jen tézko uchopitelny (kup#. Weinhardt et al.,
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2018; Hanschuh et al.,, 2017). Vzhledem ktomu, Ze 3D vizualizace pomoci microCT
nejraznéjich anatomickych struktur je jiz léta zabéhnutou a pomérné dobte dostupnou
metodou, je aZ zardzejici, Ze se doposud nikdo ontogenetické dynamice vyvoje hustoty kosti
blize nevénoval.

Na zdkladé Alizarin Red barveni osifikovanych kosti u studovanych linii je ndpadna
odli$nost v mocnosti dermélnich kranidlnich kosti (Obr. 3). Zatimco lebku bichira, jesetera a
kostlina vyztuzuji mohutné kosténé desky, odlehéend architektura sti¢i lebky
charakterizovana na prvni pohled tenkymi kostmi tomu vyrazné kontrastuje. Velmi rychle

tedy vyvstala otazka, kdy a jak tato variabilita denzity kranidlnich kosti vznika.

Polypterus senegalus Acipenser ruthenus

Atractosteus tropicus Esox lucius

e

Obr. 3: Odlisnosti v mocnosti kosti sestavujicich lebku bichira (vlevo nahote), jesetera (vpravo
nahofie), kostlina (vlevo dole) a stiky (vpravo dole).

Kvantitativni analyza ptirastini kostni tkdné pomoci microCT skenovani srovnatelnych
vyvojovych stadii odhalila nipadné odlisnosti v dynamice procesu osifikace mezi
studovanymi liniemi (Fig. 10, 11; Clanek II). Pfekvapivé nejrychlejsi nastup osifikace
prekracujici prahovy limit nutny pro detekci rentgenovym paprskem byl identifikovan u
jesetera. U kostlina k pfekroéeni zminéné prahové hodnoty rovnéz doslo, nicméné na zakladé
barevného kdédovani je ztejmé, ze hustota kosti nedosahuje hodnot u jesetera patrnych. U
zbylych linii bichira a $tiky pak doslo k vyraznému zpozdéni prvni osifikace, respektive
k pozdnimu navy$ovani denzity kosti (Fig. 10; Clanek II). Samotny priibéh pfirtistani
hustoty kosti jasné ukazuje napadné zrychleni tohoto procesu u kostlina s exponencidlnim
deponovanim vapniku do struktury lebky. Podobny vyvoj pak vykazuje lebka bichira, byt
kosti lebky nedosahuji takové hustoty ani v pozdéjsich stadiich. SpiSe linedrni prubéh
ptibyvani hustoty kosti je pak patrny u stiky, kterd zaroven vykazuje ndpadné zpozdéni
v narastu hustoty kosti. Vyvoj hustoty lebe¢nich kosti u jesetera vsak vykazuje spise
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nelinedrni prabéh s prudkym néartGstem slabé osifikované kostni tkdné zhruba v poloviné
studovaného vyvoje (Fig.11; ClanekII). To je pravdépodobné zptsobeno za¢atkem
intenzivni osifikace okrajovych ¢asti kosti, jejiz prabéh je spise pozvolny.

U paprskoploutvych ryb se ukazalo, Ze skeletdlni vyvoj je do zna¢né miry ovlivnén
dalsimi faktory, jako je Zivotni strategie, konkrétné tedy zpusob lokomoce a mira aktivity
daného druhu, ¢ lokilni adaptaci k podminkam prosttedi jako kup#. mechanickému zatiZen,
vztlaku, ochrané, okolni teploté atd. (Hall, 1975; Eastman et al., 2014). Redukce vyvoje kosti
a potazmo celé osifikace je v této linii ¢asto se vyskytujicim jevem a mira mineralizace skeletu
nemusi tedy pfimo souviset s fylogenetickym trendem (kupt. de Beer, 1937; Hall, 1975;
Meunier & Huysseune, 1992). U jeseterovitych se zda byt redukce osifikace a rozsahly
chrupavcity skelet adaptaci k extrémnimu rastu, kterou nékteti zastupci vykazuji. Praveé
chrupavka rychly rast skeletu do extrémnich délek umoznuje (viz Hall, 1975). Ztrata fady
kranialnich kosti pak souvisi s bentickym zplisobem Zivota a s tim spojenym modifikovanym
zpusobem pfijmu potravy za icasti vysunovatelnych ¢elisti. Lebka $tiky, podobné jako viech
kostnatych ryb, je charakteristickd odleh¢enou konstrukei se zvy$enou mobilitou kosténych
elementt. Vzhledem ke zptisobu lovu s rychlymi vypady a schopnosti poztit pomérné velké
kusy potravy vcelku miZe byt odlehc¢end architektura lebky jisté vyhodou. U bichira
s kostlinem ptredpokldidame, Ze vysoce osifikovand lebka je podporou pro rozsdhlou
mineralizovanou dentici, kdy minimalné mohutné osifikované ¢elisti jsou nezbytnym
predpokladem pro jeji pottebné ukotveni. Vzhledem k tomu, Ze lebka ptedstavuje vysoce
komplexni uceleny systém je sjednoceni miry osifikace vsech jejich elementd nezbytnym

pozadavkem jeji funkénosti (Thomson, 1993).

4.7 Ranad dynamika skeletogenniho mezenchymu a jeji podil na odlisnych
architekturach ryb
Rada studii zabyvajicich se zdrojem druhové specifické disparatnosti kraniofacidlnich
struktur v rdmci obratlovcd se omezuje pouze na vliv vnéjsich faktort (jako kupt. p¥irozené
prostfedi, potravni strategie) nesoucich nepochybné zasadni podil na ¥izeni téchto procest.
Obecné malo se v$ak vi o molekuldrnich mechanismech, které druhové specifické odlisnosti
generuji (Fish & Schneider, 2014). Nase vyse uvedené analyzy naznacuji, Ze pravdépodobnym
mechanismem zaklddajicim odli$né kranialni architektury bichira, jesetera, kostlina a stiky
jsou heterochronie distribuované v procesech chondrifikace a osifikace skeletdlnich
hlavovych struktur (pro komparaci heterochronie v samotném nacasovani vzniku chrupavky
a kosti viz Fig. 8; Clanek II). V poslednich letech véak byly studie heterochronii rozsiteny o
analyzy vyvojovych procesit na molekuldrni arovni, které odhalily, Ze diverzita fenotypu
muze byt podloZena zménami v ¢asoprostorové regulaci exprese konzervovanych gent (napt.
Smith, 2001; Smith, 2003; Abzhanov et al., 2004; Albertson et al., 2005; Streelman &
Albertson, 2006). Doklada to price na rodiné kolagent, které jsou nezbytné pro rané
formovani chrupavek a kosti. Ta prokazala, Ze zpozdény vyvoj kosti v branchialni a kranidlni
oblasti je podminén prodlouZenou expresi chondrogenniho programu na utkor toho

osteogenniho, jehoZ nastup je vyrazné opozdén (Albertson et al., 2010).
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Ukézalo se tedy, Ze vyvojové udalosti predchédzejici samotnému formovani chrupavek
a kosti mohou byt klicovym hybatelem uréujicim adultni skeletdlni morfologii. Pro ovéfeni
této hypotézy byla provedena analyza strategii skeletdlniho mezenchymu v ranych larvalnich

vyvojovych stadiich.

4.7.1 Odli$né nadasovani aktivity skeletdlnich genovych markera

Vyvojové studie zabyvajici se kranidlni skeletogenezi ukazaly, Ze formovani chrupavky
(pfedznamendvajici endchondralni osifikaci) a dermalni kosti jsou zakladany identickym
shlukovanim mezenchymatickych bunék (ptivodu mezodermalniho ¢i pochédzejiciho z bunék
neurdlni listy), které vinterakci sepitelem podniti vznik kondenzaci osteo-
chondroprogenitorovych bunék. Na zikladé genové exprese ndasledné dochazi kjejich
diferenciaci smérem k chondrogennim ¢i osteogennim prekurzorim (kup#. Hall & Miyake,
2000; Abzhanov et al., 2007).

V ptipadé chrupavky dochazi ke vzniku chondroblastt, tedy prekurzort chondrocytd,
ty nasledné maturuji a sklddaji se do vysledné chrupavéité struktury (kup?. Hall, 2005).
Vétsina kosti kraniofacidlniho skeletu se zaklada procesem tzv. intramembranézni osifikace,
jejimz vysledkem jsou dermdlni kosti lebky (Noden 1983; Hall & Myiake, 1992). Jak jiz bylo
zminéno, dermdélni kost vznikd pfimo diferenciaci mezenchymu bez chrupavéitého zdkladu a
oproti endchondralni osifikaci byl tento proces po dlouhou dobu jen velmi mélo zndm. Vznik
dermdlni kosti pfedznamendva bunéénd kondenzace (viz vyse) nasledné se diferencujici do
shluku skleroblast®, které dale maturuji v osteoblasty. Ty syntetizuji a deponuji osteoid,
kostni matrix prochdzejici mineraliza¢nim procesem (Sire et al., 2009).

Tradi¢né panovala domnénka, Ze to, jestli se progenitorovad burika vyvine v
chondrocyt ¢i osteoblast, je uréené ranou expresi transkripéniho faktoru Sox9 vyhradné pro
chrupavku ¢i Runx2 explicitné pro kost (Eames et al., 2003). Recentni studie vsak prokazaly,
Ze osteoblasty zejména u tzv. ,nizsich obratlovcd” (ryby a obojzivelnici) exprimuji
molekuldrni markery bézné asociované s chrupavkou u tzv. ,vysSich obratlovcid® (savci a
ptaci) (kupt. Eames et al., 2012; Enault et al., 2015). Stejné tak se ukdzalo, Ze Runx2 je dulezity
marker pro diferenciaci ranych chondrocytovych progenitor (kupt. Stricker et al., 2002).
V priubéhu pozdéjsiho vyvoje viak zac¢inaji byt jednotlivé markery vysoce specifické k danému
bunéénému typu, takZe kup#. Col2al je exprimovany pouze vrdmci diferencovanych
chondrocytd, Collal je charakteristicky pro diferenciaci osteoblasta (kup#. Abzhanov et al.,
2007; Albertson et al., 2010).

Pomérné velké rozpory se vsak tykaly aktivity genu Coll0al, zpolitku striktné
definovaného jako marker zralé hypertrofujici chrupavky na prahu endchondralni osifikace u
amniot (Zheng et al., 2003). Analyza protilatkového znaceni COLX pozdéji prokizala
pritomnost tohoto markeru ve skeletu paryby (Seidel et al., 2017). K velkému ptekvapeni
vak byla identifikovina silna exprese tohoto genu v osteoblastech dania a kostlina (Eames
et al., 2012), stejné jako u drapatky a medaky (pro detaily viz Debiais-Thibaud et al., 2019).
Tim se prokazalo, ze Col10al nehraje roli pouze p¥i mineralizaci chrupavky, ale je pfitomen

ve vSech typech mineralizované tkdné vietné dentdlnich struktur. Komparativni analyza
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exprese tohoto genu odhalila ndpadné odlisnosti v nac¢asovani aktivity jeho exprese v ramci
studovanych linii ryb (pro detaily viz Fig. 9; Clanek II).

sterlet || bichir
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Obr. 4: Casova souvztaznost exprese genu Col10al a chrupavéitého markeru COLII s procesy
kranialni skeletogeneze. Chrupav¢ita a kosténa perioda byla stanovena na zdkladé Alcian Blue a Alizarin
Red barveni skeletalnich struktur. Doba exprese genu Col10al byla vysledovana pomoci analyzy in situ
hybridizace, aktivita COLII protilatky byla analyzovana imunologickym znaenim.

Prekvapivé variabilni se ukdzala byt interakce genu Col10a1 s aktivitou chrupav¢itého
markeru COLII® (Obr. 4). Vibec nejdelsi aktivita COLII proteinu je patrnd v kranidlnim
skeletu jesetera, ktera za¢ina dlouho pted diferenciaci prvni chrupavky a trva nejdelsi ¢asovy
usek po prvni kranidlni osifikaci. Tato data svéd¢i o del$im casovém tuseku zaklddani
chrupav¢itych struktur lebky, coz pravdépodobné koresponduje popsanému zvysenému
zastoupeni chrupavéitych struktur v lebce. Naproti tomu nejkrat$i COLII protilatkové
znaleni vykazuje skelet bichira vyskytujici se pouze ve dvou stddiich kratce za sebou.
Pozitivni COLII signal vsak zacind jiz v pribéhu chondrifikace detekované Alcian Blue
barvenim a oproti zbyvajicim liniim mu predchazi exprese Coll0al genu. Tato situace
odpovidd dynamickému pocatku osifikace kranidlnich struktur u bichira, jez byla vyse
popséana. U kostlina se stikou byla pozorovana zhruba stejné dlouhd doba p¥itomnosti COLII.
Rozdil viak je patrny v pocatku jeho exprese, ktery byl u stiky detekovany spolu s prvnim
barvenim diferencovanych chrupav¢itych struktur, v p#ipadé kostlina viak saha pocatek
exprese do prechrupavditych stadii vyvoje (Obr. 4). Zhruba stejné dlouhd perioda potom
charakterizuje dobu trvani exprese genu Coll10al u vSech studovanych linii. Rozdily vsak
vyvstdvaji v nacasovani zacatku aktivity tohoto genu vramci celého skeletu. Zatimco u
kostlina se $tikou nastupuje jeho exprese bezprostfedné po ukonéeni aktivity proteinu COLII
(u stiky navic tato alternace koreluje s dobou prvni skeletalni osifikace), u jesetera dochazi ke
spusténi exprese v prubéhu COLII aktivity. U bichira se pak exprese Col10al posouva pred

3 Skupina kolagent se tadi mezi nejhojnéji zastoupené proteiny u obratlovct s dileZitou strukturdlni roli
v extraceluldrni matrix definujici mechanické vlastnosti tkdni, ve kterych se nachazi (riizné typy se podileji na
stavbé pokozky, 8lach, kosti a zubt, stén cév atd.). Z tohoto divodu byla analyza genové exprese Col2al u
studovanych skupin niro¢nd a nepfinesla kyZzené vysledky. Naproti tomu protilitkové znaceni fungovalo
spolehlivéji, proto je tato analyza tvofend kombinaci téchto metodickych p¥istupi.
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pocatek COLII aktivity a odpovida poc¢atku prvni diferenciace chrupavek (Obr. 4). S ohledem
na kranidlni struktury, ve kterych je Col10al exprimovan (viz Fig. 9; Clanek II) odpovida
tento prabéh dynamické osifikaci zubonosnych struktur bichira identifikovany na zdkladé

Alizarin Red barveni.

4.7.2 Role bunék neuralni lity ve vyvoji lebky
Je zndmo, Ze znac¢na ¢ast kraniofacidlni lebky je utvafena unikatni populaci bunék hlavové
neurdalnilisty (Santagati & Rijlli, 2003; Knight & Schilling, 2006; Kague et al., 2012; Pieakarski
et al., 2014; Hirasawa & Kuratani, 2015). Dlouhou dobu bylo ventralni viscerokranium
zahrnujici mandibuldrni, hyoidni a branchidlni oblouky povazovidno za vyhradni derivat
bunék neurdlni listy (kupt. Cerny et al., 2006), v posledni dobé se vsak prokazala tcast
mezodermu stoupajiciho anteroposteriornim gradientem (kup#. Davidian & Malashichev,
2013; Klouckova, 2011). Zarode¢ny puvod dorzidlniho chondrokrania chrianiciho mozek a
smyslové organy, stejné jako povrchového dermatokrania, je rovnéz zkomplikovan ucasti
mezodermu (Hirasawa & Kuratani, 2015). Vysledky transplanta¢nich experimentt (Couly et
al., 1993) stanovily hranici mezi témito zdrodeénymi vrstvami, a to v souladu s pozici
notochordu (,prechordélni kranium® je tvoteno prevazné buiitkami neurdlni listy, struktury
umisténé paralelné s notochordem jsou mezodermaélni). Je nutno zdaraznit, Ze tato hranice
je velmi zjednodusujici a tedy pouze orienta¢ni. Cilem této studie vSak neni pfesné rozhrani
u studovanych skupin rozkli¢ovat, proto je toto pojeti postacuyjici (detaily viz nap¥. Gross &
Hanken, 2008; Piekarski et al., 2014 atd.). Pro naslednou chondrifikaci chordalni ¢asti
chondrokrania tak nese zdsadni vyznam interakce s notochordem, v ptipadé prechordalniho
krania probiha indukce signaly z endodermu (Noden, 1978; Couly et al., 1993; Couly et al.,
2002; Kuratani et al,, 2013). Z vySe uvedeného je tedy ztejmé, Ze buriky neurdlni listy se
v hlavé obratlovci podili na drtivé vétsiné skeletdlnich tkani a struktur. Pravé pochopeni
detailt migrace a nasledné morfogeneze této ,zdrode¢né vrstvy” tak mize pfinést zasadni
vhled do mechanizmi zaklddajicich diverzitu kranialnich struktur jejich nositela.

U obratlovcl je povazovana diferenciace a naslednd migrace bunék hlavové neurélni
listy za vysoce konzervativni v ramci antero-posteriorni (AP) osy (kup#. Cerny et al., 2004). U
bichira v8ak v souvislosti svyvojem vnéjsich Zaber dochazi k prednostni diferenciaci
hyoidniho proudu bunék neuralni listy (Clanek IV). Tento trend koreloval se zrychlenim
morfogeneze sval souvisejicich s hyoidni doménou (piivodu mezodermalniho) a s masivni
expanzi hlavového endodermu. Jednim z potencidlné dulezitych procest pro vznik kranidlni
diverzity nap#i¢ linii paprskoploutvych ryb se tak ukdzala byt modulace vysoce
konzervativniho pribéhu migrace bunék neuralni listy v soucinnosti s variabilni morfologii
endodermu a mezodermu (Clianek V). Prekvapivé zrychleny vyvoj hyoidniho proudu diive
popsany u bichira (viz vy$e) byl nisledné identifikovin rovnéz u kostlina a $tiky. I zde se
ukazalo, Ze tento trend souvisi s pfednostni diferenciaci hlavovych struktur napojenych na
hyoidni oblouk (vnéjsi Zibry bichira vs. operkuldrni zdhyb sunikitnimi operkuldrnimi
zabrami u kostlina), ptipadné s hyoidnim obloukem samotnym, jako tomu je u $tiky. Hyoidni
oblouk je totiz u paprskoploutvych ryb nezbytny pro ptipojeni celisti k chondrokraniu.
Neobvykla strategie migrace bunék neurdlni listy charakterizuje priabéh diferenciace hlavy u
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jesetera, u kterého dochazi ke spojeni hyoidniho a branchidlniho proudu do mohutné hyo-
branchiilni populace. Teprve ta se v pozdéjsim vyvoji separuje do jednotlivych prouda (pro
vice detailt viz Stundl, 2019; Clanek V).

Prestoze se vys$e uvedené odchylky v migraci bunék neurélni listy tykaji velmi raného
embryonalniho vyvoje, vzhledem ke skeletogennimu potencidlu bunék neurdlni listy tak

vytvareji zdroj variability ranych skeletalnich kondenzaci a potazmo celé adultni lebky.

4.8 Proces skeletogeneze studovanych linii je ve vSech aspektech az prekvapivé
odlisny

Jiz pilotni deskripce skeletogeneze pomoci vizualizace chrupav¢itych a kosténych tkani
(Clanek II; Figs. 1, 4-6) ukazala, Ze chondrogeneze a osteogeneze kranialnich struktur budou
napfti¢ studovanymi liniemi zna¢né odli$né. Analyza pocatku a celkového nacasovani téchto
procesu (Clanek II; Fig. 8) pak tuto odlisnost potvrdila a ukazala, Ze prestoze bichir
s kostlinem vykazuji podobné vysoce osifikované kranidlni skeletdlni architektury dospélca
(Obr. 2) nacasovani prvniho vzniku chrupavky a kosti je u téchto linii az ptekvapivé odlisné
(Clanek II; Fig. 8). Ndpadna variabilita panuje i v rdmci potadi chondrifikace a osifikace
srovnatelnych kranidlnich regiont (Clanek II; Figs. 2, 7). Kvantitativni zhodnoceni narastu
hustoty osifikovanych struktur v pribéhu vyvoje lebek (Clanek II; Fig. 10) odhalilo netuseny
nejrychlejsi narast hustoty kosti s ndslednym nespojitym prabéhem u redukované lebky
jesetera (Clanek II; Fig. 11). I tato analyza viak ukézala spide variabilni patrnost p#irtstani
denzity kostni tkdné spodobnym trendem exponencidlniho rGstu u kostlina a bichira
(Clanek II; Fig. 11) svysoce osifikovanou lebkou dospélci. Ranéjsi stiddia zakladani
chrupav¢itych a kostnich kondenzaci (Obr. 4 a Clinek II; Fig. 9) byla tak odli$na jako
samotny vyse popsany prubéh skeletogeneze.

Embryonalni vyvoj studovanych linii dlouho pfed samotnym vznikem skeletdlnich
kondenzaci vak poukazal na spole¢nou unikatné zrychlenou morfogenezi bunék hyoidniho
proudu hlavové neuralni listy (Clanek IV, V) narusujici konzervativni anterio-posteriorni
gradient migrace popsany u obratlovcl (Stundl, 2019). Tento prubéh odpovida zrychlenému
formovani kli¢ovych hyoidnich struktur studovanych linii (viz vyse) a nepochybné se tedy

ucastni generovani variability kranidlnich struktur paprskoploutvych ryb.
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5 Srovnani patrnosti odontogeneze

Jak jiz bylo zminéno, paprskoploutvé ryby reprezentuji nebyvalou druhovou diverzitu
v rdmci obratlovca (viz vyse) a osidluji témét vSechny dostupné vodni habitaty, coz koreluje
s jejich nezbytnou potravni adaptaci. Zuby, jakoZto ustfedni orgdn zpracovani potravy, se
ukazaly byt maximdlné specializované k potravni strategii jejich nositelt, a tak i diverzita
dentice nap#i¢ touto linii je ohromujici. Zuby se mohou lisit svou velikosti ¢i tvarem (srovnej
napt. $pi¢dk kostlind sdrticimi zuby motana zlatého Sparus aurata), orientaci, poétem,
strukturou (rozeznavadme napf. nékolik typad dentinu; enamel vs. enameloid), zplisobem
ptipojeni k zubonosné struktute (kupt. zuby na Celistech vs. faryngealni desky atd.), lokaci
(ordlni vs. faryngealni dentice) a nahrazovanim zubu (kupf. polyfyodontni, monofyodontni
dentice) (Sire et al., 2002). Podrobné analyzy studujici zaklddani dentice napti¢ celou linii
obratlovct vsak identifikovaly iniciaci a rany vyvoj dentice jako vysoce stabilni biologicky
proces regulovany konzervovanym souborem geni pfesné fungujicich od Zraloka aZz po
clovéka (kupt. Jernvall & Thesleff, 2012; Martin et al., 2016; Rasch et al., 2016 atd.). Vyvoj
zubt obratlovcii za¢ind na rozhrani epitelu a mezenchmu v oblasti odontogenniho potencidlu
definovaného, alesponi u ryb, jako tzv. odontogenni prouzek (angl. odontogenic band). Tato
epitelidlni zéna je vSak morfologicky jen tézko rozlisitelna a zpravidla byva charakterizovana
vizualizaci exprese gent Shh a Pitx2 (Fraser et al., 2006; Fraser et al., 2008; Martin et al.,
2016; Rasch et al., 2016). U ryb pak tyto signaly indukuji ztlusténi epitelu v misté budouciho
zubu a podniti tak vznik prvni zubni plakody, ktera nasledné invaginuje do mezenchymu za
vzniku tzv. zubni listy (ang. dental lamina) (Smith et al., 2009). Dentice tak predstavuje
zajimavy paradox: zatimco rany vyvoj zubu (viz vyse) a jeho samotnd architektura (zub je
podle definice vystavén z dfené, tzv. ,pulp cavity” obsahujici cévy a nervy; z dentinu neboli
zuboviny; z povrchového enamelu neboli skloviny ¢i enameloidu) jsou pfisné konzervativni,
morfologie vysledné dentice je zna¢né diverzifikovand, a to dokonce mezi blizce ptibuznymi
druhy, napt. cichlidy (Fraser et al., 2008).

I v ramci studovanych skupin ryb lze spatfit zna¢nou diverzitu v uspofadani dentice.
U bichira je celd orofaryngealni oblast (s vyjimkou struktur hyoidniho oblouku) poseta zuby
ruznych tvart a velikosti (Obr. 5A, B), coz pravdépodobné odpovida situaci typické pro rané
Osteichthyes (Nelson, 1969). Podobné je tomu i u kostlina, u kterého je dentice na ¢elistech
a palatalnim komplexu (Obr. 5E, G) aZ na je$té markantnéjsi heterodoncii obdobna stavu u
bichira (srovnej Obr. 5A, E). Faryngealni dentice je oproti bichirovi limitovana do ventralniho
ceratobranchiale V, v pozdéjsich stidiich vyvoje véetné ceratobranchiale IV (Obr. 5H), a do
dorzalniho infrafaryngobranchiale II, III a epibranchiale IV (Obr. 5F; detaily viz Grande,
2010). To vse kontrastuje se spise specializovanou dentici jesetera izolovanou do $esti para
zubnich poli v rdmci orofidryngu, a to pouze béhem larvéilnich a ranych juvenilnich stadii
vyvoje (Obr. 5C, D). Oproti kostlinovi a vétsiné kostnatych ryb se vsak faryngealni dentice
jesetera nachazi na anteriornich chrupavditych strukturdch hypobranchiale I a II. Skrze
dentélni charakteristiku uvedenych linii tak projekt srovnava zachovalé ancestralni znaky

(bichir a kostlin) stejné jako ty odvozené (jeseter) u bazilnich paprskoploutvych ryb, coz je
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dalezitym voditkem pro pochopeni piivodniho/archetypélniho stavu dentice v ramci evoluce

obratlovci.
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Obr. 5: Usporadani dentice u bazilnich paprskoploutvych ryb. (A, C, E) Pohled na horni ¢elist a
palatdlni komplex prokazujici distribuci zubt na viech strukturich u bichira (A) a kostlina (E) a vyraznou
redukci zubt potazmo zubnich poli v pfipadé jesetera (C). V dorzalni ¢4sti faryngu kostlina (F) pozorujeme
izolovana zubni pole v rdmci infrafaryngobranchiale II, III a epibranchiale IV. (B, D, G, H) Pohled na dolni
Celist a ventralni ¢ast branchidlnich oblouki zobrazujici zubni desky pokryvajici povrch vSech branchidlnich
obloukt u bichira (B). U jesetera (D) dochazi k limitovani dentice do izolovanych zubnich poli na dentale
spodni ¢elisti a do hypobranchiale I a II. U kostlina zuby pokryvaji dentale a koronoidy spodni éelisti (G) a
pharyngealni dentice je redukovana do zubnich poli na ceratobranchiale IV a V.

-31-



5.1 Charakteristika dentice bichira

Dentice bichira sestava z komplexniho uskupeni zubonosnych kosti posetych zuby odlinych
morfologickych charakteristik. Margindlni kosti bichira formujici celisti (tj. dentale,
premaxila a maxila) jsou charakterizoviny zuby uspofddanymi do jediné tady (tzv.
monostychni uspotadani). Lingudlni okraje dentale spodni Ccelisti lemuji zubni pole
prearticulare a dvou part coronoidd, které jsou posety drobnymi kdénickymi zoubky
polystychniho uspofdddni, podobné jako tomu je i na kostech palatilniho komplexu
(Berkovitz & Shellis, 2017; Clemen et al., 1998; Wacker et al., 2001).

Vzhledem ke kli¢ové fylogenetické pozici, kterou skupina bichira zaujima (viz vyse),
byla jejich dentice podrobena ¥adé morfologickych analyz, nicméné po dlouhou dobu spise
nedostupny embryondlni a larvdlni materidl neumoziioval zahrnuti takovych detailnich
ptistupd, jaké by si tato problematika zaslouzila. I pfesto byly podrobné popsany jednotlivé
zubni typy a jejich distribuce v rdmci orofaryngealnich zubnich poli juvenilniho a adultniho
bichira, sekvence ptirastini kosti asociovanych s dentici a zpisoby nahrazovini zubu
(Clemen et al., 1998; Wacker et al., 2001), stejné jako proces patternovani zubl prvni
generace (De Clercq et al,, 2014). Rané zaklddani dentice, stejné jako pattern vyvoje
faryngealni detice, vSak zlstavaly zcela nepopsany. Vzhledem k tomu, Ze nase laboratof
disponuje timto vzadcnym embryondlnim materidlem, byly pilotni studie v této oblasti
provedeny v rdmci diplomovych projekt ¢lent skupiny (viz Kralovi¢, 2009; Machacova,
2014). Ziskana data jsou viak netplnd a v této ¢asti dizertace jsem se rozhodla tyto poznatky

jesté dale prohloubit.

5.1.1 Néktera zubni pole bichira se zaklddaji rozpadem kontinuédlniho odontogenniho
prouzku

Znalosti nejranéjsi odontogeneze bichira jsou dosud zaloZené na datech ziskanych vizualizaci
mineralizovanych tkani pomoci Alizarin Red barveni, a to u stddia sjiz pokrocile
osifikovanymi kostmi dentale, maxily, premaxily a ektopterygoida (Wacker et al., 2001).
Abychom tento proces zachytili v samotnych pocitcich vyvoje, navrhli jsme anti-mRNA
sondy pro analyzy genové exprese Pitx2 a Shh za Gcelem detekce oblasti zubni kompetence
pfed samotnou zubni mineralizaci. Analyza exprese genu Shh vsSak v ptipadé bichira
neprokazala signal v oblasti Celisti, pfestoze pozitivni signal lokalizovany v mozku potvrdil
funk¢nost sondy. I pfes absenci exprese Shh se véak pro potteby popisu rané odontogeneze
jako plné funkéni ukdzal byt gen Pitx2 exprimovany v odontogennim epitelu.

Prvni exprese genu Pitx2, patrna jako pruh v laterdlnich koutcich ust (Obr. 6A), je
lokalizovana do stadia 29, kdy se poprvé oteviraji ista (Psutkova, 2019). Tento zpodatku spise
nezfetelny signal (Obr. 6B, C) se béhem vyvoje ohranicuje a exprese se rozsifuje medidlné, a
to zejména ve spodni ¢elisti (Obr. 6D, F). V horni ¢elisti je tento proces blokovan mohutnymi
cementovymi organy (Obr. 6E). V nasledujicim vyvoji dochazi ke spojeni Pitx2 exprese v
medidné spodni celisti (Obr. 6G, I) za setrvavajictho blokovani signilu v ¢elisti horni
(Obr. 6H). Teprve v nésledujicim stadiu vyvoje dochazi k resorpci cementovych organt
umoznujici zrychlené medidlni $ifeni signdlu vhorni celisti (Obr.6J). Zaroven zde

pozorujeme separaci signilu do jednotlivych zubnich poli na vyrazny labidlni pruh (Obr. 6K;
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Obr. 6: Exprese genu Pitx2 béhem ranych stadii odontogeneze bichira. (A, D, G, J, M, P) Ventralni
pohled na whole-mount in situ hybridizaci zobrazujici pozitivni signal v kontextu celé hlavy. (B, E, H, K, N,
Q) Palatalni pohled zobrazujici expresi genu v rdmci horni ¢elisti a palatdlniho komplexu. (C, F, I, L, O, R)
Dorzélni pohled na pozitivni Pitx2 expresi spodni ¢elisti. bilé hroty ipek poukazuji na struktury horni €elisti,
¢erné hroty Sipek poukazuji na struktury Celisti spodni; bil4 a ¢erna $ipka znaéi separaci signalu; hvézdicky
znaéi zubni zarodky.

¢erna $ipka) a slabsi pruh lingualni (Obr. 6K; bila Sipka). V totoZném stadiu vyvoje pak ve
spodni celisti ptibyva lingudlni exprese (Obr. 6L; ¢erny hrot $ipky) na misté budoucich
coronoidt (Obr. 60). Na dentale spodni ¢elisti dochazi k fokalni akumulaci signalu (Obr. 61;
oblast nad hvézdi¢kami) odpovidajici zubnim pozicim. Béhem nésledujicich stadii proces
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separace signdlu vyrazné pokrocil (Obr. 6M-0). Vramci horni ¢elisti je patrnd exprese
v jednotlivych zubnich polich (Obr. 6N), ve spodni ¢elisti dochazi k lingudlnimu oddéleni
prearticulare ptiCemZ signal na dentale a coronoidech vyrazné perforuji jiz mineralizované
$picky zubu (Obr. 60, hvézdi¢ky). V poslednim studovaném stddiu (Obr. 6P) dochazi ke
zietelné diferenciaci zubnich pozic jednotlivych zubnich poli (Obr. 6Q, R). Zatimco na horni
Celisti dochazi vlivem wustupujicich cementovych orgint ke zpoZzdénému oddéleni
premaxidrniho zubniho pole od vomeru (Obr. 6Q), Pitx2 exprese uprostied zubniho pole na
dentale spodni Celisti sldbne a signdl je limitovan do okrajovych anteriornich a posteriornich
oblasti (Obr. 6R).

Obecné tedy mizeme shrnout, Ze v rdmci raného vyvoje dentice dochédzi k expresi
Pitx2 signélu v odontogennim epitelu, zpocatku lokalizovaného do koutkt otevirajicich se
ust. Néasledné se signal $i¥i medidlné (v horni ¢elisti je tento proces blokovin cementovymi
organy), po jehoz dovrSeni nastidva separace tohoto uniformniho pruhu do jednotlivych
zubnich poli, v rdmci nichZ se izoluji jednotlivé zubni pozice (viz Obr. 6). Podobny pattern
Pitx2 signalizace byl popsan na ptikladu vyvoje dentice axolotla (viz Clanek VI). Rozdilem
vsak jsou rand stddia exprese tohoto genu u axolotla, u kterého nebyla pozorovana limitace
aktivity Pitx2 genu do koutka ust a jeho ndsledné dosttedivé $ifeni. U axolotla dochazi
k expresi coronoidu po jeho separaci ze spole¢ného odontogenniho pruhu, kdeZto u bichira

se toto pole zda byt zaloZeno nezivisle na signalu v dentale.

5.1.2 Potadi nejranéjsi mineralizace zubt a osifikace jednotlivych zubnich poli bichira
Ptestoze byl prabéh mineralizace zubt u bichira v minulosti jiz podroben analyze (viz vyse),
potadi vzniku jednotlivych poli se kvili nedostate¢nému stadiovani zachytit nepodatilo. Je
zjevné, Ze rand mineralizace jednotlivych zubti odpovidd potadi diferenciace zubnich poli
popsanych pomoci analyzy exprese genu Pitx2 (Obr. 6) a samotny proces se zda byt az
prekvapivé rychly (Obr. 7). Ve stadiu 33 (Obr. 6M-0) je zjevna pokrotila diferenciace Pitx2
signdlu na maxile horni Celisti a dentale Celisti spodni, coz také odpovidd nejrychlejsi
mineralizaci téchto zubnich poli (Obr. 7A). Jiz dtive bylo u bichira popsano, Ze u tady
zubonosnych kosti dochazi k jejich osifikaci jesté pred mineralizaci zub (De Clercq et al,,
2014). Stejné tomu je u spodni Celisti v prvnim zachyceném stadiu mineralizace zubg, kdy je
dentale tvoteno pruhem osifikujici kosti, zatimco pozitivni barveni zubu znadi pouze jeho
$picku. Proces osifikace struktur horni ¢elisti, a tedy i vyvoj zub1, je blokovan setrvavajicimi
cementovymi organy.

Dalsi analyzované stadium vykazuje znaény pokrok v po¢tu mineralizovanych zubt
(Obr. 7B). Hlavni kost horni Celisti maxila je na pocatku osifikace a je zjevné, Ze oproti spodni
Celisti dochazi nejdtive kzubni mineralizaci, kterd je posléze doprovazend osifikaci
zubonosné kosti. Po odhaleni palatilniho komplexu od#iznutim spodni Celisti je patrna
osifikace struktur vnitfniho zubniho oblouku a prozatim monostychni uspotadani zub na
dermopalatinu a ektopterygoidu (Obr. 7D). Tomuto rozloZeni dentice odpovida i exprese
Pitx2 genu (viz Obr. 6 N,Q), pouze u vomerdlniho zubniho pole jesté nedochazi kjeho
mineralizaci (Obr. 7D). V rdmci spodni ¢elisti pozorujeme markantni osifikaci zubonosné

kosti dentale a s tim souvisejici narast poc¢tu zubt. Linguédlné od dentale vzniklo nové zubni
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pole na coronoidech (Obr. 7E; bily hrot Sipky) a v posteriorni ¢asti pozorujeme mineralizaci
prvniho zubu na prearticulare (Obr. 7E; uzka $ipka). Napadny je rozdil v p#irastani novych
zubl na horni a spodni ¢elisti, kdy na horni Celisti se nové zuby ptidavaji anteriorné
k postupné mineralizujici maxile (Obr. 7D; bilda hvézdicka), kdezto na celisti spodni se
prirastajici zuby vmezetuji mezi jiz ukotvené zuby na anteriorni ¢asti dentale (Obr. 7E; bilé

hvézdi¢ky), posteriorné pak vyplnuji volny prostor (Obr. 7E; siroka ipka).
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Obr. 7: Casoprostorové zakladani zubnich poli bichira. (A-C) Ventralni zobrazeni oblasti hlavy s
vizualizaci osifikovanych a mineralizovanych tkani (¢ervend) v kontextu ostatnich tkédni (zelend). (D, F)
Pohled dovnitf ust na oblast patra odhalujici vznikajici zubni pole. (E, G) Pohled dovnit¥ st zobrazujici
dentici spodni ¢elisti. Detailnéji viz hlavni text préce.

Vrdmci néasledyjictho stidia pozorujeme nidpadné zmohutnéni osifikovanych
struktur Celisti a viibec prvni mineralizaci zubG na vomeru (Obr. 7C; bily hrot Sipky).
Vizualizace palatdlni dentice po odtiznuti spodni ¢elisti pak potvrdila narast poc¢tu zub

v$ech zubnich poli (Obr. 7F, G). Nové se mezi palatlni struktury zafazuje neparovy medialné
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umistény vomer patrny jako izolovany zub mezi strukturami dermopalatina, na kterych se
zaklad4 polystychni uspofadani (Obr. 7 F; uzké Sipky). Podobné tomu je u posteriorné
umisténych poli ektopterygoidd, na kterych se k iniciaénim zubim (Obr. 7F; bily hrot sipky)
laterdlné ptidavaji nové mineralizujici zuby. Na vnéj$im zubnim oblouku maxily je patné
pfidavani novych zubl jak na anteriorni okraj této kosti tak posteriorné na konec pole
(Obr. 7F; hvézdi¢ky). Na spodni celisti pozorujeme i nadile p¥iddvani novych zubt do
alternujicich pozic na anteriorni ¢asti dentale (Obr. 7G; hvézdicka). U zubti lokalizovanych na

coronoidech se linguélné zakldda dalsi fada zub tohoto zubniho pole (Obr. 7G; uzka sipka).

5.1.3 Iniciace a vyvoj faryngealni dentice u bichira

Zatimco vnit¥ni zubni oblouk na patfe jiz nabyva polystychniho uspofadani (Obr. 7F-G, 8A),
branchiilni oblouky, které jsou u dospélci husté pokryty zuby (Obr. 5B), nenesou ani u
10 mm larev zndmky jediného zubu (Obr. 8B). Poc¢atek formovani faryngealni dentice byl jiz
dfive identifikovan ve staddiu 11 mm (Pospisilova, 2015). Ve srovnani s predchédzejicim
stadiem vyvoje je u 10 mm larev zfejmé, Ze polet zubi na maxile horni ¢elisti je béhem ranych
stadii mineralizace dosti variabilni (srovnej Obr. 7F a Obr. 8A), nicméné soubézné antero-
posteriorni pfiddvani zubl na této struktufe je ndpadné (Obr. 8A; hvézdicky). Podobné
variabilni se v rdmci raného vyvoje jevi i pocet zub na vomeru (Obr. 8A, C; bily hrot Sipky).
Na spodni celisti dochazi k postupné mineralizaci drobnych zubt prearticulare (Obr. 8B;
gipka).

V nasledujicim studovaném staddiu 15mm se k monostychni struktufe maxily
anteriorné ptidava premaxila. Mineralizace zubu s touto strukturou asociovanych (Obr. 8C;
sipka) probihd aZ po spusténi osifikace kosti. Samotna maxila se i nadale prodluzuje (smérem
k premaxile), a to anteriornim p¥iddvanim novych zubt (Obr. 8C; hvézdicka) a ziroven se
medidlné rozsifuje aZz k sousednim ektopterygoidum. Na ektopterygoidech pozorujeme
pocatecni vyvoj polystychniho uspofddani dentice (Obr. 8C). V ramci spodni Celisti ndpadné
vzrostl pocet zubt na elementech prearticulare lemujicich dentale, pficemZ na anteriornim
okraji této struktury se nové zaklad4 zubni pole coronoidt 2 (Obr. 8D; bila sipka). Na prvnim
branchidlnim oblouku pozorujeme prvni anteriorné zahnuté izolované zuby se Sirokou bazi
(Obr. 8D; bily hrot 8ipky).

Struktury vnitiniho zubniho oblouku se v nasledujicim stddiu 17 mm prodluzuji do
délky a zvétsuji svij povrch rastem do stran. Tomu odpovida i proces mineralizace zubu
s nimi asociovanych (viz kup#. Obr. 8E; bilé $ipky). Na maxile lingudlnim smérem pozorujeme
pocateéni vyvoj ndhradnich zuba (Obr. 8E; bily hrot $ipky), coZ zejména v nésledujicim stadiu
pusobi dojmem polystychniho uspotddani zubniho pole (Obr. 8G). V rdmci spodni celisti je

patrné intenzivni p¥ibyvani zubd na dentale, které se vmezetuji mezi jiz d¥ive formované

Na dalsi strané:

Obr. 8: Zakladani a vyvoj polystychniho uspofadani palatilnich zubnich poli bichira. (A, C, E, G)
Pohled dovnitt st na oblast patra odhalujici formovini polystychniho uspotdddni zubnich poli a
diferenciaci ndhradnich zubt. (B, D, F, H) Pohled dovnit¥ ust zobrazujici dentici spodni Celisti a formovani
zubt na branchidlnich obloucich. Detailnéji viz hlavni text prace.
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zuby (Obr. 8F; hvézdi¢ky), ovéem poclet ozubenych struktur branchialnich obloukt zistava

v tomto stadiu nezménén (Obr. 8F).




V dal$im studovaném stddiu 21 mm je pak ndpadné propojeni struktur posteriorni premaxily
s anteriorni ¢asti maxily, nicméné medidlné nespojené premaxily nechavaji tento zubni
oblouk anteriorné otevteny. V ramci maxily je pak ndpadné intenzivni formovani ndhradnich
zubl témét na vsech pozicich (Obr. 8G; hvézdi¢ky). Na palatalnim komplexu nové osifikuje
entopterygoid lokalizovany po stranich parasphenoidu, na jehoZ povrchu jesté neni patrna
znamka dentice. Prvni dentdlni struktura vSak mineralizuje na $piéce parasphenoidu
(Obr. 8G; sipka). Napadny pokrok zubni mineralizace vykazuji struktury faryngu, ve kterém
se zuby objevuji na hypobranchiale prvniho oblouku (Obr. 8H; bily hrot $ipky) a na vSech

ceratobranchiilnich elementech.

5.1.4 Patternovani faryngealni dentice bichira je ve srovnani s oralni dentici ndpadné
opozdéné

V nésledujicim vyvoji je pfirastani faryngeédlni dentice dynamictéjsi, kdezto vétsina zubnich
poli celisti a palatidlniho komplexu je jiz dobte diferencovana. Ve stidiu 25 mm i nadéle
pozorujeme vmezefovini novych zubl na maxile (Obr. 9A; hvézdicky), stejné jako
mineralizaci dentalnich struktur na anteriornim poli parasphenoidu (Obr. 9A; $ipky). V rdmci
faryngedlni dentice je napadné ptibyvani zubt do dfive zaloZeného zubniho pole na
hypobranchiale prvniho branchidlniho oblouku (Obr. 9B; bily hrot $ipky) i formovani novych
zubl na hypobranchiale II (Obr. 9B; 8ipka). Pfesna identifikace pozice tohoto zubniho pole
byla posouzena na zdkladé rozloZeni faryngealni dentice ve stadiu 39 mm (Obr. 9F).

Z nasledujiciho stidia 32 mm je zfejmé, Ze v rdmci zubl na parasphenoidu panuje
zna¢na variabilita v procesu zubni mineralizace (Obr.9C). Labidlné na entopterygoidu
dochiézi k zalozeni dentice (Obr. 9C; $ipky) a proces nahrazovani zubi na maxile jiz v tomto
stadiu témé¥ ustal (Obr. 9C; hvézdicka). Znaény pokrok vykazuje faryngealni dentice, kdy
shluk t#i zubt na hypobranchiale I pfedeslého stadia nyni postoupil v zubni desku sloZenou
z malych tupé zakoncenych zoubkt uspotddanych do jedné (prava strana) nebo dvou (leva
strana) zubnich desek jiz nesoucich zndmky po ztrité zubl. To kontrastuje s dentici na
ceratobranchiale IV vykazujici rovnéz pravo-levou asymetrii v rozloZeni zubti, nicméné zuby
na této struktufe jsou mnohem vétsi a ostfe zakoncené (Obr.9D). Vramci ostatnich
ceratobranchii je pak ndpadné shlukovani zubt do skupin sloZenych z vice zubta (Obr. 9D;
hrot sipky).

Ordlni a palatdlni dentice juvenilniho stidia 39 mm vykazuje znaény nartst
dentélnich struktur husté pokryvajici kazdé popsané zubni pole, ¢imz zdrstiuje povrch
zubonosnych kosti (Obr.9E). Na ventrdlnich strukturich fiaryngu lze vidét naznak
medidlniho roz$itovani zubt z ceratobranchidlnich a hypobranchidlnich struktur na povrch
basibranchiale (Obr. 9F). Na ceratobranchiale IV je pak ndpadny markantni pt¥iristek zubt a
pokryti celé jeji ventralni plochy (Obr. 9F).

Na dalsi strané:

Obr. 9: Pozdni stiadia vyvoje zubu oralni a faryngedlni dentice bichira. (A, C, E, G) Pohled dovnit#
ust na oblast patra odhalujici formovani zubd na Zelistech a palatalnich strukturach. (B, D, F, H) Pohled
dovnitf st a na ventrélni ¢4st faryngu zobrazuyjici dentici spodni ¢elisti a formovani zubonosnych desek na
branchiélnich obloucich. Detailnéji viz hlavni text prace.
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Posledni studované stddium 58 mm charakterizuje zna¢na velikostni diferenciace
dentice. Marginalni struktura maxily horni Celisti je lemovana zuby vyrazné vétsi velikosti
nez tomu je na zbyvajicich palatdlnich elementech (Obr.9G). Na symfyzedlnim zubu
premaxily je patrny proces mineralizace ndhradniho zubu (Obr. 9G; 8ipka). Zubni desky
ventrdlni faryngedlni dentice v tomto stidiu pokryvaji okraje anteriorniho basibranchiale

stejné jako zna¢nou ¢ast hypobranchiale I a IT (Obr. 9H).

5.1.5 Na procesu nahrazovani zubu se u bichira nepodili zubni lista

Drtivou vétsinu paprskoploutvych ryb (ale i paryb) charakterizuje polyfyodontni dentice
umoziujici ndhradu zubd v prabéhu celého Zivota, ale i zménu dentilni morfologie mezi
zubnimi generacemi (kup#. Sire et al., 2002; Fraser et al., 2008; Huysseune & Witten, 2006;
Thiery et al., 2017). Navic je polyfyodontni uspotradini pleziomorfnim znakem v ramci
Chondrichthyes a Osteichthyes a ma se za to, Zze predstavuje ancestrdlni stav dentice
obratlovct. Schopnost produkovat mnoho zubnich generaci tak byla pravdépodobné vlastni
i ranym celistnatym obratlovcim (Vaskaninova et al., 2020; Maisey et al., 2014; Rucklin et
al., 2012).

Klicovym a jedine¢nym organem umoziiujicim kontinudlné nahrazovat dentici byla po
dlouhou dobu povazovana epitelidlni struktura tzv. zubni lista (angl. dental lamina), ve které
byly identifikovany epitelidlni kmenové burky tcéastnici se zaklddani nového zubu (kupt.
Martin et al., 2016; Thiery et al., 2017; Vandenplas et al., 2016). P¥rekvapenim proto bylo
zjisténi, Ze u lososa obecného (Salmo salar) a u bichira senegalského (Polypterus senegalus)
s jednozna¢nym nahrazovinim zubl neni tato struktura pfitomnd a autoti navrhli jeji
funkéni nahrazeni stfednim dentdlnim epitelem (angl. middle dental epithelium)
lokalizovanym mezi funkénim a ndhradnim zubem (Hyusseune & Witten, 2008; Vandenplas
et al., 2014). Dalsi analyzy tuto hypotézu vsak nepodpotily a potvrdily, Ze ndhradni zuby se
vyvijeji ptimo zvnéjsitho dentdlniho epitelu, byt je stfedni dentdlni epitel u téchto linii

pritomny (Vandenplas et al., 2016).

5.2 Charakteristika dentice jesetera

U nékterych druht ryb zuby pfitomné u juvenilnich forem nejsou déle nahrazovany a dospélci
jsou bezzubi, jako tomu je kupt. u sumeckd Corydoras spp. a Hoplosternum littorale
(Huysseune & Sire, 1997) ¢&i u jesetert (Hilton et al., 2011).

Ptestoze byl jeseter podroben celkem podrobné morfologicko-anatomické skeletalni
analyze, komplexni studie tykajici se zakladani a vyvoje zubt zistavaly spise limitované. Snad
vibec prvnim pocinem byl detailni popis dentice blizce ptibuzného veslonosa (Polyodon
spathula) (Smith et al., 2015).

Dentice jesetert ptitom vykazuje komplexni systém morfologicky uniformnich zuba
zahrnujici zubni pole monofyodontniho i polyfyodontniho uspotadani, oviem ukézalo se, Ze
vyména zubii probiha pouze na polich polyfyodontnich (viz Clanek VII). Jejich dentice se
konkrétné ¢leni do margindlni (okrajové) dentice na vzdjemné okludujici horni
(dermopalatinum) a dolni (dentale) ¢elisti, kterd je limitovana pouze do jedné generace zubu,

zatimco palatalni (palatopterygoid) a faryngeélni zubni pole (tzn. infrafaryngobranchiale a
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hypobranchiale I & I) vykazuji dynamicky, rtzné dlouhy proces cyklizace dentice, kdy je
ztrata zubt kompenzoviana jejich kontinudlnim nahrazovanim na protéjsi strané pole.
V momenté, kdy je proces formovani novych zubl zna¢né zpomalen a zastaven, dochézi
k redukci uvedenych poli. Detailni deskripce zaklddani téchto zubnich poli a vcetné
charakterizace jejich dynamického vyvoje je ptedmétem ptilozeného ¢lanku Clanku VII a

nebude ji zde proto vénovano vétsi pozornosti.

5.3 Charakteristika dentice kostlina

Kostlini pfedstavuji jednu z ne-kostnatych vétvi paprskoploutvych ryb, jejichz sladkovodni,
vyhradné piscivorni, zastupci jsou charakteristi¢ti dlouhymi dzkymi ¢elistmi posetymi tadou
zubll nejruznéjsich tvart a velikosti. Béhem poslednich 30 let se podatilo nashromazdit
enormni mnozstvi fixovaného materidlu, a to hned celé vyvojové série kostlina obecného
(Lepisosteus osseus) a kostlina obrovského (Atractosteus spatula), a vzniklo obsahlé
kompendium pojedndavajici o skeletdlni morfologii a anatomii vSech zdstupca recentnich i
fosilnich druht kostlind (viz Grande, 2010). Je aZ zarazejici, ze je dentdlni oblast u kostlina
pole zcela neprobddané a jakakoli komplexni studie vénujici se aspektu vzniku a formovani
zub?, vletné patrnosti dentice, chybi. V této kapitole se po vzoru predchazejicich analyz
odontogeneze bichira a jesetera blize zaméfuji na popis mineraliza¢ni sekvence a morfologie

zub, stejné jako na rand stadia zubniho vyvoje.

5.3.1 Casoprostorova exprese genti Pitx2 a Shh v priibéhu rané odontogeneze kostlina
Rada odontologickych studii sou¢asné doby se zaméfuje na identifikaci odontogenniho
prouzku (viz vyse) jako na strukturu charakterizujici nejranéj$i odontogenezi. Také v ptipadé
kostlina se ndm podatilo navrhnout anti-mRNA sondy pro analyzy genové exprese Pitx2 a
Shh za uc¢elem detekce oblasti zubni kompetence pfed samotnou zubni mineralizaci (Obr. 10).
Podobné jako tomu je u bichira (Obr. 6) a jesetera (Fig. 2; Clanek VII), i u kostlina
pozorujeme prvni expresi genu Pitx2 v oblastech marginélni dentice (Obr. 10A). Tento signal
v ranych stddiich patrny jako pruh je vsak lokalizovan pouze do spodni ¢elisti (Obr. 10A, C),
vhorni Celisti exprese pfitomnad neni (Obr.10B). Tento prubéh signalizace nipadné
kontrastuje s expresi na obou ¢elistech u bichira a jesetera a setrvava i béhem nasledujiciho
stadia (Obr. 10D-F), nicméné signal na spodni celisti je $irsi a vice ohranié¢eny (Obr. 10F).
V dal$im vyvoji pak dochézi k expresi Pitx2 i na horni Celisti (Obr. 10G), a to hned ve dvou
oblastech. V prvni ¥adé jde o oblast marginélni dentice (Obr. 10H; bily hrot $ipky), lingudlné
je pak exprese lokalizovand do zubniho zarodku na budoucim vomeru (Obr. 10H; hvézdicka).
Pozitivni signdl na spodni Celisti i nadile setrvavd a zdd se byt vice povrchovy a
koncentrovany do okraje celisti (Obr. 10I). V nasledujicim stddiu pak dochazi ke zietelné
diferenciaci signélu do zubnich zirodki na obou ¢elistech (Obr. 10J). V ramci horni elisti
pozorujeme rozpad marginadlniho signalu premaxily se zfetelnou inicia¢ni pozici uprostred
(Obr. 10K; bila sipka) a nové vznikaji ziarodky laterdlné od dtive zaloZzeného vomeru
odpovidajici pozici zubt na budouci dermopalatinu (Obr. 10K; hvézdicka). Podobné tomu je

na Celisti spodni v misté budouciho dentale spatrnou inicia¢ni pozici uprostfed pole
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(Obr. 10L; ¢erna sipka) a labidlnimi zubnimi zidrodky na budoucim coronoidu 1 (Obr. 10L;
hvézdicka).

Odlisny je vsak pribéh exprese Shh, kdy u kostlina pfitomnost exprese tohoto genu
v nejranéjsich analyzovanych stadiich chybi (Obr. 10M-0). Shh signél se objevuje az ve
stadiu, kdy uz se Pitx2 exprese separuje do jednotlivych zubnich zirodka (Obr. 10 J-L a
Obr. 10P-R). Exprese Shh pak koreluje svysSe popsanou expresi Pitx2. Misto nejsilnéjsi
exprese Shh oznacuje pfitomnost prvniho zubu v rdmci horni (Obr. 100; bila sipka) i spodni
(Obr. 10R; ¢ernd sipka) ¢elisti. U d#ive zalozeného zubniho zdrodku vomeru ptibyva lateralné
zarodek dalsi (Obr. 10Q; hvézdicka).

| Pitx2 |
\I |

ventral head

lower jaw upper jaw |

ventral head

lower jaw|upper jaw|

Obr. 10: Exprese genu Pitx2 a Shh béhem ranych stidii odontogeneze kostina. (A-L) Vizualizace
exprese genu Pitx2 a (M-R) genu Shh v nejranéjsich stadiich zubniho vyvoje v kontextu celé hlavy (A, D, G,
J; M-P), na horni &elisti a patfe (B, E, H, K, Q) a na ¢elisti spodni (C, F, I, L, R) po odseparovani Celisti. bilé
hroty sipek poukazuji na struktury horni ¢elisti, ¢erné hroty $ipek poukazuji na struktury Celisti spodni; bila
sipka znaéi zubni zdrodek na horni ¢elisti, cerna Sipka znaci zubni zarodek na ¢elisti spodni. Detailnéji viz
hlavni text prace.
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5.3.2 Casoprostorova exprese genti Pitx2 a Shh a% po mineralizaci viech zubnich poli
kostlina

V nésledujicim vyvoji pozorujeme kromé genové exprese korelujici s pokracujici diferenciaci
ordlni a palatdlni dentice posun exprese posteriorné do faryngealni oblasti (Obr. 11). Pitx2
exprese na hornim patfe (aZ na nové se diferencujici zdrodek budouciho vomeru (Obr. 11A;
hvézdi¢ka)) vykazuje stejnou patrnost jako ve stidiu predeslém. Na spodni Celisti pak jsou
patrné tfi stejné diferencované zubni pozice na dentale spolu slingudlnimi zarodky na
coronoidu (Obr. 11A"). Silna exprese Pitx2 genu je pak lokalizovanad do dorzédlniho faryngu
(Obr. 11B). Exprese v tomto zubnim poli je vyraznd zejm. v prostfedni ¢asti se tfemi zubnimi
zarodky (Obr. 11B; ¢erny hrot Sipky), dalsi zubni zarodky jsou pak umistény anteriorné a
posteriorné (Obr. 11B). U stejného jedince pak nebyla lokalizovana exprese na protilehlém
zubnim poli ve ventralni ¢asti faryngu (Obr. 11B°). To vSak kontrastuje s expresi Shh v této
oblasti u srovnatelného stadia, u kterého byla exprese lokalizovana ve ventralnim faryngu,
nikoli v dorzalnim (Obr. 11H, H'). Jasné rozeznatelny svou velikosti je pak inicia¢ni zubni
zarodek tohoto pole (Obr. 11H'; ¢ern4 Sipka). Je nutné vdak dodat, ze vzhledem k nedostatku
jedinct studovaného stddia nebylo mozZné tuto nestandardni situaci, tj. soufasnou
pritomnost exprese Shh a absenci exprese Pitx2, ovérit. Distribuce exprese Shh na Celistech
pak odpovidala expresi Pitx2 s ndpadnym velikostnim rozli$enim inicia¢nich zubnich pozic
(Obr. 11G, G sipky).

V nésledujicim stadiu se rozloZeni zubnich pozic na horni ¢elisti neméni (Obr. 110),
na Celisti spodni pak pozorujeme posun Pitx2 exprese na bazi zubu (srovnej Obr. 11A” a
Obr. 11C°). Totéz je pak patrné i v ramci dorzalniho faryngeédlniho zubniho pole (Obr. 11D).
Na ventralnim faryngedlnim zubnim poli se objevuje prvni exprese Pitx2 ve tfech zubnich
zarodcich (Obr. 11D°). Podle exprese Shh je ziejmé, Ze inicia¢ni zub této dentice se nachazi ve
sttedu pole (Obr. 11J% 8ipka). Exprese tohoto genu vykazuje na horni celisti rozloZeni
obdobné predchazejicimu stadiu (Obr. 111), nicméné velikostni rozdily zubnich zaklada se
v tomto staddiu na Celisti spodni ztriceji (Obr. 11I°). Na dorzalnim faryngu, kde se signal
objevuje poprvé, jsou nidpadné velké zubni zdrodky umisténé mediilné v prosttedni a dolni
tadé (Obr. 11J; 8ipky), laterdlné umisténé signily jsou mensi a ohranic¢enéjsi (Obr. 11J;
hvézdi¢ky). Obdobné tomu je i vnasledujicim studovaném stddiu (Obr. 11L; Sipky a
hvézdicky). Zda vétsi exprese gentt odpovida pokrocilejsimu zubu by mohla ozfejmit analyza
mineralizace faryngealni dentice.

Exprese Shh v dal$im analyzovaném stadiu ukazuje novou adici zubnich zarodka na
okrajich dtive zaloZenych pozic na premaxile (Obr. 11K; 8ipky), a nové se formujici zubni
zarodky na dermopalatinu (Obr. 11K; hvézdicky). Na dentale ¢celisti spodni naopak
pozorujeme vmezetovani novych zarodkt mezi d¥ive formované pozice (Obr. 11K ipky). Je
nutné vsak podotknout, Ze levo-prava asymterie v patternu p#ibyvani zub je u studovanych
jedinct ¢asto ptitomnym jevem a stejné tomu je i u diferenciace zubnich ziarodki ventralniho
faryngu. Na tuto skute¢nost bylo jiz dtive poukdzano u blizce ptibuzného kaprouna (Amia
calva) (Miller & Radnor, 1973). Iniciace novych zubt ventrilniho faryngu se objevuje
v alternujicich pozicich, jako tomu je na dentale (Obr. 11L"; 8ipky).
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Obr. 11: Exprese genu Pitx2 a Shh béhem pozdéjsich stiadii odontogeneze kostlina az po
mineralizaci vSech poli orofiaryngu. (A-F') Vizualizace exprese genu Pitx2 a (G-N') genu Shh na horni
Celisti a patte (A, C, E; G, I, K, M), na ¢elisti spodni (A, C, E’; G, I, K, M), v dorzalni ¢asti faryngu (B, D, F;
G, J, L, N) a na ventralni ¢asti faryngu (B, D, F’; H', J', L', N°) po odseparovani ¢elisti. Vice detailt v textu.

Nésledna distribuce signalu Pitx2 na premaxile doklad4d vmezeteni nového zirodku
mezi dva jiz dtive formované zuby (Obr. 11E; hvézdicka). Posteriorné jsou ziejmé prvni
znamky exprese ve vznikajici dentici na maxile (Obr. 11E). Lingualné sledujeme topografické
rozdéleni zubt vnit¥niho oblouku na medidlni vomery a lateralni dermopalatina s uskupenim
zubt do shluka (Obr. 11E; 8ipky). Tomuto rozvrzeni také odpovida rozloZeni exprese Shh
(Obr. 11M-N°). Napadné alternujici signal je ztetelny na premaxile, nové zubni zarodky se
tvofi na vomeru (Obr. 11M; hvézdicka) a maxile, na dermopalatinu se pak zubni zirodky
uskupuji do shluka (Obr. 11M; Sipka). Na tomto zubnim poli se zd4, Ze nejstarsi zub je
umistén labidlné (Obr. 11M, krouZek) zatimco nové se diferencujici zarodek vznikad na
protéjsi lingualni strané (Obr. 11M; sipka). V ramci Pitx2 exprese spodni ¢elisti v§ak podobna
distribuce neni. Signal se v8ak jevi jako stfidavé prouzky tmavého a svétlého pole (Obr. 11E").
Nové dva laterdlni zubni zdrodky jsou ztetelné na coronoidech 1 (Obr. Ef; §ipky), lateralné je
slaby signal lemujici dentale, misto budoucich coronoidi 2. Shh exprese ziejmé o néco maélo

-44 -



starstho stddia pak zfetelné ukazuje na vmezetovani novych zubnich pozic mezi dtive
formované zarodky na dentale (Obr. 11M; Sipky), rozsifeni coronoidia 1 vmezetenim zubu
mezi ty jiz mineralizované (Obr. 11M; ¢erny hrot $ipky) a nové formovani zubniho pole
coronoidta 2 (Obr. 11M*; hvézdi¢ky). Exprese genu na zubnim poli dorzalniho faryngu je
charakterizovdna plo$nou aktivitou Pitx2, na jejimz zdkladé nelze rozlisit pozice nové
vznikajicich zubl od pozic jiz utvotenych zuba (Obr. 11F). Stejné tomu je i na protéj$im
ventrdlnim faryngedlnim poli. Ve srovnani s pfedeslym stadiem je vSak ztejmé, Ze adice
zubnich zarodka probihd na tomto poli na alternativnich pozicich (srovnej Obr. 11D’, F
Cerné hroty $ipek). Tento proces je vsak jen stézi vysledovatelny pomoci Shh (Obr. 11N).
Exprese tohoto genu na protéj$im zubnim poli je koncentrovina na anteriorni okraj, coz je

v kontrastu s kontinudlni aktivitou Pitx2 na celém tomto poli (srovnej Obr. 11N a F).

5.3.3 Potadi mineralizace zubt a osifikace jednotlivych zubnich poli kostlina

Obrazova data ziskand pomoci barveni mineralizovanych a osifikovanych struktur na
podrobné vyvojové skile kostlina mexického (Atractosteus tropicus) dokladaji postup
zakladani jednotlivych zubnich poli v celém orofaryngu. Prvni mineralizace zubi u kostlina
je patrnd ve stadiu 14 mm viditelnd jako izolované body pozitivniho signalu na budouci
premaxile (Obr. 12 A2; kratka Sipka) a vomeru (Obr. 12 A2; hrot Sipky). Na spodni celisti
pozorujeme izolovany zub asociovany s dentale (Obr. 12 A3), zub na pravé strané byl béhem
separace Celisti ztracen. Grande (2010) ve své praci uvadi, Ze zuby jsou prvni mineralizujici
struktury. Na ¢elisti horni je to bezesporu pravda (Obr. 12 A2), na ¢elisti spodni se vsak dle
mych dat zda, Ze nejdtive dochazi k osifikaci dentale a teprve posléze mineralizuji zuby
s touto strukturou asociované (Obr. 12 A3)

V nésledujicim stadiu 15 mm je jiz signal vice zfetelny ve vét$im poctu zubud vietné
téch faryngedlnich (Obr. 12 B1, B2). V oblasti margindlni dentice premaxily mineralizuje
novy zub (Obr. 12 B3; hvézdi¢ka) a laterdlné k iniciaénimu zubu se objevuje novy zub i na
vomerech (Obr. 12 B3; kratka $ipka). Posterolaterdlnim smérem se formuje budouci pole
dermopalatina sizolovanym inicia¢nim zubem (Obr. 12 B3). Tento pattern mineralizace
koresponduje s vySe uvedenou expresi gent Pitx2 a Shh (Obr.10-11). U zubniho pole
umisténého na dorzélnich branchidlnich obloucich lze spattit prvni osifikaci tzv. ptipojovaci
kosti (angl. bone of attachment) (Obr. 12 B4; hrot $ipky), tedy kosti spojujici baze zub do
celistvé zubni desky (viz niZe). Zirovenl lze jasné vidét rozvrstveni zubniho pole do
jednotlivych fad, pticemZ zubni ¥ada suvedenou osifikaci ptipojovaci kosti predstavuje
nejstar$i zubni fadu, pod kterou je umisténa zubni ¥ada ¢. 2 se dvéma mineralizujicimi zuby
a zaroven jiz dochazi k zakladani anteriorni fady ¢. 3 sjedinou $pickou zubu (Obr. 12 B4;
hvézdi¢ka). Tato data tedy potvrdila domnénku z genovych expresnich analyz, Ze nejvice
lateralni zuby tohoto pole odpovidaji tém nejnovéji formovanym zarodktum. V ramci Celisti
spodni nové zuby mineralizovaly po obou stranach dtive zaloZeného zarodku (Obr. 12 B5;
dlouh4 sipka) a nové zubni pole se diferencuje lingualné od dentale. Jedna se o budouci zubni
pole coronoidu 1 (Obr. 12 B5). V posteriornim faryngu lze spat¥it prvni par zubt fadici se k
ventralni ¢asti branchidlnich oblouka (Obr. 12 B6; hrot Sipky).
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Obr. 12: Casoprostorové utviFeni zubnich poli kostlina. (A1-G1) Lateralni pohled na celou hlavu
ilustrujici pomeér ¢elisti k celé lebce kostlina, (A2-G2) pohled dovnit# ust na éelisti a palatilni komplex, B3-
G3 detail vybranych struktur palatalniho komplexu, (B4-G4) vyvoj dentice na dorzélnich branchidlnich
obloucich, (B5-G5) pohled na dentici spodni ¢elisti po odseparovani Celisti, (B6-G6) vyvoj dentice na
ventralnich branchialnich obloucich. Detailnéji viz hlavni text prace.

Ve staddiu 16 mm dochazi kndrastu osifikovanych struktur celistniho aparatu
(Obr. 12 C1) a zuby v pfedeslém stadiu pfitomné jako mineralizované $picky se tak napojuji
k p¥islu§né zubonosné kosti premaxily, vomeru a dermopalatina (Obr. 12 C2). Na premaxile
dochdzi k formovani zubu na pozici 3 (Obr. 12 C3; hvézdicka), na vomeru se rovnéz pocet
zubl zvy$uje o jeden (vpravo). V ptipadé dermopalatina se zd4, Ze inicia¢ni zub z predeslého
stddia se nachdazi uprostfed tohoto zubniho pole (Obr. 12 C3; kratkd sipka) a po obou
stranach je obklopen nové vzniklymi zuby. Déle se k témto strukturdm ptidava maxila, jejiz
pocatek osifikace koreluje spocatkem mineralizace zubd na této kosti (Obr.12 C3).
Posteriorné na zubnim poli dorzalnich branchidlnich obloukt dochazi k narastu poc¢tu zubt
a zaroven k rozsifovani kosti spojujici jednotlivé zuby (Obr. 12 C4). Na spodni ¢elisti se nové
zuby vmezetuji mezi ty jiz k dentale pfipojené (Obr. 12 C5; hvézdicky) a v posteriorni ¢asti se
pak zuby tadi za sebe, ¢imz vypliluji volny prostor. Inicia¢ni zuby coronoidu 1 na své bazi
secernuji p¥ipojovaci kost (Obr. 12 C5; dlouhd $ipka) a laterdlné jsou jiZz patrné $pi¢ky nové
vznikajicich zubt tohoto pole. V tomto stadiu rovnéz pozorujeme prvni diferenciaci zubu
nalezejictho ke coronoidu 2 (Obr. 12 C5; hrot Sipky). Vramci ventrdlnich branchidlnich
obloukt pak oproti pfedeslému stadiu vidime narist poétu zubl vmezetovanim mezi d¥ive
zalozené zuby (Obr. 12 C6; hvézdicky) a u nékterych z nich je zfejmy pocitek formovani
ptipojovaci kosti (Obr. 12 C6; hroty $ipek).

Nésledujici analyzované stidium 18 mm je charakterizované napadnym
prodlouzenim ¢elisti (Obr. 12 D1) korelujici s rastem jednotlivych kosti ¢elistniho aparitu
(Obr. 12 D2). Na vnéj$im zubnim oblouku premaxily je zjevny narist poctu zubti napojenych
k této struktute a zd4 se, Ze zde dochdzi ke vmezetovani novych zub mezi ty jiz ukotvené,
jako tomu je na ¢elisti spodni (Obr. 12 D3; hvézdi¢ky). Zarover na tomto poli sledujeme prvni
evidenci formovani ndhradnich zubd, které se formuji lingudlné v tésné blizkosti zubu
nahrazovaného (Obr. 12 D3; hrot $ipky). Na vomeru sledujeme rovnéz nirast poc¢tu zubnich
struktur, nicméné jejich ptibyvani se zda byt spiSe nahodilé a jen tézko lze vysledovat na
zakladé barveni mineralizovanych tkani néjakou patrnost (Obr. 12 D3). Na dermopalatinu je
ve srovnani spredeslym stidiem ndpadné formovani polystychniho uspofddani pole
s novymi zuby p¥idavajicimi se pfevazné lingudlnim smérem (Obr. 12 D3). Zajimava je pak
morfologie zubl na maxile, které se vydiferencovaly ve vyrazné zahnuté tesiky” (angl. fangs).
I na tomto zubnim poli dochdzi ke vmezefovini novych zubd mezi ty jiz ukotvené
(Obr. 12 D3; dlouhé 8ipky). Ve srovnani s bichirem p¥edstavuje maxila u kostlina zna¢né
redukovanou kost, kterd je vprubéhu ristu celisti posunovidna posteriorné (srovnej
Obr.12 D2 a Obr. 12 F2). Zubni pole na dorzilnich branchidlnich obloucich vykazuje
zmohutnéni kosti spojujicich jednotlivé zuby a ndpadné zvétseni medialnich zubi tvoticich
velké tesdky. Laterdlnim a anteriornim smérem pak sledujeme vyraznou redukci velikosti

zubl (Obr. 12 D4). I nadile je toto zubni pole rozvrstveno do pomyslnych zubnich fad,
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pticemz anteriorné dochazi k zaloZeni ¢tvrté fady. Zuby na tomto poli pfibyvaji obéma sméry,
tj. medidlné i laterdlné (Obr.12 D4; hvézdicky). Markantni ndrGst poétu zubu vsak
pozorujeme na spodni Celisti, pfi¢emz se nové zuby i nadale vmezefuji do prostori mezi ty jiz
ukotvené (Obr. 12 D5; hvézdicky). I v ptipadé této dentice dochazi k zakladani ndhradnich
zubl umisténych lingualné v tésné blizkosti zubl z prvni generace (Obr.12 D5; dlouha
$ipka). Zubni pole coronoidt 1 & 2 jiz vytvari zubni desky lemujici dentale (Obr. 12 D5; hroty
sipek). Dentice na ventrdlni strané branchidlnich obloukt se ukazuje byt nejpomaleji se
formujici pole, v tomto stadiu je stile ve formé mineralizovanych $pic¢ek zubt s pocate¢ni
osifikaci ptipojovaci kosti (Obr. 12 D6).

Béhem nasledujiciho vyvoje dochazi ve stidiu 23 mm k dal$imu prodluZzovani celisti
(Obr. 12 E1) stejné jako k markantni osifikaci vSech zubonosnych kosti (viz kupt.
Obr. 12 E2). Vrdmci palatidlniho komplexu horni Celisti dosahuje medidlné umistény
parasphenoid Grovné vomert, mezi néz vrastad (Obr. 12 E2). Laterdlné lemuje okraje Celisti
nové se formujici série lacrimo-maxilarnich kistek nesouci uvnit¥ kanalek postranni ¢ary
hlavy. Jejich palatalni plocha je husté poseta kuzelovitymi zuby (Obr. 12 E3). Posteriorné tato
série usti ve vy$e zminénou maxilu (Obr. 12 E2). Na premaxile je oproti predeslému stadiu
napadné velikostni rozvrstveni zub formujicich nespojitou zubni fadu, coz svédéi o aktivnim
procesu jejich vypadavani. Formovani ndhradnich zubt i nadéale probiha na lingualni strané
zubu nahrazovaného (Obr. 12 E3; dlouh4 Sipka). Pocet zubtt na vomerech se redukoval a
v kosti jsou patrné stopy jejich vypadavani (Obr. 12 E3; hrot Sipky). Na dermopalatinech je
situaci odli$na. Zuby zde jsou riznych velikosti a vyskytuji se izolované nebo se shlukuji do
skupin obsahujici zub ptivodni (Obr. 12 E3; kratké sipky) spole¢né s jednim nebo dvéma zuby
ndhradnimi (Obr. 12 E3; hvézdicky). V rdmci zubniho pole na dorzilnich branchidlnich
obloucich dochazi k vypadavani zuba v centralni ¢asti zanechavajici za sebou otvory v kosti
(Obr. 12 E4; hrot 8ipky). Zuby se tedy medidlné shlukuji do velkych zahnutych $pi¢aka,
zatimco zuby umisténé na laterdlnim okraji maji podobu spise nevyrazného nizkého kuzelu
(Obr. 12 E4). Anteriorné se formuje dalsi zubni ¥ada ¢. 5 (Obr. 12 E4). Ve spodni celisti je
oproti predeslému stddiu proces vmezetovani novych zubd zastaven, nicméné formovani
nahradnich zubd na lingudlni strané zubu ptedchdazejiciho je nadéle aktivni (Obr. 12 E5;
dlouh4 sipka). Napadny je rozdil morfologie zubtu na dentale tvoftici vysoké zahnuté tesdky a
na coronoidech s nizkymi kuZelovitymi zuby (Obr. 12 E5). Zna¢ny pokrok pak vykazuje
dentice ve ventrilnim faryngu, kde uzké mirné zahnuté zuby lemuji celou vnitini plochu
ceratobranchiale V s anteriornim nespojitym shlukem tfech zubd na obou stranich
(Obr. 12 E6; dlouha sipka). Okraje zbylych ceratobranchii lemuji izolované struktury tzv.
zaberni ty¢inky (angl. gill rakers) (Obr. 12 E6; hrot Sipky).

Protoze jsou vSechna zubni pole jiz zaloZena a kromé vymény zubu (tedy vypadavani
doprovdzené novym formovianim zub) se na nich vyraznéj$i zmény nedéji, je mezi
nasledujicimi dvéma stddii vétsi ¢asova prodleva neZ tomu je v ptedchozi deskripci. Ve stadiu
32 mm juvenilniho jedince i nadéle pozorujeme prodluZzovani ¢elisti (Obr. 12 F1) korelujici
s prodluZzovanim vSech zubonosnych kosti ¢elisti a palatidlniho komplexu (Obr. 12 E2). Zuby
na premaxile jsou mirné zahnuty dovnitt Celisti, jsou uspofddiny do jedné tady

(tj. monostychni) v pravidelném rozmisténi na okraji kosti (Obr. 12 F2). Ndhradni zuby se i
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nadale vytvareji v tésné lingualni blizkosti zubu nahrazovaného (Obr. 12 F2; tzka sipka). Na
tuto fadu plynule navazuji zuby lemujici okraj lacrimo-maxilarnich kistek, které vsak jsou
ponékud mensi nez je tomu na premaxile. V rdmci vnitfniho zubniho oblouku je ndpadny
rozdil morfologie zubi na vomerech vs. dermopalatinech. Zatimco zuby na vomeru jsou malé
kénické a pusobici spiSe dojmem, Ze jejich funkce spocliva ve zdrsnéni kosti, zuby na
dermopalatinu vykazuji $irokou $kalu zubnich tvard a velikosti (Obr. 12 F2, F3). A to od
zahnutych $pi¢dku se Sirokou bazi po shlukujici se izké kuzelovité zuby. Za pov$imnuti stoji
zvrasnéni baze nékterych zubt tohoto zubniho pole (Obr. 12 E3; hrot ipky, podrobnéji viz
nize) v jehoZ tésné blizkosti se nachazi mineralizovany kuzel ndhradniho zubu (Obr. 12 F3;
hvézdicka). V rdmci zubniho pole lokalizovaného na dorzalnich strukturach branchidlnich
obloukd je jiz potadi ptibyvani jednotlivych fragmentt tohoto pole spise nahodilé, velmi ¢asto
pravo-levé asymetrické (Obr. 12 F4). Obecné vsak plati, Ze vétsi zuby jsou lokalizované na
medidlnim okraji tohoto pole, zatimco laterdlné se nachazeji spise malé kuzelovité zuby. Na
spodni Celisti je ndpadnd velikostni a tvarovad variabilita zubl. Zatimco anteriorni okraj
dentale voblasti symfyzy je poset rovnymi velkymi zuby (Obr.12FE5; kratka sipka),
posteriorné se nachéazeji silné zahnuté zuby s rozsitenym hrotem enameloidu (Obr. 12 E5;
hrot 8ipky). Jak je patrné, ndhradni zuby se mohou vytvafet jak lingualné tak labiilné
k pvodnimu zubu (Obr. 12 F5; hvézdi¢ky). Naproti tomu zuby na coronoidech si zachovavaji
malé rozméry (Obr. 12 E5). Dentice na ventralni ¢asti branchidlnich oblouku je i nadéle
lokalizovana do ceratobranchiale V, nicméné anteriorni rozlozeni téchto zubt je patrné jako
nékolik nespojitych desek. Napadné je rovnéz rozvrstveni téchto zubnich desek do dvou ¥ad
(Obr. 12 F6).

Posledni analyzované stadium 54 mm dlouhého juvenila je i nadéale charakterizované
prodluzovanim celisti (Obr. 12 G1). Oproti pfedchazejicimu stddiu se sniZuje pocet zubi na
marginalni premaxile (Obr. 12 G2), nicméné samotna velikost téchto zubi se zvétsuje a jejich
baze se zvrasnuje (Obr. 12 G3). V rdmci vomeru jsou patrné stopy po ztraté zubu ve formé
zbytku zubni baze (Obr. 12 G3; hrot $ipky), v tésné blizkosti jiz v8ak roste zub ndhradni
(Obr. 12 G3; hvézdicka). Zatimco velikost zubii na tomto poli smérem posteriornim
evidentné narustd, gradient velikosti zubli na dermopalatinech se posteriorné sniZzuje
(Obr. 12 G2). Zubni desky lokalizované na dorzalnich branchidlnich obloucich se plosné
zvétsuji (Obr. 12 G4), takze pasobi kompaktnéjsim dojmem nez v predchazejicich stadiich.
Anteriorné od tohoto zubniho pole se nachizi izolované zuby, jejich pozice je na zakladé
star$ich stadii identifikovana do infrafaryngobranchiale II (Obr. 12 G4; hvézdicky). Na
dentale spodni ¢elisti nabyvaji i nejvice anteriorni zuby morfologii velkych zahnutych tesika
s vyraznym hrotem enameloidu a se zvrdsnénou bazi (Obr. 12 G5; hrot Sipky). V ramci
zubniho pole lokalizovaného do ventralniho firyngu je ndpadné usporadani zubnich desek
do dvou paralelnich fad na ceratobranchiale V, pfi¢emz vyvojové mladsi fada je ta blize
struktufe ceratobranchiale IV (Obr.12 G6). Na anteriornim ceratobranchiale IV se nové
nachazeji izolované S3picky zubl funkéné rozsitujici zubni pole z ceratobranchiale V
(Obr. 12 G6; hvézdicky).
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5.3.4 Dentice kostlina sestdva z komplexu
morfologicky riiznych typd zubt

Zvyse uvedeného je patrné, ze dentice
juvenilnich stadii kostlina je sloZend hned z
nékolika morfologicky rozdilnych zubnich typi.
Nejvyraznéj$imi jsou jiz uvedené tesdky (angl.
fangs), které se u studovanych jedinca 1lisi mezi
dolni (Obr. 13A) a horni (Obr. 13B) ¢&elisti. Na
obou celistech jsou tyto zuby ostré, kénické a
mirné zahnuté, nicméné zatimco se na premaxile
horni ¢elisti plynule zuzuji do $picky, na dentale
Celisti spodni jsou zakonceny rozsifenym hrotem
enameloidu (Obr. 13A; bilé hroty $ipek). Tato
struktura byla popsina jako tzv.acrodinova
Cepicka (Richter & Smith, 1995). Podobny typ
zublt byl popsin kup#. u atlantické ryby
Trichiurus lepturus (Bemis et al., 2019). Béaze
téchto zubl je pak charakteristickd vyraznym
zprohybdnim dentinu (Obr. 13 A, B; S3ipky).
Takovd morfologie byla popsdna jako
plicidentinovd  organizace zubG  kostlina
(kupt. Grande, 2010; Meunier & Brito, 2017).
Mimo uvedené marginalni kosti ¢elisti premaxily
a dentale se tento typ zubt nachazi rovnéz na
dermopalatinu (viz bild Sipka na Obr. 13D),
oproti vyse uvedenym tesikim je tento zub
pfimy, tedy bezprohnuti. Vramci dentice
kostlina byly zastoupeny zuby obou typa ve
véech vySe uvedenych zubnich oblastech. Je
nutné vsak podotknout, Ze béhem raného vyvoje
jsou tyto zuby hladké (Obr.12A-E). Ke
zprohybani bazi tedy dochdzi pozdéji. Otazka
vsak zUstava, zda-li se tak déje v pribéhu vyvoje
zubll prvni generace ¢ aZ po jejich obméné.
Vzhledem k tomu, Ze fada zubt na premaxile a
$picky ndhradnich zubt pfipravené na lingualni
strané zubu predchéazejictho (kupt. Obr. 12 D3
a D5), s nejvétsi pravdépodobnosti se uvedenym
zpusobem zprohybd aZ dentin pozdéjsich

zubnich generaci.
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Obr. 13: Prehled typu zubu pFitomnych
v dentici juvenilnich kostlind. (A, B) Spi¢até
prohnuté ,tesdky“ na spodni (A) a horni
(elisti). (C, D) Stfedné velké kénické zuby na
lacrimo-maxilare (C) a obklopujici tesdky na
dermopalatinech (D). Okrouhlé drobné zoubky
na vomerech (E) a coronoidech (F). (G, H) Zuby
sdruzujici se do zubnich desek lokalizovanych
do ventrélniho (G) a dorzdlniho (H) faryngu.
Bilé hroty $ipek znaéi rozhrani zubu a ¢epicky
acrodinu; $ipky zna¢i zdhyby dentinu.



Dal$im typem zubu, ktery byl vramci dentice kostlina identifikovan, jsou p¥imé
kénické zuby typicky lemujici okraj lacrimo-maxilarnich kistek (Obr. 13C). Pomérné ¢asto
jsou pak patrné na strukturdch dermopalatina, kde zpravidla ve skupinach nékolika stejnych
zubl vedle sebe obklopuji vyse uvedené tesdky (Obr. 13D). Jejich velikost je ve srovnani s
lacrimo-maxilarnimi zuby mensi. Podobné tomu je i na dentale, nicméné jejich zastoupeni je
oproti dermopalatinu vyrazné nizsi.

Pomérné ¢astym zubnim typem jsou malé spiSe zaoblené zoubky se Sirokou bazi
vyskytujici se na neokrajovych palatilnich strukturdch vomeru a v pozdéjsich vyvojovych
stadiich rovnéz parasphenoidu (Obr. 13E). Na coronoidech spodni celisti (zejm. na téch
lemujicich lingudlni stranu dentale) pak vytvéfteji souvisly pokryv slozeny vyhradné z téchto
zubt (Obr. 13F). Vzhledem k jejich velikosti nepfedpokladdme, Ze by tyto zuby predstavovaly
hlavni kousaci struktury dentice. Jejich funkce bude spise spocivat ve zdrsnéni povrchu kosti.

Samostatnou entitu potom pfedstavuji zuby faryngealni dentice, které se ve srovnani
se zuby ¢elisti a palatalniho komplexu zdaji byt morfologicky jedine¢né. Mohutné baze téchto
velikostné zna¢né variabilnich zubt sristaji ve shluky pokryvajici plochu ceratobranchiale V
orientovanou dovnif faryngu (Obr. 13G), v ramci dorzalniho faryngu pak vytvareji mohutné

kompartmentalizované zubni desky na epibranchialiich (Obr. 13H).

5.3.5 Diferenciace plicidentinu podtrhuje predaéni potravni strategii kostlina, ale i bichira
Morfologicka deskripce zubnich typa kostlina (viz vyse) identifikovala zprohybani dentinu
na velkych zubech dentice. Na tuto skute¢nost poukazal jiz Grande (2010) ve své rozsihlé
komparativni anatomicko-morfologické studii skeletu kostlind, kde uvadi, Ze se tato
struktura, zndma jako plicidentin, nachdzi na bazi tesdkt. V minulosti byl plicidentin nejlépe
prostudovan ptedevsim u fosilnich svaloploutvych (Sarcopterygii) a u fady fosilnich a
recentnich amniot. V ramci paprskoploutvyh ryb se v8ak plicidentin vyskytuje spise okrajové
(kupt. Peyer, 1968; Meunier et al., 2015b; Doealand et al., 2019). V poslednich letech se
ukazuje, Ze jeho zastoupeni u kostnatych ryb je mozna vlivem nedostateénych metodickych
ptistupt podhodnocovano a na zakladé microCT vizualizace byl plicidentin identifikovan u
arapaimy velké (Arapaima gigas), tahira cayenenského (Hoplias aimara) a dasa moiského
(Lophius piscatorius) (Germain et al., 2016). Castéjsi vyskyt byl viak popsan u ne-kostnatych
linii paprskoploutvych ryb. Vedle jiz zminénych kostlind byla totiz struktura plicidentinu
identifikovdna u kaprouna a dospélct bichira senegalského (Germain & Meunier, 2017).
Detailni Alizarin Red barveni mineralizovanych tkani ukazalo, Ze prvni vertikalni
prohybani dentinu probiha v juvenilnim stadiu zhruba 30 mm (Obr. 14A-C) a je zjevné, ze
diferenciace plicidentinu neprobihd na vsech poli identicky. Prvni zdhyby dentinu jsou
napadné zejm. na zubech lokalizovanych na dermopalatinech a dentale (Obr. 14B, C; ipky),
na premaxile jsou v8ak zuby na povrchu hladké (Obr. 14A). Prvni prohybani dentinu na tomto
zubnim poli je bezpeéné rozeznatelné od velikosti 40 mm (Obr. 14D; Sipky) dale. U zubi na
dermopalatinech takto velkych juvenilnich jedinca se plicidentin rozsifuje az k samotné bazi
zubu (Obr. 14E; 8ipky). Podobné tomu je rovnéz u zubi na dentale spodni ¢elisti (Obr. 14F),
nicméné zahyby dentinu nejsou tak vyrazné. O 15 mm vétsi juvenil jiz vykazuje napadné

vertikdlni zdhyby plicidentinu od baze zubu (tedy od rozhrani zub-ptipojovaci kost)
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(Obr. 14G-H; sipky) zhruba do 2/3 vysky zubu, a to na vSech polich. Transverzalni fezy
zubem (Obr. 14J-L) jasné prokazaly prohybani povrchového dentinu dovnitf zubu.

Schultze (1970) podle hloubky a stupné zihybt dentinu definoval t#i morfologické
typy plicidentinu, na jejimz zakladé byla u kostlina identifikovdna pf¥itomnost plicidentinu
tzv. ,polyplocodontniho typu® (Grande, 2010; Meunier & Brito, 2017; Peyer, 1968). Pozdéji
byla na zdkladé pomeérné mélkého prohybani dentinu (ve srovnani s fosilnimi zastupci
obojzivelniki a plazt) uréend C(tvrtd kategorie tzv. ,simplexodontniho plicidentinu®
(Germain et al., 2015; Meunier at al., 2015a) popsana mj. u latimérie (Meunier et al., 2015b),
kaprouna a nami studovaného bichira (Germain & Meunier, 2017). Je nutné dodat, Ze
véechny vyse uvedené obratlovce spojuje preda¢ni strategie ptijmu potravy a p¥itomnost
plicidentinu v jejich dentici byla interpretovana jako specializace stabilizujici a upevniujici
ukotveni zubl do kosti zvétsenim povrchu tponové plochy zubu (Peyer, 1968; Meunier et al.,
2015b). Samotny prubéh formovani plicidentinu na zdkladé podrobnych histologickych
analyz byl doposud studovan spise sporadicky a do budoucna by si jisté zaslouZil pozornost
detailnich analyz (Berkovitz & Shellis, 2017).

31 mm 40 mm 5 4 mm 56 mm Obr. 14: Diferenciace a
vyvoj plicidentinu

G\ 1l J l ‘ v dentici kostlina.
: (A-I) Alizarin Red barveni
mineralizovanych zubl na
' premaxile (A, D, G),
" dermopalatinu (B, E, H) a
% dentale (C, F, I) prokazujici
.. piitomnost zahybti dentinu

premaxila

- : ty}))i/ck}'lch _pro plicidentin
'L‘U e (bilé sipky). J-L)
& " SN U, 50 Transverzalni fez zubem na
o ' /% " X premaxile O,
E . & — + dermopalatinu (K) a dentale
E“) v, { (L) barveny pomoci Mayer’s
= “2.\N" .  Hematoxylin & Eosin a
fi gmers=me,  ilustrujicd prohybani
dentinu (¢erné 3ipky) do

zubu.

dentale
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5.3.6 Vyména zubu kostlina se zda byt dynamickym procesem probihajicim bez Gcasti

dentélni laminy

Na zakladé barveni mineralizovanych struktur (viz Obr. 12) se ukazalo, Ze dentice kostlina pfedstavuje
komplexni systém obsahujici nékolik zubnich typa (Obr. 13) ptitomnych na ¥adé struktur oralni i
faryngealni dentice. Alizarin Red barveni umoznilo sledovani i nové se formujicich nahradnich zubd,
dm? se ztetelné ukazalo, Ze proces nahrazovani opottebovanych zubt je aktivni uz v ranych stadiich

vyvoje (v8imni si kupf.nové mineralizujicich $picek zubd po stranich formovaného tesidku na
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Obr. 140). Analyza resorpce

mineralizovanych tkani prosttednictvim mouth roof mouth floor

vizualizace aktivity osvteoldastﬁ (tzv. - R

metodika TRAP, viz Clanek VII) u : ‘

juvenila o velikosti 46 mm poukazuje na o ; '&))T

paralelné probihajici proces ztraty zubt BAd
3

(Obr. 15). Soudé podle véudyptitomného

signdlu je zfejmé, Ze proces resorpce a
nahrazovani zubi bude alespori
vpribéhu juvenilntho vyvoje velmi
dynamicky (zndmky resorpce zubu jsou 4
patrné i na bazi tesdku na Obr. 14I).
Stejné jako bichir, i kostlin se g 14
prokazatelné ¥adi mezi paprskoploutvé : &

ryby kontinualné nahrazujici zuby po Obr. 15: Resorpce mineralizovanych tkani béhem
procesu vypadavani zubu kostlina. Vizualizace aktivity

osteoklasti prostfednictvim TRAP na horni C(elisti a
ze navzdory  jejich extrémné  palatdlnim komplexu (vlevo) a na ¢elisti spodni (vpravo) u

osifikovanym kranidlnim strukturdm jedince o velikosti 46 mm.
dochazi u nich k tzv. ,extraosseos tooth
replacement” (Trapani, 2001). To znamend, Ze se ndhradni zuby zakladaji na povrchu kosti za Gcasti

celou dobu své existence. Bylo popsano,

permanenti ¢ prechodné (non-permanent) dentalni laminy lokalizované lingualné k funkénimu zubu
(Huysseune & Witten, 2006; Huysseune & Thesleff, 2004; Trapani, 2001). Tento zptisob ndhrady zubt
je povazovan za pleziomorfni a zda se byt vyhradné ptitomen u ne-kostnatych ryb (Trapani, 2001). Na
tomto misté je vSak nutné ptipomenout, Ze u bichira (ale i fady dalsich ryb) byl popsan totozny zptsob
néahrady zubt (tzn. etraosseos tooth replacement), ale bez ucasti dentalni laminy (viz vyse). Situace u
kostlina je véak v tomto sméru doposud nezndma.

Predchozi data ukazala, Ze ndhradni zuby (at uz za Gdasti zubni listy & bez ni) se zpravidla
zakladaji v tésné blizkosti zubt funkénich, jehoZ baze podstupuje resorpdi a nasledné vypadava. U
nahradniho zubu nasledné dochazi k erupdi a jeho ukotveni do zubni pozice & fady (Berkovitz & Shellis,
2017). Proces vzniku a vymény zubti u kostlina je dle mého pozorovini obdobny cyklu popsaného u
pstruha duhového (Salmo gairdneri; v soucasnosti znamého spis jako Oncorhynchus mykiss) procesem
ilustrovanym na Obr. 16A (Berkovitz, 1977). Zubni zarodek vznika diferenciaci povrchového epitelu
(formovani dentdlni laminy nebylo pozorovino) interagujicho skondenzujicim mezenchymem
(Obr. 16B; hvézdicka). Epitel tedy mezenchym proliferaci obklopi za vzniku tzv. stadia ¢epicky (angl. cap
stage) (Obr. 16B). Oblast kondenzujictho mezenchymu da v pozdé$im vyvoji vzniknout dfetiové
duting, ktera se stava zdrojem odontoblastti formujicich dentin. Epitelidlni komponent v této fazi
vyvoje se oznacuje jako tzv. dentdlni epitel a jiz zde 1ze rozlisit jeho komponenty vnitiniho a vnéjstho
dentalniho epitelu (angl.inner & outer dental epithelium), které jsou zifetelngjsi vdalsim vyvoji
(Obr. 16C). Naslednou diferenciaci vnitintho dentalniho epitelu (inner dental epithelium, IDE) vznikaji
ameloblasty produkujici enameloid, na povrchu dentdlni papily se formuji odontoblasty secernujici
dentin (Obr. 16C, D) a zub se ptipojuje ke kosti (Obr. 16D). V nasledujicim vyvoji se objevuje zarodek
zubu ndhradntho (Obr. 16E; ipka), ztetelny jako mezenchymaticka kondenzace (Obr. 16E; hvézdicka)
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obklopena dentalnim epitelem. V d¥eriové oblasti zubu ptivodniho ubyva zastoupeni bunék a na bazi je
patrné zeslabené misto dentinu (Obr. 16F; hrot $ipky). Nahradni zub se zvétSuje a roste smérem k bazi
zubu predchazejictho (Obr. 16F). Mira resorpce baze zubu funkéniho se nadile zvysuje a probiha na
nékolika mistech zubu soucasné (Obr. 16G; hroty $ipek) a zub ndhradni se ristem dold dostava do jeho
tésné blizkosti (Obr. 16G). Zarover je u tohoto zubu patrna aktivni formace enameloidu (Obr. 16G).
A

00 A po AP fo Pr

| 'pulp M dentine M enameloid M bone

B o Cslooes D@ pr g E
g : —JDE  Jhi=en

p—den \ . ~IDE A
e
S St = \ VL | _
Obr. 16: Formovani zuba prvni generace stejné jako nihradnich zubu prochazi u kostlina
stejnymi vyvojovymi fazemi. (A) Schematicka ilustrace zakladani a vyvoje zubu funk¢niho a nasledného
formovéni zubu ndhradniho u kostlina (modifikovano podle Berkovitz, 1977). (B-G) Sagitalni fezy skrz
dentale ilustrujici faze zaklddani zubu funkéniho a na néj vyvojové napojeného zubu ndhradniho. Barveno
pomoci Mayer’s Hematoxylin & Eosin. Hvézdi¢ka zna¢i kondenzujici mezenchym zubniho zirodku; $ipka
znadi novy zubni zarodek, hroty $ipek poukazuji na oblast resorpce funkéniho zubu. DE, dental epithelium;
den, dentin; DP, dental papila; en, enameloid; IDE, inner dental epithelium; MDE, middle dental epithelium;
od, odontoblasty; ODE, outer dental epithelium.
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Data uvedend vyse (Obr.16) nam
mimo prabéh formovani ndhradnich zubu
rovnéZ odhalila struktury s timto procesem
Uzce souvisejici.  Zejména  z obrazka
Obr. 16G a Obr. 17 je zjevné, Ze je ndhradni
zub napojen prostfednictvim vnéjsiho
zubniho epitelu na zub funkéni. Tato
struktura plynule ptechizi do vnitniho
zubniho  epitelu  zubu  ndhradniho

s ameloblasty nasledné formujicimi

enameloid. Prostor mezi vnitinim zubnim

epitelem zubu ndhradniho a samotnym

Obr. 17: Histologicky ¥ez ilustrujici proces
zubem funkénim vypliiuje kapsa s buitkami  nahrady zubi kostliné. Sagitalni fez zubt na
dermopalatinu  zobrazujici  zub  funkéni
(hvézdicka) a zub ndhradni propojené
strukturou vnéjsiho zubniho epitelu. Barveno

procesu ndhrady zubli se nepodatilo pomoci Mayer's Hematoxylin &  Eosin.
Vysvétleni zkratek viz Obr. 16.

topograficky nélezejicimi k tzv. sttednimu
dentdlnimu epitelu (Obr. 17). V prabéhu

identifikovat zadnou epitelidlni strukturu,
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kterd by se mohla povaZovat za dentédlni laminu a je tedy zjevné, Ze se procesu vymény zubt

u kostlina dentdlni lamina netc¢astni.

5.4 Proces odontogeneze u studovanych skupin je ve vSech ohledech znac¢né
odlisny

Jakjiz bylo v této praci nékolikrit zminéno, dentice studovanych bazalné fylogeneticky umisténych ne-
kostnatych paprskoploutvych ryb predstavuje svym rozlozenim a vnéjsi morfologii odlisné entity. Na
zakladé vyse uvedenych vysledki se ukazalo, Ze tyto odli$nosti mohou byt podloZeny variabilitou
mnoha aspekti dentalntho vyvoje, které nebyly doposud tplné popsany a pochopeny. Na druhou
stranu je t¥eba zminit, Ze mezi studovanymi liniemi je rovnéz fada znaka spole¢nych. Nasledujici ¢ast
zasazuje véechny detailni vysledky kapitoly 5 Srovnani patrnosti odontogeneze do komparativniho

¢tectho rdmce.

5.4.1 Rani exprese vyvojové konzervovanych zubnich markera vykazuje napadné
odchylky

Jiz rand stadia zubniho vyvoje vykazuji ndpadné odlisnou patrnost zakladani zubt, ktera se projevuje
jiZz u samotné exprese zdkladnich genovych markera. Exprese genu Pitx2 u jesetera vykazuje béhem
raného zubniho vyvoje pomémé uniformni signal lokalizovany do marginalni dentice horni i spodni
Celisti sou¢asné (Fig. 2 & Fig. S1; Clanek VII), u bichira s kostlinem pak pozorujeme napadné zpozdéni
exprese v Celisti horni (Obr. 6 & Obr. 10) zap¥i¢inéné vyvojem cementovych organt. U bichira a jesetera
dochézi k prvni expresi Pitx2 v koutcich tst a k naslednému medialnimu $ifeni signalu, ktery se pozdéji
uprostied Celisti sbiha (Obr. 6 a Fig. S1; Clanek VII). Podobné i u kostlina sledujeme expresi genu
lemujici okraj budouci spodni Celisti levé a pravé strany oddélené, nicméné tyto signily se nikdy
medidlné nepropoji (Obr. 10). U jesetera s kostlinem vznika Pitx2 exprese v kazdém zubnim poli zvlast,
¢li nebyl pozorovan rozpad Sirokého pruhu Pitx2 signilu do nékolika zubnich poli, jako tomu je
v ptipadé dentice axolotla (Clanek VI). Zajimavé je, Ze v ptipadé jesetera se kazdé zubni pole zaklada
jako kontinualni pruh ¢ oblast a ty se v pozdéjsim vyvoji separuji do jednotlivych zubnich zarodka
(Fig. 2; Clanek VII). U kostlina se timto zpusobem zaklada jen okrajova dentice na dentale a zkrdcené
na premaxile (Obr. 10), exprese v ostatnich zubnich polich je od svého pocatku lokalizovana do
izolovanych zubnich zarodk, a to véetné faryngealni dentice (Obr. 11). U bichira je situace odli$nd a
népadné pfipomina jiz zminéného axolotla (Clanek VI), a to procesem separace kontinuélniho signalu
na homni i spodni ¢elisti zaroven (Obr. 6K), pti¢emz na Celisti spodni trva déle.

Népadnou variabilitu vykazovala rovnéz exprese genu Shh. Zatimco u bichira se mi Zadna
exprese zachytit nepodaftila, u jesetera jsem identifikovala signal velmi ranych stadii ve formé pruhu,
ktery se v pritbéhu pozdé&jsiho vyvoje separoval do jednotlivyich zubnich pozic (viz Fig. S1; Clanek VII).
Naopak u kostlina jakykoli signal v ranych stadiich chybi (Obr. 10M-0) a objevuje se aZ v pozdéjsim
vyvoji jiz izolovany do jednotlivych zubnich zirodkd (Obr. 10P). Zajimava se u kostlina rovnéZz ukazala
byt prvni exprese Shh ve faryngu ve srovnani s expresi Pitx2. Zatimco nejranéjsi expresi genu Pitx2
vidime na dorzalnich branchidlnich obloucich bez protilehlé ventrdlni exprese (Obr. 11B, BY), u Shh je
tomu pfesné naopak (Obr. 11H, H). Protoze vSak z divodu nedostatku materidlu nebylo moZné tuto

skute¢nost ovéfit, muze se jednat pouze o vyvojovou odchylku.
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Vzhledem k ndpadné variabilité v patternech exprese Pitx2 a Shh (tj. dvou zakladnich vyvojové
konzervovanych zubnich markerit) u mnou studovanych druhii se nabizi otizka, zda tato variabilita
nemuZe byt zodpovédna za variabilitu dentic patrnou u studovanych zistupc ne-kostnatych ryb.
Hypotéza tzv. ,periodic pattern generator for diversity” navrhuje, Ze pfitomnost a odchylky ve
vzajemném pusobeni nékolika faktort (zahrnujicich bmp2, bmp4, eda, edar, fgf8, pax9, pitx2, runx2, shh
awnt7b) mohou byt zodpovédné za variabilitu ordlnich dentic u blizce piibuznych druht cichlid (Fraser
et al.,, 2008). Samotna kombinace Shh a Pitx2 je nezbytna pro diferenciad inicia¢ni zubni kompetentni
z6ny, podle jejiz $itky 1ze minimalné usuzovat na velikost budouciho pole (Fraser et al., 2008; Stock et
al., 2006). Avsak vzhledem k tomu, Ze tyto faktory reprezentuji pouze dva epitelidlni zubni markery,
jakékoli dalsi zavéry vztahované k variabilité dentic by byly unahlené a v budoucnu bude jisté nezbytné

rozsitit $kalu studovanych gend.

5.4.2 Znalni variabilita panuje i v prubéhu mineralizace dentice

Zatimco u jesetera jsou zuby na viech polich morfologicky uniformni (Clanek VII), v dentici bichira
bylo identifikovano nékolik odlisnych typa zubt osidlujicich odlisna zubni pole (Clemen et al., 1998).
Podobné i nase vizualizace mineralizovanych dentélnich struktur odhalila na zakladé odlisné vnéjsi
morfologie i v ptipadé kostlina ¢ty rozdilné typy zubt (Obr. 13). U kostlina jsem navic identifikovala
vyrazné zprohybani dentinu na nejvétsich zubech dentice (Obr. 14), které u bichira pozorovano nebylo,
nicméné je rovnéz znamo predevsim z pozdéjsich vyvojovych stadii (viz vyse). Ve srovnani s jeseterem
pfedstavuje tedy dentice bichira skostlinem mnohem komplexnéjsi systém (Obr. 7-9 a Obr.12).
Népadny rozdil pak predstavuje faryngedlni dentice. Zatimco u bichira nesou vsechny struktury mimo
hyoidni oblouk zuby, u kostlina jsou zubni desky lokalizovany pouze do posledniho branchidlniho
oblouku @i kdyz se v pozdéjsim vyvoji izolované zubni desky rozsituji na struktury predchazejicich
oblouk®). PrestoZe predstavuje farynx bichira nejvice ozubenou doménu mezi studovanymi druhy
(Obr. 5), vyvoj zubt zde je zna¢né opozdén a probihd aZ po zalozeni vétsiny poli oralni dentice (Obr. 8).
Naproti tomu formovani prvnich faryngealnich zubti u kostlina probihd zdhy po prvni mineralizaci
dentice na ¢elistech (Obr. 12), coZ odpovida i pribéhu zakladani faryngealnich zubnich zubnich poli
jesetera (Clanek VII).

Napadné byly rovnéz rozdily v patrnosti mineralizované dentice. Zcela unikatni se ukazala byt
vyrazné redukovand dentice jesetera sfaryngedlni dentici posunutou na anteriorni elementy
branchialnich obloukt. Na vech zubonosnych strukturich dochazi k pomérmné rychlému zalozeni zub,
pfi¢emz na marginalni dentici horni a spodni ¢elisti nedochazi k vymeéné zubti a tato zubni pole jsou
tedy brzy redukovana. Zbyvajici zubni pole jsou pak i pfes probihajici resorpci zubti po dlouhou dobu
udrzovéana funkéni diky kontinudlni zubni adici na protilehlé strané. V pozdéjsich vyvojovych stadiich
pak pozorujeme vyraznou restrukturalizaci dentice na viech zubnich poli (viz Clanek VII).

Rand mineralizace ordlni dentice je u bichira skostlinem obdobnd, nicméné u kostlina
pozorujeme brzké formovani prvnich vomeralnich zubt z vnitintho zubntho oblouku spole¢né se
zrychlenou mineralizadd zubi napojenych na premaxilu. Zatimco je maxila bichira dominantni
ozubenou strukturou horni celisti, u kostlina je jeji vyvoj zpozdén a samotnd struktura je zna¢né
redukovina a posunuta posteriorné ke koutktim ust. Pravé na maxile bichira pozorujeme unikatné

synchronizovany proces nahrazovani vétsiny zubt v juvenilnim stadiu cca 20 mm (Obr. 8A). Oréalni
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dentice bichira je v pozdéjsich stadiich vystavéna z propor¢né vétsich kuZelovitych zubti uskupenych do
tady blizko sebe na okrajovych strukturach hornii dolni ¢elisti a z obrovského mnozstvi malych zoubka
na vnitfnim zubnim oblouku, které husté pokryvaji i zbyvajici struktury palatdlntho komplexu (Obr. 9).
Naproti tomu oralni dentice juvenilnich kostlind je charakterizovana velkymi tesdky nepravidelné
rozmisténymi pfevazné v anteriorni ¢asti horni a dolni ¢elisti. Okraje horni Celisti jsou pak posety
sttedné velkymi kuzelovitymi zuby rozmisténymi blizko sebe. Vnittek palatilniho komplexu i spodni
Celisti je pak pokryt drobnymi zoubky (Obr. 12G). Oproti bichirovi se vsak dentice, alespoil v rdmdi
studovanych stadii, jevi byti méné ozubend (srovnej Obr. 9G a Obr. 12G).

5.4.3 Proces nahrazovani zub je u bichira a kostlina zaloZen na stejném principu

Spole¢nym znakem dentic studovanych skupin je nepochybné ndpadna dynamika nahrazovani zubu.
Pravé proces nahrazovani zubt je zakladnim pfedpokladem funké¢nosti polyfyodontni dentice, jez je pro
paprskoploutvé ryby typicka (Huysseune & Witten, 2006). Dlouhotrvajici ptedpoklad, Ze formovani
zub ndhradnich je podloZeno pfitomnosti dentdlni laminy byl viak u této linie zkomplikovin
zakladanim novych zubt z dentalntho epitelu zubu funkéniho (shrnuto kupt. Tucker & Fraser, 2014).
Zatimco u jesetera nahrazovani zubt neprobiha na véech identifikovanych zubnich polich (viz vyse), u
bichira s kostlinem je tento proces véudyptitomny. U bichira bylo na dentale spodni ¢elisti jiz dtive
explicitné popsano Ze formovani ndhradnich zubt probiha bez Gcasti jakéhokoli typu dentalni laminy
(Vandenplas et al., 2014), u kostlina tato data dlouhodobé chybéla. Nase analyza i v ptipadé kostlina
Zadnou dentalni laminu nepotvrdila a ukazalo se, Ze proces nahrazovani jejich zubti na vSech zubnich
polich je identicky tomu u bichira (Obr. 16 a Obr. 17). Vzhledem k jejich fylogenetické pozici se tedy zd3,
Ze pHimy vyvoj zub ndhradnich z epitelidlni populace bunék zubu funkéniho (tj. nahrazovaného) bez
UCasti dentdlni laminy reprezentuje ancestrdlni zpGsob nahrazovini zub@ dentice u skupiny
paprskoploutvych ryb. Ani u jesetera nase predbézné vyzkumy dentdlni laminu neprokazaly a tato
oblast je stile pfedmétem probihajici studie. Pravé dentice jesetera vykazujici jak monofyodontni tak
polyfyodontni usporadani tak nabizi vyjime¢nou ptileZitost k identifikovani faktora zodpovédnych za
ztratu kontinudlniho zubniho nahrazovani.
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6 Zavérecné shrnuti

Zabér predkladané dizerta¢ni préce je rozloZen do dvou oblasti. StéZejni ¢ast predstavuje srovnavaci
analyza vyvoje skeletdlnich hlavovych tkani a struktur nap#i¢ linii paprskoploutvych ryb s odlisnou
adultni morfologii lebek s cilem popsat zasadni mechanismy, které tyto odlisnosti zakladaji. Cilem
druhé ¢isti zamétujid se na odontogenezi bazilnich paprskoploutvych ryb je popsat patrnost a
dynamiku zaklddani a nasledného vyvoje dentice, jeZ je doposud u téchto linii pouze sporadicky
studovina, a posoudit tak vyvojovou variabilitu dentalnich struktur u téchto linii.

Vzhledem k tomu, Ze se vyzkumné skupiné skolitele podatilo ziskat unikatni, avsak v rizné
mite dostupny, embryondlni materidl bichira, jesetera, kostlina a $tiky, na ktery se podatilo
optimalizovat jejich odchov a jiz zavedené laboratorni postupy (Minatik, 2018; Stundl, 2019; Clanek I;
Clanek V), vznikla tak jedine¢n4 piilezitost etablovat tyto linie jako nové modelové organismy. Tim se
podatilo rozsifit zavedeny modelovy systém evo-devo vyzkumt, na kterém jsem se podilela
charakterizaci vyvoje étiky (Clanek I). Pravé studium $ir3i fylogenetické 8kaly je klicové pro pochopeni
evolu¢niho ptvodu morfologickych struktur a riznych vyvojovych fenoménd.

Az doposud se nikdo nezabyval identifikaci klicovych mechanismt sehravajicich zasadni roli
v zakladani diverzity skeletdlnich a dentalnich struktur na tak fylogeneticky unikatni skale organisma.
Vysledky nasi analyzy identifikovaly, Ze vyvoj skeletalnich tkinije jiz od prvopocatku mezi studovanymi
liniemi zna¢né odlisny (Clanek II). Jako hlavni mechanismus byla identifikovana distribuce
heterochronii na nékolika vyvojovych Grovnich. V prvni ¥adé byly ztetelné rozdily v sekvenci formovani
kranidlnich regiont, at uz téch chrupavcitych & posléze osifikovanych. Vyrazné pak byly rozdily v
koncentraci morfogeneze do odlisnych hlavovych lokalit. Zatimco u jesetera prednostné osifikuji
struktury posteriorni ¢asti hlavy formujici pevny ramec pro vysunovatelné Celisti, u kostlina byla
identifikovana pfednostni osifikace anteriorni ¢asti hlavy, tedy vyrazné ozubenych celisti. U bichira
doslo k dynamickému zaloZeni zubonosnych kosti ¢elisti a branchidlnich obloukt. Nejpomalejsi byl
potom vyvoj kranidlnich kosténych struktur stiky. Rozdily byly rovnéz nipadné v nacasovani vzniku
chrupavek a kosti, a to véetné nejranéjsich stadii vyvoje. Zcela zrychlené bylo zakladani prvni chrupavky
stiky korelujici s ¢asem lihnuti, ¢ili bez zjevné pre-chrupavcité faze vyvoje, coz odpovida i nejrychlejsimu
nastupu osifikace. U zbyvajicich linii bylo formovani chrupavky vzhledem k dobé lihnuti zpozdéno,
zanechavajid nejdelsi pre-chrupavéitou dobu vyvoje u bichira a jesetera stejné dlouhou. S ohledem na
nacasovani po¢itku chondrogeneze nastupuje proces prvni osifikace nejrychleji u bichira, nejpomaleji
v8ak u kostlina. Tomu odpovida i delsi doba potiebna pro resorpci cementového organu u kostlina déle
blokujici osifikaci horni celisti. Kvantitativni analyza vyvoje hustoty kosti ukizala, Ze prestoze byla
identifikovana nejrychlejsi kranidlni osifikace vzhledem k dobé lihnuti u $tiky, proces vyvoje denzity
kosti je u této linie velmi pomaly. P¥ekvapivé nejdynamictéjsi narast hustoty kosti béhem nejranéjsich
stadii byl odhalen u ,,/idkokostého jesetera, nicméné zdhy dochazi k pfekonani této irovné hustoty
kosti kostlinem. Z vySe uvedeného je patré Ze vramd zakladani a nésledného vyvoje kranidlnich
skeletdlnich struktur panuje napfi¢ studovanymi liniemi velkd a do zna¢né miry neprediktabilni
variabilita.

To se viak netyka ranéjsich stadii vyvoje, u nichz teprve probiha diferenciace tkini jednotlivych
hlavovych struktur. U bichirG svyraznymi vnéjsimi zabry, které jsou pro né typické, dochazi
k prednostni diferenciaci hyoidntho (druhého) proudu bunék neuralni listy (Clinek IV) a tedy
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k naruseni antero-posteriorniho gradientu. Toté bylo identifikovano i u kostlina se stikou (Clanek V)
snaslednou zrychlenou formaci operkuldrniho zdhybu a hyoidniho oblouku samotného. Takové
vychyleni patrnosti migrace bunék hlavové neurdlni listy je mezi dosud studovanymi liniemi obratlovc,
unikdtni (viz Stundl, 2019).

Podobné rozdily byly pozoroviny i béhem vyvoje dentice. Detailni deskripce pribéhu
mineralizace zubl jednotlivych zubnich poli byla nejd#ive provedena na jeseterovi se znané
redukovanou dentici (Clanek VII) a poslouzila jako predloha pro charakterizaci odontogeneze u bichira
se zachovanymi ancestralnimi znaky dentice i kostlina s vyrazné redukovanymi zubnimi poli v rdmd
faryngu (viz Kapitola 5). Uz nejranéjsi stadia diferenciace zubnich zarodki analyzovana pomoci exprese
gent Shh a Pitx2 vykazala napadné rozdily mezi studovanymi liniemi. Zarovenl se touto analyzou
ukazalo, Ze proces separace odontogenniho prouzku do jednotlivych zubnich poli, ktery je pfitomny na
nékolika mistech dentice bichira, ndpadné p¥ipomind pattern popsany u axolotla. PfestoZe se tato
studie zabyva zakldddnim a vyvojem dentice u ne-kostnatich paprskoploutvych ryb, v pribéhu
doktoratu se mi naskytla ptileZitost podilet se na studii odontogeneze u axolotla naleZejictho mezi linii
Tetrapoda (Clanek VI). Srovnéni ziskanych dat s touto linii viak nabizi rozsifeni fylogenetické kaly,
vyvojovych fenomént. Vzhledem kpozici bichira pobliz dichotomie Celistnatcd skostni tkani
(Osteognathostomata) do linii paprskoploutvych a svaloploutvych ryb se zd4, Ze je rozpad
odontogenniho prouzku do zubnich poli znakem ancestralnim. U kostlina ani jesetera jiZ tento rozpad
pozorovan nebyl a predpokladime tedy, Ze byl vpribéhu evoluce paprskoploutvych ryb ztracen.
Sdilenym znakem dentic bichira a kostlina pak je ndhrada zubg, na které se nepodili struktura dentalni
laminy a zub je zaloZen z epitelidlniho organu zubu nahrazovaného.

V priabéhu fesdeni tohoto dizerta¢ntho projektu jsem se rovnéZz podilela na pilotnich ,,up-to-
date” experimentech mutageneze prostfednictvim CRISPR/Cas9 systému ¢i detekce pomalu cyklujicich
bunék za pomod EdU za t¢elem vizualizace zubnich kmenovych bunék. Vygenerovana anatomicko-
morfologickd data predlozené prace prevazné deskriptivniho charakteru, jez byla dosud vramd
studovanych linii spiSe nezndma, tak vytvareji vychozi platformu, na kterou 1ze v budoucnu aplikovat
moderni ptistupy vyvojové biologie.
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1 | INTRODUCTION

Abstract

The northern pike, Esox lucius, is one of the largest temperate freshwater apex predators
with a characteristic morphology: an elongated body with pelvic, dorsal, and anal fins
located at the rear as a functional feature to sprint predation. However, the typical pike
character is its head, which is characterized by a long, flattened snout, a well-armed
mouth with numerous teeth, and large eyes characteristic of shallow water visual
predators. Although the northern pike is becoming increasingly popular as a model
system for ecology and evolutionary research, a detailed staging table has not yet
been reported. In this study, we report the first comprehensive staging table for the
northern pike, spanning from the one-cell stage to the freely-swimming juvenile
stage. In addition to classical embryological descriptions, we use a DAPI staining to
distinguish individual cells and embryonic structures during the early development.
This dataset, in combination with the genomic and transcriptomic resources already
available, serves as a foundation for in-depth mechanistic studies dealing with

development using this species.

KEYWORDS

embryology, ray-finned fishes, staging, chondrogenesis, skeletogenesis

Drozd, & Policar, 2015; Kucska et al., 2005) and foundational for

European aquacultures and commercial fisheries.

The northern pike (Esox lucius Linnaeus, 1758; Figure 1a) is a
well-known freshwater apex predator with a circumpolar distribu-
tion across a broad range of aquatic environments (Craig, 2008;
Crossman, 1996). It belongs to the family Esocidae (Grande,
Laten, & Lopez, 2004), whose members are characterized by duck-
billed snouts, well-armed mouths with numerous teeth, and elon-
gated bodies. Pikes and mudminnows (order Esociformes) are the
sister group of salmon and trouts (order Salmoniformes). There is a
single genus of pike, Esox (Froese & Pauly, 2018), with seven
extant species that are of considerable economic interest to com-
mercial and recreational fishing industries (Mann, 1996; Raat,
1988). Consequently, the reproductive biology of the northern pike
is both relatively well-described (e.g., Billard, 1996; Bondarenko,

Pike spawn in the wild when water temperatures reach 6 °C, typi-
cally between February and June depending on geographical region
(Raat, 1988). Embryonic development can proceed over a broad range
of non-lethal temperatures spanning from ~4 to ~23 °C (Hassler,
1982), but appears to be most efficient between 6 and 10 °C
(Bondarenko et al., 2015). The development of the northern pike
was first described by Lindroth (1946) and Gihr (1957); however,
these studies encompass only a few stages and lack detailed
descriptions. Later studies investigate only the general develop-
mental pattern with emphasis on several selected developmental
stages (Kotlyarevskaya, 1969; Toner & Lawler, 1969). A number of
other studies have examined skeletal anatomy and morphology of

the northern pike. For example, Besrukow (1928) described the

Journal of Morphology. 2019;1-23.
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FIGURE 1

The northern pike. (a) lllustration of an adult northern
pike. {b) Comparison of zebrafish {left) and pike (right) eggs. Scale
bar = 1 mm. {c) Embryos in Zug jars

development of the chondrocranium; Pehrson (1944) examined
the formation of the lateral line canal and its relationship to the
skull development; Jollie (1975) studied the development of
the head skeleton; and Burdi and Grande {(2010) analyzed the skull
and axial skeleton development. In the recent work, Sadeghinezhad
et al. (2014) described the morphology of the northern pike
tongue. Although the northern pike has teeth that are present at
multiple sites in the oropharyngeal region, odontogenesis of the
pike has been investigated only at the ultrastructural level (Herold,
1974). Thus, despite numerous studies documenting different
aspects of pike development, a comprehensive staging table with a
detailed description of embryonic and larval development has not
yet been presented. With the recent development of high-quality

genome and reference transcriptome assemblies (Rondeau et al.,

2014; Zerbino et al., 2018) the northern pike is rapidly emerging as
a new fish model for evo-devo research (Braasch et al., 2014), but
progress has been hindered by the absence of staging table. There-
fore, such a resource would be of considerable value to the grow-
ing pike research community.

Thanks to its morphological features and commercial availability,
the northern pike is emerging as powerful experimental model system,
particularly for developmental biology and evolutionary studies
(Forsman et al., 2015; Nilsson, Skov, & Farrell, 2008). Although its nat-
ural breeding season is limited to spring, it has several advantages
over the conventional fish model organism, the zebrafish (Danio rerio),
including a large number of eggs {up to 100,000 eggs per female)
which are large and therefore more experimentally accessible than
those of zebrafish (Figure 1b), numerous teeth throughout the whole
oropharyngeal region that should be the basal condition for early ver-
tebrates {Donoghue, 2002), and a characteristic ambush predator
body plan.

This study aims to highlight the important features of each devel-
opmental stage from fertilization to free-living juvenile with the first
dermal bones. Collectively, the presented staging table of the north-
ern pike represents a foundational resource for evo-devo research

and a tool for commercial hatcheries.

2 | MATERIALS AND METHODS

2.1 | Husbandry and sample collection

Clutches of fertilized eggs were obtained from four different
females housed at the hatchery (Rybarstvi Litomysl s.r.o., Czech
Republic) in March-April 2015 and 2016. Fish were experimentally
manipulated in accordance with institutional and international
guidelines for the protection of animal welfare (Directive
2010/63/EU) in the animal facility at the Department of Zoology,
Charles University in Prague. For developmental staging, embryos
were maintained at an optimized temperature of 12 + 0.5 °C (aera-
tion: 9 mg L=%; water flow rate: 10 m® hr~%; photoperiodicity: 10 hr
light and 14 hr total darkness) in incubation jars (Zug jars) at the
hatchery (Figure 1c). Development of embryos was monitored
every 2-4 hr until end of the first day. In the following days, the
development was monitored every 3-8 hr until the hatching
occurred. Posthatching development was monitored once a day.
The staging series is based on sampling made during these moni-
toring sessions. Each developmental stage was determined as the
time point when the most embryos in the sample reached the iden-
tical developmental point. Live embryos were anesthetized with
MS-222 (tricaine methanesulfonate) prior to microscopic observa-

tions or fixation.

2.2 | Developmental staging, microscopic
observation, and scanning electron microscopy

Description of individual developmental stages was based on publi-

shed resource for the most frequently used fish model systems,
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FIGURE 2 Cleavage, blastula, and gastrula period. Northern pike developmental stages to the end of gastrulation. Each stage contains a
dorsal or animal pole view of the embryo at the top and a lateral view of the embryo at the bottom. Each brightfield photograph is paired with
DAPI staining to highlight detailed morphology. See the text for detailed description of each stage. Scale bars are 0.5 mm. White arrowhead
marks the anterior tip of the embryonic shield at stage 12-15. ¢, cell; es, embryonic shield; gr, germ ring; h, head; np, neural plate; od, oil droplets;

yp, yolk plug; ysl, yolk syncytial layer

zebrafish (Danio rerio; Kimmel et al., 1995) and medaka (Oryzias lati-
pes; Iwamatsu, 2004). lllustrations were created in Inkscape 0.92.3

(Inkscape Team, 2018) based on photographs. All embryos and

hatched larvae were mounted on Petri dishes containing agarose
for live imaging and photographed using a dissection microscope

SZX12 (Olympus). For better visualization of individual cells,
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FIGURE 2 Continued

embryos were dechorionated, stained with DAPI and observed were acquired with a JSM-6380LV scanning electron microscope
using a SteREO Lumar V12 fluorescent stereomicroscope (Zeiss, (JEOL, Japan).

Germany). Samples for scanning electron microscopy (SEM) were

fixed at least overnight in modified Karnovsky's fixative . ..

. o 2.3 | Cartilage and bone staining

(Mitgutsch et al.,, 2008). After washing in PBS, samples were
dehydrated through a graded series of ethanol, dried in a critical Larvae were fixed in 4% PFA in PBS overnight, washed with PBS,

point dryer, mounted in resin, and coated with gold. SEM images and transferred into 80% ethanol. Cartilage and bone staining was
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FIGURE 2 Continued

carried with Alcian Blue and Alizarin Red as described by Taylor and
Van Dyke (1985). To trace the onset of cartilage and bone develop-
ment we stained larvae 8-19 mm in length. For visualizing bone
structures, we also used calcein in vivo staining (Du et al., 2001).
Live fish larvae were incubated in freshly-made staining solution

(2 g calcein in 1 L water, pH ~7) in the dark for 3 min, anesthetized,

and observed under a fluorescent stereomicroscope as described
above.

2.4 | Histology

Embryos were anesthetized, fixed in 4% PFA in PBS overnight,
washed, and dehydrated as described above and then embedded in
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FIGURE 2 Continued

JB4 resin (Polysciences) according to the manufacturer's instructions.
Embedded embryos were sectioned on an RM 2155 microtome
(Leica), stained with Azure B-Eosin (SERVA) and mounted in DePeX
(SERVA). For selective staining of the cement gland epithelium, a
Periodic-acid Schiff (PAS) kit {Sigma) was used according to the manu-

facturer's instructions.

2.5 | Analysis of the influence of temperature on
developmental timing

As the timing of development depends on water temperature, we sys-
tematically tested the influence of this variable on northern pike

development. For this, we maintained comparable cohorts of embryos
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FIGURE 3 Yolk syncytial layer. (a) Side view of stage 10 stained
with DAPI. (b) Transversal histological section of stage 10. bl,
blastoderm; vy, yolk; ysl, yolk syncytial layer. Scale bars = 0.3 mm in (a),
100 pm in (b)

under six constant temperature regimes (9-14 °C). Ten individuals
were randomly selected twice a day from each cohort for develop-
mental staging and inspection for developmental abnormalities,
until hatching occurred in 80% of examined individuals. On the
basis of these data, the average heat needed to reach each devel-

opmental stage was calculated and expressed as “day-degrees,”
i.e., the average temperature in degrees of Celsius above the
pike's known lower developmental threshold (3.3 °C) per day
{Bondarenko et al., 2015). To visualize the effect of different tem-
perature regimes we fitted locally estimated scatterplot smooth-
ing (loess; a = 0.75) curve to the measured data using loess
functionin R 3.3.2 (R Core Team, 2017).

3 | RESULTS

3.1 | Cell cleavage, blastula, and gastrula period

3.1.1 | Stage 1 (1-cell stage)

Newly-fertilized pike eggs are typically spherical and surrounded by a
chorion with a perivitelline space of between 0.1 and 0.3 mm permit-
ting egg rotation despite the presence of the chorion. Fertilized eggs
are approximately 2.4 mm in diameter, that is, three times larger than
those of zebrafish (Figure 1b). A single blastomere is present at the
animal pole. Oil droplets are concentrated at the periphery of the blas-
tomere (Figure 2). The yolk is pale amber in color prior to fixation and

pale yellow thereafter.

3.1.2 | Stage 2 (4-cell stage)

Four blastomeres arise from the second cleavage at a right angle to
the first cleavage furrow. The shape of the blastodisc is ellipsoidal,

and blastodermal cells are of equal size.

3.1.3 | Stage 3 (8-cell stage)

The blastomeres do not form two symmetrical rows as in zebrafish or
medaka. From this stage onwards, blastomeres gradually become
more irregular in size and shape. Division asynchrony is more pro-
nounced for the small blastomeres that protrude from the lateral

accumulation of larger blastomeres.

3.1.4 | Stage 4 (16-cell stage)

Blastomeres form one sheet of 16 cells differing in shape and size.

3.1.5 | Stage 5 (32-cell stage)

The arrangement of blastomeres is variable and forms a solid

blastoderm.

3.1.6 | Stage 6 (128-cell stage)

The blastomeres become smaller at this stage. The solid blastoderm is

formed by six clear layers of cells.

3.1.7 | Stage 7 (256-cell stage)

The blastoderm rearranges into 8-9 layers of cells.

3.1.8 | Stage 8 (512-cell stage)

The blastoderm forms a solid ball with 10 cell layers.

3.1.9 | Stage 9 (1000-cell stage)

Cells around the edge of the blastoderm and adjacent to the yolk ball
start to create the yolk syncytial layer (YSL).

3.1.10 | Stage 10 (high stage)

The boundary between the blastoderm and yolk is evident due to the
presence of the YSL. The individual YSL nuclei are visible at the
periphery of the blastoderm (Figures 2 and 3a). From this stage

onwards, the blastodisc gradually becomes more flattened.

3.1.11 | Stage 11 (germ ring)

The edge of the blastodisc is characterized by a distinctly thickened
brim, the germ ring. The appearance of the germ ring marks the onset
of gastrulation, whereby cells at the ring periphery give rise to the

hypoblast, and remaining cells form the epiblast.
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Stage 16

FIGURE 4 Organogenesis period. Each stage contains a dorsal or animal pole view of the embryo at the top and a lateral view of the embryo
at the bottom. Each brightfield photograph is paired with DAPI staining to highlight detailed morphology. See the text for detailed description of
each stage. Scale bars are 0.5 mm. White arrow marks tip of the tail. Black arrowhead marks first pigmentation. cg, cement gland; d, diencephalon;
fb, forebrain; h, heart; hb, hindbrain; I, lens; m, mesencephalon; mb, midbrain; np, nasal pit; opt, optic vesicle; ot, otic vesicle; pb, pectoral fin bud;
pc, pericardial cavity; pi, pineal gland; r, rhombencephalon; s, somites; t, telencephalon

3.1.12 | Stage 12 (embryonic shield)

The embryonic shield, visible as a thick cell mass, forms on one side of
the blastodisc and extends over the surface of the yolk sphere. The

blastodisc thins during shield formation and epiboly is at 10%.

3.1.13 | Stage 13 (25% epiboly)

Epiboly progressively advances and is at 25%. The embryonic shield
extends laterally and anteriorly. The blastoderm covers about one

quarter of the yolk sphere.
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Stage 20

FIGURE 4 Continued

3.1.14 | Stage 14 (neural plate) 3.1.15 | Stage 15 (85% epiboly)

The blastoderm envelops half of the yolk sphere and epiboly is at The embryonic shield begins to narrow laterally and continues to
50-60%. The forming neural plate is visible at the midline of the embry- grow anteriorly. The future head starts to become evident as a
onic shield. noticeable thickening in the anterior part of the embryonic shield.
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FIGURE 5 Histological sections of
early pharyngula stage. The dashed lines
represent orientations of histological
sections. (a-f) all images represent
transverse sections, with the exception of
image (f) (horizontal section). ao, dorsal

The blastoderm covers almost the entire extent of the yolk and the

yolk sphere remains as the yolk plug at the site of blastopore closure.
Involution continues until the blastoderm completely closes the

yolk plug.

3.2 | Organogenesis period
3.2.1 | Stage 16 (bud)

The rudimentary optic vesicles appear lateral to the anteriormost part
of the neural tube (Figure 4). The first 5-10 pairs of somites emerge
during this stage, but the precise number is hard to discern by eye.

The blastopore is entirely closed.

3.2.2 | Stage 17 (optic vesicle formation)

The optic vesicles are well-defined, but the lenses are not yet present.
The dorsal neural furrow is noticeably distinguished. There are 24-28

pairs of somites.

3.2.3 | Stage 18 (lens formation)

The lenses and the otic vesicles begin to form. The neural tube begins
to differentiate into distinct forebrain, midbrain, and hindbrain
domains. The nasal pits are visible in the anteriormost part of the for-
ming telencephalon. The forming pericardial cavity is visible ventral to

the head region. The tip of the tail is free from the surface of the yolk.

aorta; ba, branchial arches; c. hb, cavity of
hindbrain; cg, cement gland; h, heart; int,
intestine; |, lens; mff, median fin fold;
myo, myotome; ne, neural tube; np, nasal
pit; nt, notochord; ot, otic vesicle; pd,
pronephric duct; pb, pectoral fin bud; tel,
telencephalon; y, yolk

3.2.4 | Stage 19 (pigmented eye)

The first melanocytes are present on the dorsal surface of the
optic cups, and first several melanocytes occupy the lateral wall of
rhombencephalon, especially around the otic vesicles. The otic
vesicle and pineal gland are easily visible. The neural tube is sub-
divided into the telencephalon, diencephalon, mesencephalon, and
rhombencephalon. The mesencephalon is particularly widened lat-
erally. The heart in the pericardial cavity exhibits regular contrac-
tions. The embryo elongates, primarily, in the caudal region.
At least 40 pairs of somites, including 10 at the postcloacal level,

are present.

3.2.5 | Stage 20 (body pigment)

The embryo covers approximately three quarters of the yolk sphere.
The lens placodes are pronounced, and the eyes exhibit darker pig-
mentation in the dorsal optic cup. The brain continues to grow and
differentiate. The primordium of the future cement glands is visible
anterior to the eyes. Melanocytes sparsely occupy the medial trunk
region. The anlage of the pectoral fin bud begins to form. Twitching of

the trunk muscles is apparent at this stage.

3.2.6 | Stage 21 (full overgrowth)

The embryo covers the entire yolk sphere, and the tip of the tail
extends to the anteriormost part of the developing head. The head
becomes free of yolk (Figure 5a). The anlage of the tubular heart is

visible ventral to the head at the level of the mid-hindbrain boundary
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FIGURE 6 The cement glands of the northern pike. {(a) Magnified
view of the head region at stage 22. (b) SEM image of the head region
at stage 22. Black dotted line marks eye primordium. {c) Magnified
view of the head region at stage 23. (d and f) Mucus-secreting cells
detected via PAS staining (pink color). {d) Lateral view. (f) Ventral
view. (e) SEM image of cement glands at stage 24 (ventral view).
White dotted line mark cement glands. Asterisks mark lens. e, eye
primordium; np, nasal pits; t, tail

(Figure 5c¢). Melanocytes cover the posterior three-quarters of the
embryo and pigment cells cover two-thirds of the eyecups. Pectoral
fin buds are easily visible lateral to the fourth or fifth pair of somites
and are filled with mesenchymal cells {Figure 5e) that will form the
girdle cartilages (Figure 8). Histological examination confirms the pres-
ence of a pair of nasal cement glands (Figure 5a). The notochord is
vacuolized (Figure 5d) and branchial arches are well distinguished at
the histological level {Figure 5d,f). The median fin fold can be recog-

nized in the trunk region (Figure 5e).

3.2.7 | Stage 22 (early prehatching)

Melanocytes cover the entire embryo, including the tail. The colora-
tion of the eyes is darker than at the previous stage. The tip of the tail
extends over the head to the mid of the eye. The cement glands are

evident anteroventral to the eye (Figure 6a,b).

3.2.8 | Stage 23 (late prehatching)

Melanocytes increase in density and size to cover almost the entire
yolk sphere. The tip of the tail extends over the head to the posterior
of the eyes. The cement glands become wider (Figure 6c) and mucus-

secreting cells start to secrete mucus (Figure 6d).

3.3 | Hatching and posthatching period
3.3.1 | Stage 24 (hatching)

Most of the larvae have hatched by this stage (Figure 7). The yolk is
still oblong. The standard length (SL) of hatching larvae is approxi-
mately 8.3 mm (Table 1). Most larvae hatch head first, but some hatch
tail first. The pair of cement glands occupies the ventral head
(Figure 6e), and their mucus-secreting cells are fully functional
(Figure 6f). The first well-developed cartilage is associated with the
pectoral girdle. At the same time, the first viscerocranial element, the
hyosymplectic, begins to emerge anterior to the notochord but it is
not yet well-defined (Figure 8). The mouth is still not open (Figure 9b-
d). In the eyes, it is possible to distinguish retinal pigment epithelium
and the outer nuclear layer (Figure 9a,b). The fin fold is formed primar-
ily by epithelial cells (Figure 9¢f). The pronephric ducts are located

dorsolateral to the intestine, in the mid-trunk region (Figure 9f).

3.3.2 | Stage 25 (the opening of the mouth)

The mouth is open in most larvae (Figure 10c,d) and their SL is
approximately 8.6 mm (Table 1). Cement glands are still fully func-
tional (Figure 10a). Trabecular condensations (Figure 10c) and bran-
chial arches (Figure 10f) are noticeable only at the histological
level. Meckel's cartilage and the quadrate appear in the
viscerocranium, and the cleithrum is present as thin cartilage
(Figure 8). Two additional layers in the eyes, the ganglion cell layer
and the inner plexiform layer, start to emerge (Figure 10b). The
swim bladder, situated posterior to the end of the pectoral fins, is
visible in horizontal sections (Figure 10e). The first otoliths are pre-

sent (Figure 10e).

3.3.3 | Stage 26 (protruding mouth)

The mouth protrudes anteriorly, and the lower jaw extends
(Figure 7). The yolk ball is reduced in size compared to the previous
stage. The tubular heart is located in the pericardial cavity at the
anterior aspect of the yolk (Figure 7). The eyes are fully pigmented.
Individual melanophores occupy the dorsal part of the body but not
the ventral part, where the pigmented lateral stripe forms (Figure 7).
The SL is approximately 9.7 mm (Table 1). The development of the
neurocranium starts with the trabeculae cranii and the otic capsules
(Figure 8). The branchial arches appear in the posterior part of the

viscerocranium (Figure 8).
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FIGURE 7
pattern. Scale bars are 1 mm and 2 mm (stage 31). White arrowhead marks mouth position. af, anal fin; df, dorsal fin; pc, pericardial cavity; y, yolk

TABLE 1 Standard length (SL) of northern pike larvae

Stage SL (mm) sD

24 8.3 0.17
25 8.6 0.25
26 97 0.21
27 10.3 0.10
28 12.0 0.29
29 437 047
30 15.0 0.20
31 15.9 0.28

3.3.4 | Stage 27 (first bone)

The SL is approximately 10.3 mm (Table 1). The head becomes straight,
and the jaws have almost extended to their final position (Figure 7). The
development of the neurocranium continues with the formation of the
ethmoid plate (Figure 8). The preformed nasal capsules are evident in
the rostral area (Figure 8). Ceratohyal cartilage appears in the lower jaw
and the ceratobranchial components of gill arches 1-4 form obliquely in
relation to the anteroposterior axis (Figure 8). The cleithrum is the first

ossified structure in the developing embryo (Figure 11).

3.3.5 | Stage 28 (first teeth)

The SL is approximately 12.0 mm (Table 1). Yolk abundance is fur-

ther reduced. The jaws have reached their terminal position,

t

Hatching and posthatching period. Each stage represents the lateral view. Note the development of the larval pigmentation

coincident with active oral feeding. The snout takes on its charac-
teristic duck-billed appearance (Figure 7). The hyomandibula and
pterygoid process of quadrate are present as cartilaginous ele-
ments (Figure 8). Also present at this stage are the interhyale and
first epibranchial elements (Figure 8). A single basibranchial carti-
lage in the ventral midline is encircled by hypobranchials 1-3
(Figure 8). Ceratobranchial 5 is not yet pronounced but can be
detected by Alcian Blue staining (Figure 8). The parasphenoid and
maxilla begin to ossify (Figure 11). The oral teeth extend from the
dentary, palatines and vomers (Figure 11). The pharyngeal teeth
are visible as tooth plates anterior to the forming operculum
(Figure 11). An aggregation of chondrocytes is present in the for-
ming caudal fin, where the hypural cartilage will form at a later

stage (Figure 8).

3.3.6 | Stage 29 (caudal fin cartilages)

The SL is approximately 13.7 mm (Table 1) and the yolk is almost
absorbed (Figure 7). The hyomandibula, ceratohyal, and ceratobranchial
elements begin to ossify (Figure 11). In the lower jaw, the small cor-
onoid process is recognizable as a widened element of Meckel's carti-
lage (Figure 8). The hypohyal is a small paired element located at the
anterior edge of the basibranchial (Figure 8). A single, small
branchiostegal is present ventral to the operculum (Figure 11). The
post-temporal appears as a thin elongate element dorsal to the opercu-
lum (Figure 11). Two hypurals and parhypural plate cartilages appear in
the forming caudal fin (Figure 8).
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FIGURE 8 Chondrogenesis of craniofacial cartilages and caudal complex cartilages revealed by Alcian Blue staining. Lateral and ventral
views of the skull, and lateral view of the caudal fin are shown. Note that the first detectable cartilaginous element in the head is
hyosymplectic. Caudal fin develops rather later during the development. Black arrow marks almost enclosed auditory capsule. ba, branchial
arches; bb, basibranchial; bh, basihyal; cb, ceratobranchials; ch, ceratohyal; cl, cleithrum; cp, coronoid process; ep, epibranchial; etp,
ethmoid plate; hh, hypohyal; hm, hyomandibula; hb, hypobranchial; hea, hemal vertebral arch; hp, hypural; hs, hyosymplectic; ih, interhyal;
lon, lamina orbitonasalis; Mc, Meckel's cartilage; na, neural vertebral arch; nc, nasal capsule; ot, otic capsule; pa, parapophyses; pf, pectoral
fin; php, parhypural; pq, palatoquadrate; ptp, pterygoid process of quadrate; g, quadrate; tr, trabeculae cranii

3.3.7 | Stage 30 (yolk absorbed)

The SL is approximately 15.0 mm (Table 1), and the yolk is completely
absorbed. Larvae exhibit a typical ambush predator body plan (Figure 7).
The coronoid process of the Meckel's cartilage is well-formed (Figure 8).
The sides of the ethmoid plate are raised to the lamina orbitonasalis, which
represents the border between nasal and orbital regions (Figure 8). The
basihyal appears as an hourglass-shaped element anteriorly to the
basibranchial in the gill arch skeleton (Figure 8). The auditory capsule is
almost enclosed. The parapophyses appear dorsal to the notochord and
posterior to the head (Figure 8). The caudal fin has four hypurals |-V and
one parahypural {Figure 8). Furthermore, the neural and hemal vertebral
arches become visible in the caudal part of the axial skeleton (Figure 8).

3.3.8 | Stage 31 (larva)

The SL is at least 18.9 mm (Table 1). The non-paired anal and dorsal fins

are almost fully formed, and the rest of the fin fold is progressively

regress (Figure 7). The caudal fin has a three-lobed shape (Figure 7).
The skull elements are considerably more ossified than at the previous
stage. The angulare, mesethmoid, palatine, ceratohyal, interopercle,
subopercle, and preopercle are clearly stained with Alizarin Red and cal-
cein (Figure 11). The first dermatocranial elements, the frontal and lacri-

mal elements, appear (Figure 11).

3.4 | Developmental timing under different
temperature regimes

The effects of different temperatures on developmental timing in
the northern pike are summarized in Figure 12. The estimated
average heat necessary to reach developmental stage (in “day-
degrees”) is for: 1-cell, 0.54; 4-cell, 1.72; 8-cell, 1.92; 32-cell, 3.55;
128-cell, 6.38; 512-cell, 6.65; 1,000-cell, 10; germ ring, 14.52;
embryonic shield, 20.52; 50-60% epiboly, 23.05; 85% epiboly,
30.62; optic vesicle, 31.76; lens, 39.23; body pigment, 41.30; full
overgrowth, 50.15; early prehatching, 56.18; late prehatching,
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FIGURE 9 Histological sections of
the hatching larva stage. The dashed lines
represent locations of histological
sections. (a-f) All images represent
transversal sections. ao, dorsal aorta;

c. hb, the cavity of hindbrain; cg, cement
gland; dm. ff, dorsal median fin fold; hb,
hindbrain; int, intestine; |, lens; mes,
mesencephalon; mo, mouth; myo,
myotome; ne, neural tube; np, nasal pit;
nt, notochord; onl, outer nuclear layer; ot,
otic vesicle; pnd, pronephric duct; pf,
pectoral fin; ph, pharynx; rpe, retinal
pigment epithelium; tel, telencephalon

FIGURE 10 Histological sections of
hatching larva with an open mouth. The
dashed lines represent locations of
histological sections. (a-d) Images
represent transversal sections. (e-f)
Images represent horizontal sections. at,
atrium; ba, branchial arch; c. hb, the cavity
of hindbrain; cg, cement gland; dien,
diencephalon; gcl, ganglion cell layer; ha,
hyoid arch; hb, hindbrain; hs,
hyosymplectic; ipl, inner plexiform layer;
int, intestine; |, lens; mes, mesencephalon;
myo, myotome; n. opt, nervus opticus; np,
nasal pits; nt, notochord; onl, outer
nuclear layer; op, opercle; ot, otic vesicle;
otol, otolith; pf, pectoral fin; ph, pharynx;
rpe, retinal pigment epithelium; sb, swim
bladder; tel, telencephalon; tr, trabecula;
v, ventricle; y, yolk
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56.94; hatching, 67.46. Incubation at higher temperatures results in
accelerated development, compared to lower temperatures within
the examined range (9-14 °C). The data also show that decreas-
ing/increasing the incubation temperature allows for fine-tuning of
the timing of various developmental stages. For example, the 2.5
“day-degrees” required for the transition to 50-60% epiboly from
the Embryonic shield stage can be reached in 5.5 hr at 14 °C or
10.5 hr at 9 °C. It should be noted that temperature within 9-14 °C
range did not have any obvious effect on the incidence of develop-

mental abnormalities.
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4 | DISCUSSION

The northern pike is a fish species of considerable interest to aquacul-
ture and fisheries across the northern hemisphere (Nilsson et al.,
2008), but also emerging as an experimentally-tractable model system
for addressing questions of ecology and evolution {Forsman et al.,
2015). However, the notable absence of a comprehensive develop-
mental staging table has limited the use of the northern pike. Here,
we provide a description of embryonic and larval stages that, together

with the already available genomic and transcriptomic resources

Lateral

Ventral Dorsal

Stage 27

Stage 28

FIGURE 11 Ossification
progress of craniofacial skeleton
revealed by Alizarin Red and
calcein staining. Each stage is
shown as lateral, ventral and
dorsal views. Note the
complementarity of these two
staining methods. White
arrowheads mark the first teeth.
ang, angular; bb, basibranchial;
brst, branchiostegal; cb,
ceratobranchial; ch, ceratohyal; cl,
cleithrum; den, dentary; fn,
frontal; hm, hyomandibula; ip,
interopercle; lac, lacrimale; mx,
maxilla; mh, mesethmoid; op,
opercle; otol, otoliths; pal,
palatine; pal t, palatal teeth; ph t,
pharyngeal teeth; pop,
preopercle; prsp, parasphenoid;
ptm, post-temporal; v, vomer; v t,
vomer teeth

Stage 29

Stage 30

Stage 31
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Stage 28

Lateral

Dorsal

Stage 29

Stage 30

Stage 31

(Rondeau et al., 2014; Sanger & Rajakumar, 2018), lays a strong foun-
dation for the wider adoption of this powerful research organism. The
present study provides the first reliable staging table of the northern
pike, from the one-cell stage to the first dermal bones of free-
swimming juveniles, supplemented with histological details of embry-
onic tissues (summarized in Table 2, Figures 13 and 14).

The northern pike differs from conventional model teleosts
(medaka and zebrafish) with respect to several embryonic traits, includ-
ing cell cleavage, melanophore pattern, prominent cement glands,
chondrification pattern, and tooth development. The first noticeable
difference between model teleosts and pike is in a third cleavage that is
irregular in size and shape (stage 3) and does not form two proper rows
of blastomeres {lwamatsu, 2004; Kimmel et al., 1995). However, a simi-
lar pattern of unequal blastomere cleavage was described in the sister

species muskellunge (E. masquinongy; Galat, 1973) and the Atlantic

FIGURE 11 Continued

wolffish (Anarchichas lupus) during the formation of the first two blasto-
meres (Pavlov, Dzerzhinsky, & Radzikhovskaya, 1992). In general, asym-
metrical cleavage of the first blastomeres is usually associated with
decreased egg viability, and thus many embryos terminate prematurely
(Valdebenito et al., 2012; von Westernhagen, 1988). Even though pike
eggs and embryos were kept in optimal conditions in this study, irregu-
lar blastomeres were still observed in all embryos. Moreover, embryos
displayed high survival and hatching rates. Thus, the unequal blasto-
meres from the third cleavage onwards appear to be a bona fide fea-
ture of pike development.

The pigmented pattern of the northern pike is different from
model teleosts such as zebrafish (Kimmel et al., 1995). Specifically, the
prominent dorsal and ventral pigmented stripes typical of zebrafish
are absent in pike. The first pigmentation becomes evident along the

dorsal part of the eye primordia. The first detectable melanophores of
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[24] Hatching

[23] Late pre-hatching

[22) Early pre-hatching

[21) Full overgrowth

[20) Body pigment

[18]Lens

[17] Optic vesicle

[15] 85% epiboly
[14]50-60% epiboly
[12] Embryonic shield

[11] Germ ring

[9] 1000-cells

Developmental stage

8] 512-cells

(6] 128-cells

5) 32-cells

[3]8-cells

2 4-cells

1] 1-cell

N WiLey- L~

14°C Temperature 9eC

6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150 156 162 168 174 180 186 192 198 204 210 216 222 228 234 240 246 252 258 264 270 276 282

Hours post fertilization

FIGURE 12 Developmental timing of the northern pike. The plot shows average timing (gray squares; whiskers denote + SD) of stages of
development on basis of incubation in six temperature regimes {(9-14 °C). Consensus line was fitted by locally estimated scatterplot smoothing

and corresponds to developmental timing approximately at 12 °C

TABLE 2 Stages of embryonic and larval development of the northern pike

Approximate
Period dpf/hpf (12 °C) Stage ID Name
Cell cleavage, blastula, 1 dpf 1.5 hpf 1 1-cell stage
and gastrulation
3 hpf 2 4-cell stage
7 hpf 3 8-cell stage
9 hpf 4 16-cell stage
14 hpf 5 32-cell stage
21 hpf 6 128-cell stage
23 hpf 7 256-cell stage
2 dpf 27 hpf 8 512-cell stage
33 hpf 9 1,000-cell stage
40 hpf 10 High stage
45 hpf 11 Germ ring
3dpf 57 hpf 12 Embryonic shield
60 hpf 13 25% epiboly
67 hpf 14 Neural plate
4 dpf 74 hpf 15 85% epiboly
Organogenesis 85 hpf 16 Bud

-89 -

Description

A single clear blastomere at the animal pole

The four blastomeres developed by the second
cleavage

The blastomeres do not form two symmetrical rows
Blastomeres form 1 sheet of 16 cells

The arrangement of blastomeres is variable and
forms a solid blastoderm

The blastoderm is formed by 6 layers of cells
The blastoderm is formed by 8-9 layers of cells
The blastoderm is formed by 10 cell layers

Marginal cells of blastoderm create the yolk
syncytial layer (YSL)

QOver than 1,000 cells in the blastoderm;
individual YSL nuclei visible at the periphery

Germ ring visible; hypoblast and epiblast visible
10% epiboly; embryonic shield visible
Embryonic shield extends laterally and anteriorly

50-60% epiboly; the blastoderm envelops half of
the yolk sphere; neural plate visible at the
midline of embryonic shield

The head region in the anterior part of the
embryonic shield; blastopore closure; yolk plug

Optic vesicles are discernible; at the end of stage
the first 5-10 pairs of somites developed;
blastopore is entirely closed

(Continues)
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TABLE 2 (Continued)
Approximate
Period dpf/hpf (12 °C) Stage ID Name
93 hpf 17 Optic vesicle
5 dpf 96 hpf 18 Lens
117 hpf 19 Pigmented eye
6 dpf 123 hpf 20 Body pigment
138 hpf 21 Full overgrowth
7 dpf 156 hpf 22 Early prehatching
8 dpf 174 hpf 23 Late prehatching
Hatching and 8-9 dpf 24 Hatching
posthatching
10 dpf 25 Opening mouth
10-11 dpf 26 Protruding mouth
12 dpf 27 First bone
17 dpf 28 First teeth
24 dpf 29 Caudal fin cartilage
30 dpf 30 Yolk absorbed
38 dpf 31 Larva

Description

The optic vesicles are well-defined, but the
lenses are not yet present; 24-28 pairs of somites

The lenses and the otic vesicles formation;
differentiation of fore-, mid-, and hindbrain;
pericardial cavity visible; nasal pits; free tail

The first melanocytes formation; beating heart;
the neural tube partition into the telen-, dien-,
mesen-, and rhombencephalon; more than
40 somites

The lens placodes visible; contractions of trunk
muscles; anlage of the pectoral fin bud

The head becomes free of yolk; anlage of the
tubular heart is visible; the rudiment of the
median fin fold

The tip of the tail extends to the mid of the eye;
the cement glands are visible

The tip of the tail extends to the posterior of the eye;
mucus-secreting cells are active

The first cartilage in the pectoral girdle and
hyosymplectic cartilage; the mouth still closed

The mouth is open; cartilaginous Meckel's cartilage,
quadrate and cleithrum; first otoliths

The eyes are fully pigmented; cartilage formation of
trabeculae cranii, the otic capsules, and the
branchial arches

The jaws almost in the final position; formation of
cartilage of ethmoid plate, nasal capsules,
ceratohyal and ceratobranchial; the first ossification
of cleithrum

Active oral feeding; the first teeth on dentary,
palatines, vomers and pharyngobranchials;
cartilaginous hyomandibula, pterygoid process of
quadrate and epibranchials, hypural precartilage
in tail; ossification of maxilla and parasphenoid

The yolk almost absorbed; ossification of
hyomandibula, ceratohyal and ceratobranchials;
cartilages in caudal fin: two hypurals and parhypural

Yolk is completely absorbed; Lamina orbitonasalis
formation; closing of auditory capsule; neural and
hemal arches of vertebrae in the caudal part of the
axial skeleton

The anal and the dorsal fin almost formed; the caudal
fin has a 3-lobed shape; the first dermatocranial
elements of frontals and lacrimals

the body occupy the lateral part of the rhombencephalon around the
otic capsule, and some melanophores begin to cluster on the yolk
sphere as in medaka (lwamatsu, 2004). The first forming stripe is
noticeable ventral to the well-developed otic capsule and grows until
the larval period. Thus, pike has only one pigmented stripe that
occupies the ventral part of the body. At hatching, melanophores
cover over 80% of the pike's yolk sac and are more pigmented than in

the muskellunge (Cooper, 2016).

Immediately after hatching, pike larvae attach in a vertical posi-
tion to variable substrates using their adhesive organs, the cement
glands. These larval organs are chiefly well-known from amphibians
(Nokhbatolfoghahai & Downie, 2008) and lungfishes (Kerr, 1900),
but, they are also present in many actinopterygians, for example,
bichirs (Polypterus senegalus; Budgett, 1907), mexican tetra (Astyanax
mexicanus; Pottin, Hyacinthe, & Retaux, 2010), tilapia (Tilapia mariae;
Arnold, Kriesten, & Peters, 1968), and African pike (Hepsetus odoe;
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Cl1-1cell Gf1 - First somites N1 - Neural plate S1 - First cartilage
Cl2 - 4 cells Gf2 - Lens N2 - Optic vesicle S2 - Meckel’s cartilage
CI3 - 8 cells Gf3 - Otic vesicle N3 - Forebrain S3 - Otoliths
Cl4 - 16 cells Gf4 - Nasal pits N4 - Midbrain S4 - Trabeculae
CI5 - 32 cells Gf5 - Pericardial cavity visible N5 - Hindbrain S5 - First bone
Cl6 - 128 cells Gf6 - Tail free N6 - Telencephalon S6 - Teeth
CI7 - 256 cells Gf7 - Eye pigmentation N7 - Diencephalon 87 - Caudal fin cartilage
CI8 - 512 cells Gf8 - Beating heart N8 - Mesencephalon S8 - First dermal bones
CI9 - 1K cells Gf9 - Melanophores on the body || N9 - Rhombencephalon
CI10 - High stage Gf10 - Muscle contract N10 - Retinal pigment
G1 - Germring Gf11 - Pectoral fin bud N11 - Outer nuclear layer
G2 - Embryonic shield Gf12 - Cement gland N12 - Ganglion cell layer
G3 - 25% epiboly Gf13 - Mouth open N13 - Inner plexiform layer
G4 - 50% epiboly
G5 - 85% epiboly

FIGURE 13
12 °C. The timescale is given in hours (h) and days (d)

Merron, Holden, & Bruton, 1990). The cement glands of teleostean
larvae vary in pattern, numbers, size, and developmental origin
{Arnold et al., 1968; Minarik et al., 2017; Pottin et al., 2010). The
northern pike has paired cement glands that form dorsal to the
mouth opening in the rostronasal region and have a markedly sculp-
tured surface of epidermal grooves and folds that contain adhesive
cells secreting sticky mucus (Braum, Peters, & Stolz, 1996). However,
these larval organs are not observed in zebrafish and medaka. Thus,
the northern pike could represent another ideal model for investigat-
ing origins of adhesive organs.

In all vertebrates, the process of chondrification first becomes
apparent around the notochord {Goodrich, 1931). The first cartilagi-
nous element, the pectoral girdle, starts to form immediately after
hatching in pike and not at the time of chondrification as in other fish
species (e.g., de Beer, 1937, Podrabsky et al., 2017). Unlike most tele-
osts, the trabeculae and parachordals begin to chondrify in pike after
the visceral arch skeleton (Meckel's cartilage, quadrate, cartilaginous
elements of the hyoid arch). Such a pattern of chondrification has thus
far only been described in the whiting (Merlangius merlangus; de Beer,
1937). According to Cooper (2016), the mouth opening coincides with
the formation of two large teeth at the edge of the vomer. However,
we did not identify any such structures at mouth opening stage (stage
25). At stage 28, the first oral teeth are evident on the dentary,

Developmental table of the northern pike. Summary of the most important steps of the embryonic and larval development at

palatines and vomers and the first pharyngeal teeth are visible on the
pharyngeal arches. Adult dentition of pikes is characterized by many
teeth of various sizes and shapes present throughout the entire oro-
pharyngeal region, in contrast to the teeth of zebrafish, which are
restricted to the fifth branchial arch (e.g., Berkovitz & Shellis, 2017).
Therefore, the pike also represents a powerful model system for
studying tooth development.

Traditional “model organisms” represent only a small fraction of the
Earth's biodiversity, and, yet, our understanding of how the world works
is largely based on them. Nevertheless, insights arising from their use in
research constitute the core of our biological knowledge. In recent years,
a wide range of non-traditional organisms have been developed as model
systems for evo-devo research (Braasch et al., 2014). These animals
provide novel and important evolutionary insights when used in the
appropriate comparative context (Sanger & Rajakumar, 2018). One such
organism, the northern pike, has several distinct advantages associated
with it, for example, a large number of eggs that are three times larger
than those of zebrafish and therefore amenable to experimental manipu-
lations (e.g., fate-mapping or transplantation of small groups of cells),
controlled spawning, a broad range of suitable incubation temperatures,
numerous teeth around the whole oropharyngeal region, and an ambush
predator body plan. Additionally, for all of these reasons, we assume that
the staging table presented here, together with the high-quality genome
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FIGURE 14 Line drawings of
described stages in the development of
the northern pike. Each prehatching stage
contains a dorsal or animal pole view of
the embryo at the top and a lateral view
of the embryo at the bottom. Posthaching
stages are shown from the lateral view
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FIGURE 14 Continued
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and transcriptome assemblies recently made available to the research
community (Rondeau et al., 2014; Zerbino et al., 2018), will establish the

northern pike as powerful new model system for evo-devo research.
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Introduction

Skeletal tissues (bone, cartilage, dentine and enamel) are widely considered as crucial
innovations that have facilitated evolutionary radiation and phenotypic adaptation of
vertebrates (Gans & Northcutt, 1983; Northutt & Gans, 1983; Northcutt, 2005; Green et al.,
2015). Probably the most complex skeletal structure within a vertebrate body comprises the
head skeleton with its remarkable morphological plasticity and phylogenetic diversity.
Incredible morphological variation of the skull elements reflects the varied life history
strategies of vertebrates, and so provides a unique opportunity for examining the role of
developmental proces in evolutionary changes (Abzhanov et al., 2004; Albertson et al., 2005;
Streelman & Albertson, 2006 etc.). Although an understanding of the developmental and
evolutionary origins of the skeletal tissues and especially the cranium have long been a major
task in comparative morphology and evolutionary developmental biology (i.e. Goodrich, 1930;
de Beer, 1937; Hanken & Thoroghood, 1993; Schilling & Thoroghood, 2000), developmental
factors enabling extensive morphological and functional diversification of the skull remains
rather limited.

Among all recent vertebrates, the ray-finned fishes (Actinopterygii) represent the most
numeous and successful lineage. With >35,500 known extant species it constitutes the
dominant radiation of vertebrates and it's an attractive clade in which to investigate the topic
because fishes exhibit endless morphological and developmental variations (Fricke et al.,
2020). This morphological diversity is mirrored in amazing diversity of their skeletal
architectures, classically determining the major division within the bony fishes into 3
phylogenetic levels: (i) a Chondrostei (cartilage bone) grouping sturgeons (Acipenseriformes)
and paddlefish (Polyodontiformes) is characterized by reduction of ossification, the condition
is thought to be derived; (ii) a Holostei (whole bone) containing gars (Lepisosteiformes), bichirs
(Polypteriformes) and eventually bowfins (Amia) with well-developed bony skeleton; (iii) a
Teleostei (perfect bone) referring to their evolutionary position as the modern ray-finned fishes
(Mdller,1844; Muller, 1846).

The Senegal bichirs (Polypterus senegalus Cuvier, 1829) and the Tropical gars
(Atractosteus tropicus Gill, 1863) are heavily armored forms with a massive exoskeleton,
upper jaws bones incorporated into the skull and hyperossified dental structures (Bartsch,
1997; Bartsch et al., 1997; Clemen et al., 1998; Jollie, 1984b; Pehrson, 1947; 1958; Grande
2010; Jollie, 1984a; Scherrer et al., 2017; Rizzato et al., 2020), European sterlets (Acipenser
ruthenus Linnaeus, 1758), on the contrary, have reduced especially their endochondral
ossification and possess mostly cartilaginous skeleton. However, numerous overlying dermal
bones hide the cartilaginous neurocranium. Their jaws apparatus underwent significant
restructuralization and the reduction intervened their dental structures also, so they posses
teeth only during early development (Bemis et al., 1997; Hilton, 2005; Hilton et al., 2011; Jollie,
1980; Parker, 1882; Pehrson, 1944; Sewertzoff, 1928). All this contrasts with lightened skull
of Northern pike (Esox lucius) with increased mobility of elements, the jaws and palate are
more independently maneuverable and dermal bones of the skull are more thinner (Jollie,
1975; Burdi, 2010; Pospisilova et al., 2019). Our analysis thus ranges in cranial architecture
from heavily ossified skulls of bichir and gar through a secondary reduced ossification of sterlet
up to a highly specialized skull of pike.

In vertebrates, it has been shown that heterochrony (variation in relative
developmental growth rates and timing), can play an important role in origin and evolutionary
diversification of complex skeletal phenotypes (Gould, 1977; Alberch et al., 1979). Mainly
changes in the order of developmental events (sequence heterochrony) in a variety of
vertebrates proved to be crucial for an understanding of evolutionary changes and for an
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explaining phenotypic diversity in craniofacial skeleton, especially because of independency
of sequence from developmental stages, the size of the embryos and any variation in rate of
development (Smith 2001; 2002; 2003).

To better understand fundamental principles of fish cranial skeletogenesis,
developmental formation of skeletal architectures was described, compared and analyzed
among fish species in context of a well defined phylogeny. In order to analyze distribution and
effect of heterochrony on fish cranial skeletogenesis we compare these main aspects: (i)
sequence (interspecific variation in temporal arrangement of cranial regions formation; (ii)
relative timing (onset and offset of skeletal developmental process with respect to specific
developmental events); and (iii) duration (overall rate of skeletal development). Finally, we
applied quantitative investigations of mineral tissue development to characterize interspecific
and ontogenetic differences in skeletal tissue density.
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Material & methods

Embryo collection and rearing

All fish were maintained and exploited according to institutional and international guidelines
for the protection of animal welfare (Directive 2010/63/EU) in the animal facility of the
Department of Zoology, Charles University, Prague. The analyzed material comprises
developmental series of (i) the Senegal bichir (Polypterus senegalus Cuvier, 1829) from the
Department of Zoology of the Charles University, Prague; (ii) the European sterlet (Acipenser
ruthenus Linnaeus, 1758) from the hatcheries of the Research Institute of Fish Culture and
Hydrobiology in Vodnany, at the University of South Bohemia in Ceske Budejovice; (iii) the
Tropical gar (Atractosteus tropicus T. N. Gill, 1863) from the hatcheries of the Division
Académica de Ciencias Bioldgicas, Universidad Juarez Auténoma de Tabasco in
Villahermosa, Tabasco, Mexico and (iv) the European pike (Esox lucius Linnaeus, 1758) from
the Hatchery of Litomysl (Czech Republic). These fishes were obtained, reared and staged as
previously described (Minarik et al., 2017; Pospisilova et al., 2019).

The specimens were anaesthetized by an overdose of MS-222 (Serva), fixed in
4% PFA and stored at 4 °C for 24 hours. Specimens for in situ hybridization were fixed in
4% PFA overnight and stored in 100% methanol at —20 °C until further processed.

Although a number of comprehensive developmental staging tables for bichir (Bartsch
et al., 1997), sturgeon (Dettlaff et al., 1993), gar (Long & Ballard, 2001) and pike (Pospisilova
et al., 2019) was already published, they are focused on limited embryonic and early larval
period with rather insufficient staging during later development. To cope with difficult
interspecific standardization of larval staging and to make comparison between species
reliable, we staged all specimens according to their total length [mm TL] measured after the
PFA fixation (see above). Normalizing developmental stages is based on a particular
developmental event (such as the first pre-cartilaginous condensation, the first ossification
etc.) specified at the beginning of each results section.

Skeletal clearing and staining

Staining of early cartilaginous elements was performed using a modified Alcian Blue protocol
based on Taylor and Van Dyke (1985) in which the last step of bone staining has been
skipped. To avoid the problem of decalcification when using acetic acid during Alcian Blue
staining, most stages, especially the smaller one, were stained separately with Alizarin Red
(for the protocol see Rizzato et al., 2020). Due to lack of several stages especially in rather
rare embryonal material of bichir double staining of cartilage and bone was performed
following the protocol of Taylor and Van Dyke (1985).

Cartilaginous skulls were photographed using SZX12 (Olympus) and images were
stacked with the software AxioVision 4.0. The osteocranium was observed under a fluorescent
stereomicroscope (Zeiss Lumar.V12) using the fluorescent filter Alexa 568 (for mineralized
tissue) and GFP (for surrounding tissue). Images were stacked with the software AxioVision
4.0.

Probe synthesis and in situ hybridization

Primers for PCR amplifications 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 (Roundeau et al., 2014). Partial clones for col10a1 of examined species,
were isolated by direct amplification from cDNA libraries (primers: col10a1_Ps forward: 5'-
TACCAYGTSCACGBHAAAGG-3'; reverse: ; col10a1_Ar forward: 5'-
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CAAGTGGCTCCCATATCTGC-3'; reverse: 5'-CCAATCAGGAATCCAGAGAA-3' col10a1_At
forward: 5'-CGGGATMSCCYATVMAGTTC-3'; reverse: 5-'CCAATCAGGAATCCAGAGAA-3;
col10a1_El forward: 5'-CAGCGGGATCACCTATTCAG-3' reverse: 5'-
AATCCAGAGAAAGAGCAGTG-3"), cloned into pGEM-T Easy Vector (Promega), and
sequenced. The digoxigenin-labeled in situ probes were prepared by standard protocols. In
situ hybridizations (ISH) were carried out as described previously (Minarik et al., 2017; Stundl,
et al., 2020), with few modifications. Proteinase K treatment was adjusted to 6 ug/ml for 30
min for bichir and sterlet, 60-90 min for gar and 45 min pike larvae.

Micro-CT imaging, image processing and data analysis

For microCT analysis, selected PFA-fixed specimens were rinsed in PBS and mounted in
1% low melt agarose into 200 pl, 1000 ul pipette tips, or into 5 ml plastic tube, according to
the specimen's size. Subsequently, samples were scanned using MicroXCT (Xradia) at the
Department of Theoretical Biology, University of Vienna, Austria.

For comparable quantitative imaging of skulls (Fig. 7), material attenuation properties
from glass and agarose were measured as the reference components that were always
scanned simultaneously with the analysed skull. As such, the reference material was captured
with exactly the same scan parameters as for samples, i.e. identical source settings (kVp),
geometry (source distance, detector distance and cone angle), x-ray filter and camera settings
(exposure time and detector binning). Commonly used objective magnification was 4x except
the oldest sturgeon (Tab. 1). When the skull exceeded the size appropriate for this
magnification, we stitched an oversized image from several overlapping scans to visualize the
whole cranium. In order to reduce noise in reconstructed image volumes, we used a glass
filter during scanning in selected specimens (see Tab. 1).

After image acquisition, tomographic slices were reconstructed by Xradia’s supplied
software and reconstructed volumes were stored as 16-bit format. To reconstruct image
volumes, we had to convert image intensities to Hounsfield units (as described by Handschuh
et al., 2017). We measured the X-ray absorption coefficients of glass and agarose using
regions of interest and HU conversion was done using the Arithmetic tool of the commercial
3D software package Amira 6.1. (FEI Visualization Sciences Group, Mérignac Cédex,
France). After this algorithmic material decomposition, the plasma colormap coding provided
by Amira software was applied on obtained data.
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Results

Comparative analysis of chondrocranium element formation

In order to visualize the first cartilaginous condensation and to analyse sequence of the
chondrocranium formation, cleared and Alcian Blue stained specimens were used (bichir: 7—
10 mm TL, sterlet: 11-14 mm TL, gar: 10-13 mm TL, pike: 8-11 mm TL; Tab. 1). To make
interspecific comparisons equivalent, all studied species were aligned into 4 stages according
to their total length, with the initial stage (Stage 1; for details see Fig. 2, left box) defined by
the first presence of a pre-cartilaginous condensation within a neurocranium (i.e. pre-chordals
or parachordals). For the sake of easy and straightforward comparison all specimens are
presented in the ventral views (Fig. 1).

In bichir, chondrocranium formation begins with two independent pairs of pre-
cartilaginous condensations: the parachordals, situated lateral to the notochord, and the
Meckel's cartilages of the mandibular arch (Stage 1; Fig. 1A). At Stage 2, the parachordals
are already chondrified, and they laterally project to the otic capsules. In a prechordal part of
the head, the trabeculae (frabeculae cranii) form anterior to the parachordals, reaching roughly
the lower jaw level. The Meckel's cartilages are already well developed on both sides, but are
not yet fused anteriorly. At the same time, the hyoid arch and first two branchial arches are
formed (Stage 2; Fig. 1B). At Stage 3, the trabeculae are still lengthening, and beginning of
the lamina orbitonasalis formation can be observed (Fig. 1C; black arrowhead). The Meckel's
cartilages are already fused at the symphysis. The hyoid and branchial arches are well
developed, and two more branchial arches are forming. Their ceratobranchial cartilages are
connected to cartilaginous condensation of future basibranchial cartilage (Fig. 1C). At the final
stage (Stage 4), anterior tips of trabeculae are fused into trabecula communis which expands
into an ethmoid plate outlined by lateral prominent structure of lamina orbitonasalis. The orbital
cartilages appear as independent longitudinal bars parallel with the trabecula (Fig. 1D; tm,
taenia marginales) and the otic capsule is well chondrified. Cartilaginous condensation of the
fourth branchial arch is forming and a broad median cartilage representing basibranchial is
well developed.

In a sum, bichir chondrocranium initially starts from parachordals and the lower jaw
cartilages, but it is soon rapidly completed with a noticeable preferential cartilage formation at
the posterior part of the head, and with a forward neurocranium expansion only at the very
end of development.

In sterlet, the earliest signs of chondrocranium formation appear as a bulky pre-
cartilaginous condensation surrounding the anterior notochord (Fig. 1E; black arrowhead),
forming the base of prospective neurocranium (Stage 1; Fig. 1E). At the same time (Stage 1),
the Meckel's cartilage together with the palatoquadrate cartilage of the mandibular arch
appear (Fig. 1E). Noticeable is the ventral position of the palatoquadrate and Meckel's
cartilage. At the next stage, parachordals extend along the side of the notochord, and further
in a prechordal part of the head, separate pre-cartilaginous condensations of trabeculae are
present (Stage 2; Fig. 1F). Advanced cartilaginous differentiation of the jaw elements is seen
by stronger Alcian Blue staining. At the same time, the first chondrified elements of the hyoid
arch and separate rudiments of the otic capsules are present (Fig. 1F). At Stage 3, the
trabeculae and parachordal plate are joined (Fig. 1G; black arrowhead) forming the base of
the neurocranium. The hyomandibula of the hyoid arch is well differentiated, similar to the
relatively advanced formation of the otic capsules with already visible side walls. At the same
time, the ceratobranchial cartilage of the first two branchial arches is present (Stage 3;
Fig. 1G). The final stage of chondrocranium formation in sterlet is characterized by a massive
hypertrophy of base of neurocranium composed of trabeculae and parachordals (Stage 4; Fig.
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1H). Both otic capsules are well developed and attached to the parachordal, and they are also
well connected to the hyoid arch. Several cartilages have appeared among pharyngeal
arches. Ventrally located median basibranchial copula connects newly formed paired
hypohyals and hypobranchials of 3 branchial arches. The 4th hypo- and ceratobranchial are
forming.

In a sum, sterlet chondrocranium formation is characterized by rather a slow
progression early, but with a great advance in development during the final stage; also,
parachordal cartilage surrounding the anterior tip of the notochord is leaving the hypophyseal
fenestra disproportionately smaller as compared to bichir and gar. The anterior tip of the
notochord is surrounded by parachordal cartilage (Fig. 1E; black arrowhead) and the process
of chondrification is concentrated into the posterior part of the head (Fig. 1E-G). This pattern
apparently corresponds to formation of an interface between the dorsal neurocranium and a
ventral oropharyngeal chamber supporting fully retracted jaws.

In gar, the first stage of chondrocranium formation is represented by simultaneous
appearance of the pre-chordal (trabeculae) and parachordal pre-cartilages, together with the
Meckel's cartilage, structures of the hyoid and branchial arches, and elements of the otic
capsule (Stage 1; Fig. 11). During the next stage (Stage 2; Fig. 1J), all these elements undergo
further enlargement and differentiation. Pre-chordal and parachordal cartilages fuse together,
and anterior trabeculae become interconnected at their rostral ends (Fig. 1J; black
arrowhead), enclosing the hypophyseal and basicranial fenestrae that are widely confluent yet
(Fig. 1J). The palatoquadrate cartilage newly appears as a longitudinal bar parallel with the
trabecula. The palatoquadrate is not yet articulated with Meckel's cartilages, that are still
separated in the midline. The cartilages of the hyoid arch are well developed and attained to
the otic capsule. Ceratobranchial cartilages are now well developed (Fig. 1J). At Stage 3, the
anterior fusion of trabeculae has advanced into the trabecular plate which subsequently
develops into an ethmoid plate. The Meckel's cartilages fuse together at the symphysis. In
branchial arches, the 4th ceratobranchial cartilage form, together with a median basibranchial
copula that corresponds to the first two ceratobranchial elements at the floor of the pharynx
(Stage 3; Fig. 1K). At the final stage (Stage 4), the anterior chondrocranium formation is
apparently blocked by persisting cement glands (Stage 4; Fig. 1L; arrowhead) and the
trabecular plate extends laterally instead. Ceratobranchial cartilages of branchial arches are
more developed and extended laterally (Fig. 1L).

In a sum, gar chondrocranium formation is characterized by early and simultaneous
appearance of a number of structures with subsequent rapid chondrification. Also,
development of the anterior neurocranium is significantly delayed due to the presence of
cement glands forming prominent craniofacial structures during embryonic development.

In pike, the first pre-cartilaginous element to form at the base of neurocranium is a
paired trabecula visible as two medially aligned thin bars between eyes (Stage 1; Fig. 1M). At
the same stage of chondrocranium formation the pre-cartilaginous Meckel's cartilages appear,
similar as structures of the hyoid arch that are more advanced in cartilage differentiation than
the otic capsules. At the first stage, all branchial arches are already formed (Stage 1; Fig. 1M).
At the next stage of development, anterior trabeculae fuse to form trabecula communis while
their posterior ends attach to the parachordals. Note that outlines of parachordals and lateral
otic capsules are obvious, even though their Alcian Blue staining is rather vague (Stage 2;
Fig. 1N). New element of ceratohyal is forming and cartilaginous structures of ceratobranchial
are well differentiated (Fig. 1N). During the next stage (Stage 3; Fig. 10), trabecula communis
is anteriorly extending into the ethmoid plate, and scleral cartilage ringing the eye appears. At
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the same time, cartilaginous condensation of hypohyal element forms at the ventral pharynx
which is followed by median basibranchial copula and hypobranchial 1 (Stage 4; Fig. 1P).

In a sum, the pattern of early chondrocranium formation in pike is similar to that seen
in gar, with delayed formation of parachordal cartilages. Also, fusion of trabeculae cranii is
closer to the anterior tip of notochord when compared to bichir and gar.

Comparative developmental analysis of chondrocranium regions

Previous comparative analysis revealed rather modified sequences and a specific pattern of
chondrocranium element formation. In order to better facilitate interspecific comparisons
among studied fishes, disparate chondrocranium elements were in the next analysis sorted
according to their segmental and topographic position into five regions: prechordal (i) and
parachordal (ii) within the neurocranium, and mandibular (iii), hyoid (iv) and branchial (v) within
the viscerocranium.

Comparative analysis of such regional development of chondrocranium revealed a
variable position of the first cartilage element within both the neurocranium and
viscerocranium in studied fishes (Fig. 2, left box). In bichir and sterlet, the first neurocranial
structure forms in the parachordal region at the posterior head. In gar, a fully formed base of
neurocranium comprises both parachordal and prechordal regions. In pike, on the contrary,
the first structure to appear within the neurocranium is an element in a rostral (prechordal)
region (Fig.2; left box). Similar variability in the first cartilage position appears in
viscerocranium of studied fishes as well. While in bichir and sterlet, the Meckel's cartilage of
the mandibular region clearly appears as the first viscerocranium element, in gar and pike, a
number of elements of both the mandibular and hyoid regions appears concurrently during the
Stage 1 (Fig. 2; left box). According to cartilage maturation (dark blue) these regions show
early and accelerated differentiation of the jaw with its suspensory apparatus in pike running
prior the Stage 1, similar as the structure of the hyoid region in gar. At the same time point of
early viscerocranium development, bichir and sterlet lack elements of branchial regions. In
contrast, branchial and hyoid regions in gar and pike form early and concomitantly with several
other viscerocranium regions (Fig. 2; left box).

Comparative developmental analysis also revealed a variable temporal sequence of
appearance of respective chondrocranium regions in studied fishes (Fig. 2, right box).
Whereas in gar, formation of all chondrocranium regions begins early and concurrently already
during Stage 1 (except accelerated development of the hyoid region) in bichir, sterlet or pike,
sequence of appearance of chondrocranium regions is detached and more gradual (Fig. 2;
right box). In pike, nearly all regions appear early and concurrently with only the parachordal
region forming in the next stage (Fig. 2; right box). Chondrocranium regions in bichir and sterlet
appear more gradually, with especially delayed branchial arches formation in sterlet (Stage
3), and more rapid appearance of several bichir chondrocranium modules already within Stage
2 (Fig. 2; right box).

The rate at which maturation of a pre-cartilage (light blue) proceed to already
differentiated cartilage (dark blue) significantly varies among species. The most accelerated
process of cartilage differentiation characterizes development of neurocranium in pike and gar
with conspicuous delayed formation of the branchial region in gar (Fig. 2; right box). In bichir,
the parachordal, mandibular, and hyoid regions show accelerated cartilaginous maturation as
compared to the prechordal and branchial regions. The slowest cranial regions differentiation
defines chondrocranium of sterlet (Fig. 2; right box).

We conclude that the pattern of the appearance of chondrocranium regions is
surprisingly different among studied fishes. Whereas gar chondrocranium is characterized by
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rapid and complex early formation (at Stage 1) with hyoid region appearing even earlier
(Stage 0), sterlet chondrocranium is early rather incomplete with only slow and gradual
formation (Stages 1-4). In contrast to this, bichir and pike chondrocranium formation is
characterized by rather rapid and concurrent appearance of several regions during Stage 2
and 3. Surprisingly, two of five regions in pike (mandibular and hyoid) are differentiating during
Stage 0, long before the first pre-cartilaginous structure formation in the neurocranium.

Variation in the first skeletal ossification

After analysing patterns of chondrocranium formation in studied fishes we moved our attention
to the pattern of their early cranial ossification. Alizarin Red was used to identify the first
ossification (Fig. 3) which time point was later also used to align comparative developmental
series of studied fishes in order to analyse pattern and sequence of osteocranium formation
(Fig. 4-6).

The first cranial ossification in both bichir and gar was found within the dentary, a tooth
bearing bone of the lower jaw (Fig. 3A, A", C, C'). In sterlet, the first ossification in dentary is
accompanied by its counterpart in the dermopalatine, an upper jaw bone (Fig. 3B, B'). In both
bichir and gar, development of the upper jaw ossification seems limited by the presence of
prominent cement glands (Fig. 3A,C; asterisk), similarly as it is the case with chondrocranium
formation (Fig. 1A, B, L). This blocking in ossification lasts till a resorption of this organ and it
takes a longer period of time in gar (see Fig. 4). In sterlet, hatching glands are more superficial
structures (Minarik et al., 2017) which do not limit ossification and both upper and lower jaw
ossifications appear simultaneously (Fig. 3B, B'; arrowheads).

Whereas tooth bearing structures of the jaw are the first bones to appear in bichir,
sterlet, and gar, the pattern of the first ossification is considerably different in pike (compare
Fig. 3A-D). The first bone to ossify represents cleithrum (Fig. 3D, D'; arrowheads) located in
a postorbital part of the head which belongs to dermal elements of the pectoral girdle. In pike,
the first cranial structure to ossify is opercle together with dermal components of upper and
lower jaws (see Fig. 4).

Variation in pattern and sequence of osteocranium formation

Having identified the first cranial ossification, we next sought to describe and compare
developmental patterns of ossification during osteocranium formation in bichir, sterlet, gar,
and pike. Detailed post-hatching growth series focusing on cranial bone development was
collected and utilized, comprising 20 developmental series of bichir (7—61 mm), 41 series of
sterlet (11-77 mm), 29 series of gar (13.5-68 mm), and 26 series of pike (10—105 mm) (see
Tab. 1). This comprehensive developmental series was classified according to ossification
into an early, middle and late time period, which were compared separately. The early time
period includes stages after the first bone formation and the end is classified as a one stage
before the beginning of dorsal scutes ossification in sterlet. The middle time period
corresponds to the first dorsal scute ossification in sterlet up to stage of the first ossification of
spiracular ossicle series in bichir. This bony series supports air breathing in juveniles and
belongs to one of the last bony ossifications filling the dermal skull bones. Then, for the sake
of easy comparison only some key specimens were selected and presented in the lateral
views (Fig. 4-6).
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Variation in pattern and sequence of osteocranium formation during early time period
In bichir, among the first bones to ossify are especially those that bear teeth (maxilla and
dentary forming upper and lower jaw, palatal complex and branchial arches) as well as jaw
supporting hyoid arch, and cleithrum belonging into a pectoral girdle (Fig. 4A). New bony
structures formation is restricted into posterior branchial arch ossification (Fig. 4B) and to the
laminar flange of posteriorly expanding preopercle (Fig. 4C) during all the rest of early time
period.

The first ossification of a marginal dentigerous bone in sterlet (see Fig. 3B, B') is
followed by completion of upper jaw palatal complex to which tooth bearing palatopterygoid is
incorporated. At the same time, we observed the first evidence of subopercle ossification
(Fig. 4D) getting its typical plate-like appearance during the following development (Fig. 4E).
Together with branchiostegals (Fig. 4F) it constitutes reduced opercular series in sturgeons.
The very first evidence of skull roof ossification is visible dorsally as a tiny stripe of bony
condensation associated with the supratemporal sensory canal (Fig. 4E; black arrowhead).
Posteriorly located precursors of the pectoral girdle series, i.e. posttemporal and
supracleithrum (Fig. 4E) are subsequently overlaid and newly formed cleithrum is incorporated
into this series (Fig. 4F). New structure of parietal is appearing as a longitudinal dermal
ossification parallel with a newly appeared parasphenoid which forms the ventral surface of
the neurocranium inside the head (Fig. 4F). Note preferential ossification proceeding in
postorbital part of the head during early time period, so tiny ossicles associated with extended
infraorbital lateral line canal are the only anteriorly located structure (Fig.4E, F; white
arrowheads). We assume that it's because a still growing rostrum on the anterior part of the
head inhibits preorbital ossification during early time period.

In gar, we detected relatively long blocking of upper jaw ossification by massive
cement gland during early time period, so even two consecutive developmental stages show
ossified dentary of the lower jaw without any bone in the opposite upper jaw (Fig. 3C and
Fig. 4G). The first evidence of parasphenoid, probably the largest bone supporting much of
the ventral surface of the neurocranium, is appearing right in the middle of the head (Fig. 4G).
Next developmental stage is characterized by the allocation of ossification process into fast
extending preorbital part of the head, as it is obvious from ossification of 3 structures in upper
jaw: premaxilla, maxilla and dermopalatine. Posteriorly, perichondral ossification begins to
form first bone around ceratohyal cartilage (Fig. 4H; white arrowhead) and dermal elements
of pectoral girdle (supracleithrum, cleithrum) are appearing (Fig. 4H). The last stage of this
period is characterized by an extensive jaw lengthening affecting especially jaw dentigerous
bone. The premaxilla extends posteriorly to the close proximity of newly formed frontals but
these bones are still separated. A tiny aggregation of ossified tissue in the otic region
represents the first evidence of dermopterotic bone (Fig. 41; black arrowhead) belonging to
dermal bones covering the dorsal surface of the head. The first ossification of ceratohyal
structure and two branchiostegals are appearing on the ventral part of the head Fig. 41).

In pike, next structures added to the first ossified cleithrum are tooth bearing dentary
of the lower jaw, edentulous maxilla on the opposite jaw and opercle located in the postorbital
part of the head (Fig. 4J). Light Alizarin Red staining of these structures shows rather low
mineral density during the whole early time period. Later development corresponds to gentle
expansion of these structures (Fig. 4K) followed by unpaired parasphenoid ossification located
at the base of the neurocranium (Fig. 4L). At the same time, dermal structure of supracleithrum
is incorporated into a pectoral girdle and we observed the first appearance of branchiostegal
rays (Fig. 4L).
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Variation in pattern and sequence of osteocranium formation during middle time period
Compared to the previous time period, the number of new bones is growing remarkably during
a middle time period in bichir (Fig. 5A—C). We observed advanced ossification of perichondral
ceratohyal bone as well as quadrate which is formed by endochondral ossification of
cartilaginous precursor (Fig. 5A). Furthermore, new bony condensation clearly visible as a tiny
cluster of ossified tissue is opercle (Fig. 5A) which is in direct connection with the hyoid arch.
Additional small aggregations of calcified tissue are appearing in connection with a lateral line
canal above (supraorbital, Fig. 5A; black arrowhead) and below (infraorbital, Fig. 5A; white
arrowhead) the eye. Subsequently, the number of these ossification centers is rapidly growing
(Fig. 5B) in connection with supraorbital (black arrowheads) and infraorbital (white
arrowheads) lateral line canal on the head. New tubular ossification is associated with otic
canal (black arrow; for more detail see Rizzato et al., 2020). Previously founded ossification
above the eye gave rise to a frontal bone that expands and represents the beginning of cranial
vault formation. On the opposite side, an early condensation of paired gulars are appearing
(Fig. 5B). A great advance has been made in cranial bone development during the following
stage. All of calcified structures have undergone bone expansion (compare e.g. dermopterotic,
Fig. 5B and 5C) and we observed incorporation of many tubular ossification into the set of
cranial bones (Fig. 5C). A small aggregations of bony tissue around supraorbital line on a
dorsal surface of rostrum (black arrowheads) correspond to future series of nasals with the
anteriormost element belonging to infraorbital line (white arrowhead) forming rostral bone
respectively (for more detail see Rizzato et al., 2020). Due to postorbital and dermosphenotic
bone ossification the infraorbital series is fully developed now. The posteriormost part of the
dorsal skull is supplemented by series of tubular ossification around the supratemporal line
associated with future extrascapulars. Note a pair of gular bones that cover the throat region
ventrally (Fig. 5C).

In sturgeon, we observed a shifting of ossification process into a preorbital part of the
head during a middle time period. Newly formed frontals represent the biggest bony structure
located in this region and together with dermosphenotic are fully incorporated into the anterior
skull roof. Structures located on the postorbital dorsal skull roof are showing surface
expansion. At the same time, we observed a conspicuous chain of small ossicles which
constitutes a series of rostral canal bones surrounding an infraorbital lateral line of the head.
The posteriormost bone terminating this series (jugal) belongs to postorbital bones (Fig. 5D).
During the following development, we observed rather small tubular ossicles ossifying around
the supraorbital canal (Fig. 5E, F; white arrowheads). At the last stage of this middle time
period, we observed formation of supraorbitals which together with dorsal rostral bones belong
to irregularly shaped and positioned anamestic bones. On the opposite side, there is a series
of rostral bones associated with the ventral surface of the chondrocranium (ventral rostral
bones, Fig. 5F) crossing the midline of the rostrum. At the same time, tubular postorbital bone
is one of the last forming structure completing the infraorbital series (Fig. 5F).

In gar, frontals representing the largest bones of the dorsal skull roof overlap the
posterior region of premaxillae positioned anteriorly (Fig. 5G, white arrow points to solid
dermal roof structure). This is happening despite the fact that the process of jaw lengthening
is still significant over the whole middle time period (see Fig. 5G-I). The series of tooth bearing
lacrimomaxillary bones around the infraorbital canal of lateral line is appearing alongside the
upper jaw with function as the main part of the upper jaw margin. The dermal bones of the
skull roof now include newly formed nasals, located at the anteriormost tip of the snout,
parietals and dermopterotics on the postorbital part of the head. Ventrally, we observed
ossification of preopercle which is connected to the hyoid arch posteriorly and to the
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quadratojugal anteriorly. At the same time, we observed the first perichondral ossification of
ceratobranchial 1 (Fig. 5G). The number of ossified ceratobranchial is growing and new
ossicles are integrated into branchiostegal series (Fig. 5H). The last stage of this time period
is characterized by remarkable surface expansion of previously formed bony structures and
opercular series development. Opercle and subopercle are appearing to cover the branchial
chamber laterally (Fig. 5l). At the same time, the anteriormost bone of the snout is appearing.
This median rostral ossicle is located anterior to the previously formed nasals.

In pike, the bone thickness as well as a number of ossified structures is growing during
the middle time period. Tooth bearing structures of the palatal complex continue to ossify while
the process of new bone formation is concentrated especially to the postorbital part of the
head, where we observed new ossification of hyoid and branchial arches (Fig. 5J). At the
same time, new weakly stained bony condensations of future subopercle and interopercle are
appearing. New ossicles are integrated into the branchiostegal series of bones and the
posttemporal dermal component of the pectoral girdle develops. Frontals forming the largest
portion of the dorsal skull roof begin to form (Fig. 5J). All the structures described above slowly
develop during the following stage and preopercle is being incorporated into the opercular
series (Fig. 5K). A great advance has been made in the following stage. Previously formed
bones show remarkable expansion of their surface (Fig. 5L) and new bony structures around
the lateral line (dermosphenotic and dersmopterotic) are completing the dermal skull roof at
the posterior part of the head. On the opposite side, a new accessory toothless jaw bone
(supramaxilla) parallel to maxilla is forming.

Variation in pattern and sequence of osteocranium formation during late time period
The first stage of the late time period in bichir is characterized by the beginning of spiracular
ossicle series formation (Fig. 5A; black arrowhead). These small bones are fully integrated
into the cranial set of bones during the following development and span along dorsal margins
of preopercle and opercle (Fig. 5B; white arrowheads). The dorsal surface of the skull roof is
completed by dermal nasals and rostral bone anteriorly as well as posttemporal and
extrascapulars posteriorly. Subopercle is the last bone to form within the opercular series, that
is visible as a small triangular bone wedged between opercle and preopercle (Fig. 5B). We
observed a significant expansion of bony surface and increase of bone density during the
transition between the last two analyzed stages resulting in compact/solid/firm skull
architecture in juveniles (Fig. 5B).

In sturgeon, the speed of new cranial bone formation is slowed down as compared to
the middle time period, so rather than an increase of a bone number we observed the
expansion of bony surface during the late time period of skeletal development (Fig. 5C). At
the last stage of development, the lateral side of the snout starts to be armored by anamestic
border rostral bones and striking development of bone density is obvious within the whole
juvenile skull (Fig. 5D).

We observed only insignificant increase of bony structures in gar during the late time
period. Tiny aggregation of calcified tissue marks the sphenotic formation located on the
underside of dermopterotic (Fig. 5E). The last analyzed stage is characterised by the
appearance of many small ossicles in the proximity of the eye. Right above the eye, two
clusters of mineralized tissue mark a future suborbital bony element. Anteriorly, there is a
series of bony aggregation reaching a level of the jaw that is penetrated by the infraorbital line
of the head. We call them lacrimals and compared to previously described lacrimomaxillae,
these elements do not bear teeth (Fig. 5F). As can be seen, the jaws of gar are still lengthening
even during a late time period.

-109 -



A significant expansion of bony surface as well as increase of bone density are
dominant processes during a late time period in pike. At the same time, new structures are
observed to complete the dermal skull roof at the posterior part of head. Relatively small
parietals (positioned posterior to the frontals) together with epiotic and exoccipitals form
posterior dorsal portion of the skull (Fig. 5G). Anteriorly, we observed lacrimal and ceratohyal
bone as new relatively late ossified structures. The last developmental stage is characterized
by jaws lengthening and by surface expansion of dermal pectoral girdle bones so the skull
gets its compact design (Fig. 5H).

Comparative analysis reveals modified sequence of osteocranium formation

Our detailed dataset of cranial bone formation providing accurate information of every single
bone development (for selection of crucial stages see Fig. 4-6) offers a valuable source for
assessing/analysis of sequential osteocranium transformation during development among
species. In order to facilitate interspecific evaluation and to circumvent problems regarding
bone homology, its development was described according to their topographic position within
each of the eight regions. These are: (i) olfactory, (ii) orbital, (iii) otic, (iv) mandibular arch, (v)
hyoid arch, (vi) branchial arches, (vii) opercular series, and (viii) pectoral fin (Tab. 2). This
regional approach was elaborated in Mabee & Trendler (1996). As it is mentioned in this study,
there is inconsistency in a way of sorting bones into regions among authors. Given the loss of
a number cranial bones especially those endochondral ossifying or their relatively late
formation, the design of regions was adjusted to suit the condition of our non-teleost species
which allows more efficient comparison of their development. For example we reduced the
complex of jaw bones into a single mandibular arch according to pharyngeal arch topography
(like we used in this regional approach of chondrocranium formation, see above). Based on
the presence of teeth on vomer we placed this bone between the palatal complex of the
mandibular region (Tab. 2). This region comprises dermopalatine, palatopterygoid and dentary
in sterlet due to radical restructuring of jaw apparatus.

Such analysis clearly revealed surprising diversity in ossification sequence among
studied lineages. In bichir, the first structures to ossify are dentigerous bones within the
mandibular region followed by accelerated ossification of jaw supporting hyoid arch and
parasphenoid which belongs into the orbital region. Other bones that ossify soon after are
tooth bearing branchial arches and structures of pectoral fin girdle appearing right at the
beginning of early time period identically. The process of region formation is decelerated up
to the last third of the early time period when the opercular region is established and remaining
cranial regions including dermal roof bones of otic and olfactory regions are formed during the
middle time period (Fig. 7).

Osteocranium development in sterlet shows slower ossification especially at the very
beginning. The first formed region is the mandibular represented by marginal jaws followed by
opercular region that ossifies at the beginning of the early time period. Next development is
characterized by accelerated formation of olfactory, otic and pectoral fin regions appearing in
synchrony within the second third of the early time period. Note preferential ossification at the
postorbital part of the head (except olfactory region that is represented by isolated tiny ossicles
at the anterior tip of the rostrum throughout early time period, see Fig. 4E, F; white
arrowheads). Hyoid arch supporting previously formed opercle region is mineralizing
immediately afterwards followed by structures in the orbital region represented by
parasphenoid at first and further accompanied by frontal and dermosphenotic. This is an
evidence of anterior expansion of the process of ossification. By this, almost all cranial regions
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are established except very delayed perichondral ossification of branchial arches that
proceeds during late juvenile development (Fig. 7).

Also in gar, the first ossifying structures are dentigerous bones belonging into the
mandibular arch that are soon followed by parasphenoid belonging to the orbital region.
However, the dynamic pattern of region formation succeeds especially during the last two
thirds of the early time period in which five out of eight cranial regions appear. Firstly, bones
associated with hyoid and pectoral fin girdle regions are appearing simultaneously followed
by stepwise formation of branchial, otic and opercular regions. Note that ossification of
opercular series is delayed in gar and represents the last region to form during early time
period. The osteocranium is completed by an olfactory region which is established at the very
beginning of the middle time period (Fig 7).

The sequence of cranial region formation is considerably modified in pike. While
structures of pectoral fin girdle are first forming bones within their skull, the process of
dentigerous bones ossification is delayed as compared to bichir, sterlet, and gar and is
accompanied by opercular region differentiation. Further region formation is rather gradual
during the early time period characterized by ossification of parasphenoid belonging to the
orbital region and structures within the hyoid region. The middle time period is initiated by
perichondral ossification of branchial arches. The last forming otic and olfactory cranial regions
are delayed within the middle time period (Fig. 7).

Based on the dataset above we conclude that in bichir the most dynamic progress of
ossification is apparent especially during early osteocranium development with five
consecutive regions forming soon after each other. In sterlet and gar, there is a longer initial
period of stasis followed by sudden appearance of battery of cranial regions proceeding in
synchrony in sterlet but in a rather gradual pattern in gar. In pike, the process of region
formation is delayed as compared to bichir, sterlet and gar (Fig. 7). While we observed
preferential formation and subsequent concentration of ossification into a dentigerous bones
(jaw bones, branchial arches) in bichir, sterlet, and gar, there is prominently accelerated
ossification of dermal pectoral girdle and opercular series in pike (Fig. 7). Interestingly, the
process of osteocranium ossification is concentrated into postorbital cranial region which is in
contrast with preferential ossification allocated into preorbital bony structures in gar.
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region bones

OLFACTORY nasal
rostral
frontal
ORBITAL infraorbital
parasphenoid
supraorbital
epiotic
jugal
parietal
OTIC postorbital
posttemporal
pterotic
dermo-sphenotic
angular
articular
coronoids
dentary
MANDIBULAR ARCH*  maxilla
preacticular
premaxilla
vomer
bones of palatal complex
branchiostegals rays
ceratohyal
symplectic
hyomandibula
BRANCHIAL ARCHES  ceratobranchials

interopercle

HYOID ARCH

opercle

OPERCULAR SERIES
preopercle
subopercle
cleithrum
postcleithrum

PECTORAL FINS posttemporal
clavicle

supracleithrum
Tab. 2 * in sterlet instead: dentary, dermopalatine, palatopterygoid
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Interspecific variation in timing of chondrocranium and osteocranium formation
Having detailed description of developmental dynamics of chondrocranium (Fig. 1, 2) and
osteocranium (Fig. 3, 4, 5, 6, 7) during cranial development, we sought to compare timing of
chondrocranium and osteocranium formation among studied species. To do this we focused
on plotting of previously described patterns of the first cranial cartilage and bone
differentiation. Time of hatching is considered as a reference point, in order to standardize
developmental stages of this analysis among species (Fig. 8).

The results showed that cartilage differentiation in pike is tightly connected with
hatching so their skeletal development lacks any pre-cartilaginous stages (characterized as a
time period between hatching and the first cranial cartilage appearance) as compared to bichir,
sterlet, and gar. Consequently, the process of ossification in pike is most accelerated based
on hatching time (Fig. 8). On the contrary, the pattern of chondrocranium formation is
remarkably delayed in bichir, sterlet, and gar. Considering the time of hatching, the beginning
of chondrocranium formation shows the same delay in bichir and sterlet, but the process of
the first mineralization in bichir is considerably accelerated based on the first cartilage
formation (Fig. 8). We observed prolonged time of chondrocranium differentiation in gar
although the first ossification of osteocranium is coincided with the sterlet (Fig. 8).

We conclude that cartilage and bone formation is considerably accelerated in pike
based on time of hatching. Despite the same timing of cartilaginous skull formation in bichir
and sterler, the process of bone ossification is accelerated in bichir (as compared to situation
in sterlet and gar). Surprisingly, the most extended process of cartilaginous development
before the first bone formation is obvious during skeletogenesis in gar (Fig. 8). To investigate
this process in earlier developmental stages we examined the developmental col70a1
expression.

Altered patterns of co/710a7 gene expression shows differences in development of early
skeletal mineralization

To trace and to compare the timing of col10a? expression, a crucial factor of skeletal
mineralization in amniotes, whole-mount in situ hybridization was performed on a detailed
developmental series of all studied lineages (Fig. 9). The pattern of developmental expression
was plotted together with the data of the first cartilage and bone formation (see Fig. 8). In
order to standardize developmental stages and to make reliable interspecific comparison, time
of hatching is considered as a reference point.

We observed accelerated col70a1 expression relative to time of hatching in pike. This
gene expression lasts quite a long time period (Fig. 9A). Gene expression was variously
delayed relative to the time of hatching in comparatively staged bichir, sterlet, and gar. The
most delayed onset of col/70a1 expression is in sterlet, but they exhibit prolonged expression
of this marker through extended periods of larval development. In contrast, we identified a
substantially truncated developmental expression in bichir (Fig. 9A).

Using a normalization of development according to emerging skeletal structures (first
cartilage or bone formation, see above), the timing of co/70a1 gene expression is radically
different (Fig. 9A). In all species examined, expression of co/70a1 is variably united with the
process of cartilage development (Fig. 9A). While beginning of gene expression run
concurrently with a formation of the first cartilage in bichir, we observed pattern of delayed
developmental expression in sterlet, gar, and pike (Fig. 9A). The onset of the gene expression
is shifted until the first ossification in pike. This could be caused by an absence of pre-
cartilaginous stage in pike (i.e. time of the first cartilage formation corresponds with the
process of hatching). While we detected cessation of col/70a1 expression soon after the first
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bone formation in gar, the prolonged developmental expression over extended periods of bone
development is obvious in sterlet and pike (Fig. 9A).

Location of col10a1 expression is also completely different among studied species.
The first gene expression in bichir is localized into structures of maxillary with the posterior
elongated element (Fig. 9B; black arrowhead) and dentary together with posteriorly formed
cleithrum (Fig. 9B). Subsequently, signal spreads into the hyoid and branchial arch (data not
shown). The positive signal is fading over time so relatively short gene expression terminates
as a weak gene expression in maxillary and at a contact zone of already ossified dentary with
teeth (Fig. 9B; white arrowhead), as well as in a hyoid arch with the first ceratobranchial and
cleithrum.

In sterlet, the first col/70a1 positive signal is expressed in dermopalatine of upper jaw
and dentary of lower jaw (Fig. 9D). This expression takes a relatively long time. The signal
then moves into the preopercle and supracleithrum during the late development (Fig. 9E)
where it suddenly disappears.

The first evidence of col10a1 expression is limited to the dentary of the lower jaw in
gar (Fig. 9F). The gene expression culminates in a massive expansion of signal to the
dentigerous bones (such as premaxillary, maxillary, vomers, dermopalatine of the upper jaw
and dentary of the lower jaw), to the perichondrium surrounding the ceratohyal cartilage and
to the pectoral girdle (Fig. 9G). We observed a sudden loss of positive signal in all structures
during the following development.

The first gene expression in pike corresponds to maxillary and dentary of the jaw and
posteriorly placed cleithrum belonging to structures of pectoral girdle (Fig. 9H). Over time, the
signal spreads to the opercle (data not shown). The last stage of gene expression is
characterized by an overall reduction of previously positive co/710a1 signal in maxillary, margin
of dentary, opercle and pectoral girdle (Fig. 9l).

Developmental variation in skeletal tissue density development

During description of ossification strategy we noticed a conspicuous variability in the mass of
bone among studied lineages (see Fig. 4, 5, 6). To comparatively describe developmental
dynamics of skeletal tissue density we performed micro-CT scans across all studied lineages.
In Figure 10 and Figure 11, volumes are rendered in a false-color spectrum ranging from less
dense (cooler colors) to more dense (warm color). In order to standardize developmental
stages and to make reliable comparison between studied species, we normalized
developmental series based on addition of 4 mm interval to the stage of the first skeletal
ossification (Fig. 3; i.e. bichir: 8 mm, sterlet: 14 mm, gar: 14 mm, pike: 10 mm). The following
development was determined according to the total length. Thus, analyzed developmental
series comprises stages 12—35 mm TL in bichir, 18-35 mm TL in sterlet and gar, 14-36 mm
TL in pike. In sterlet and gar we had to left out the analysis of the last stage because of the
enormous amount of data that was impossible to calibrate (see Material and methods).

The detection of the first mineralized tissue is delayed in bichir. During the second
skeletal developmental stage, there is clear evidence of tooth bearing bones ossification
together with medially placed parasphenoid and structures of pectoral girdle. Rather limited
occurrence of yellow color thus indicates lower bone density with the densest area on the
posterior part of dentary and at the contact zone of dentigerous bones with teeth (Fig. 10B).
Micro-CT scanning of the following stage detected prevailing orange-yellow color of skeletal
cranial structures demonstrating a steep increase in bone density (Fig. 10C). A reddish or
bluish bone edge indicates the active process of bony ossification. The volume of mineral
tissue deposited into skeletal structures is decreasing and the subsequent pattern of bone
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density development in bichir is rather gradual (Fig. 10C—E). Considering the contribution of
orange or red signals in the skull during the last analyzed stage, the final bone density doesn't
reach the maximum (Fig. 10F).

The pattern of bone density development is rather gradual in sterlet. While the first
stage of analysis represents the most advanced condition among studied lineages, next
development is characterized by a linear increase in number and volume of bony structures
(Fig. 10G—K). During the first three analysed stages, we observed noticeable concentration of
bone deposition into a postorbital part of the head. Based on a warm colors mostly represented
by orange and yellow, substantially ossified structures are those involved in feeding
(dentigerous bones) as well as breathing (subopercle) (Fig. 10G-I). We detected remarkable
accumulation of yellow color into a postorbital part of the head even in later stages of
development characterized by anterior spreading of ossification into a rostral part of the skull
(Fig. 10J, K).

The most intensive increase of bony mass is obvious in skulls of gar. While the volume
of ossification within the first analyzed stage is hard to recognize (Fig. 10L; white arrowhead),
micro-CT scanning of the following stage detected a steep increase of bone density which is
predominantly concentrated into the preorbital part of the head (Fig. 10M). The pattern of
ossification is extending caudally during following development and bright yellow color
(compare to bichir, Fig. 10F) is prevailing within the whole skull (Fig. 10N—P).

Micro-CT scanning reveals a very slow increase of bone mass in pikes. Whereas the
first two stages don't even reach a threshold for calibration (Fig. 10Q, R), the first detected
ossification is restricted into the jaws (Fig. 10S). Based on purple signal proving lower density,
there is relatively little bone with denser area located at the contact zone of dentigerous bones
with teeth. We observed the same pattern in two following stages (Fig. 10T, U) with no
modification. The last analyzed stage is characterized by an increase of bone mass within
jaws and other bones of the skull (Fig. 10V).

Surprisingly, our data revealed the well-ossified skeletal tissue of dentigerous bones
and subopercle in sterlet during the first analysed stage (Fig. 10G). The Micro-CT scanning of
comparable stage in gar detected positive blue signal in upper and lower jaw (check
magnification of Fig. 10L; white arrowhead) pointing to very low mineral tissue density. The
dynamics of mineral deposition is most accelerated in gar

Comparative analysis of mineral tissue development
Having overall characterization of tissue density development we sought to describe and
analyse the dynamics of volume density expansion in developing skulls.

Whereas the density of ossified tissue during early development is too low to reach the
threshold for calibration in bichir and pike, surprisingly the densest bones of skull were
revealed in sterlet at comparable Stage 1 (note the proportion between the warm and cold
color; Fig. 11). Based on the slope of the trajectory, the pattern of density development
appears to be rather unstable with linear density increase during later stages in sterlet. In gar,
despite the low bone density at Stage 1, the process of mineralization is rising sharply very
soon (Fig. 11). Thus, the proportion of high bone density grows exponentially during skull
development. Similar developmental trajectory characterizes volume density development of
the skull in bichir, but the process of ossification is significantly delayed as compared to gar.
Moreover, the proportion of the densest bony tissue doesn't reach as high values as in gar
(Fig. 11). The dynamics of bone density development is significantly different in pike. In
addition to remarkable delay with achievement of calibration threshold at the beginning of skull

-115-



development, the trajectory characterizing skull density development is linear (Fig. 11) thus
indicating gradual increase of bone density.

-116 -



Alberch, P., Gould, S. J., Oster, G. F. & Wake, D. B. (1979). Size and shape in ontogeny and
phylogeny. Paleobiology 5: 296-317.

Bartch, P. (1997). Aspects of craniogenesis and evolutionary biology in polypteriform fishes.
Nertelands Journal of Zoology 47(4): 365-381.

Bartsch, P., Gemballa, S. & Piotrowski, T. (1997). The Embryonic and Larval Development of
Polypterus senegalus Cuvier, 1829: its Staging with Reference to External and Skeletal
Features, Behaviour and Locomotory Habits. Acta Zoologica 78(4): 309—-328.

de Beer, G. R. (1937). The development of the vertebrate skull. Oxford University Press,
Oxford.

Bemis, W.E., Findeis, E.K. & Grande, L. (1997). An overview of Acipenseriformes.
Environmental Biology of Fishes 48, 25—-71.

Burdi, A. M. (2010) Morphological Development of the Axial Skeletons of Esox Lucius and
Esox Masquinongy (Euteleostei: Esociforms), with Comparisons in Developmental and
Mineralization Rates. MSc Chicago: Loyola University. pp 91.

Clemen, G., Bartsch, P. & Wacker, K. (1998). Dentition and dentigerous bones in juveniles
and adults of Polypterus senegalus (Cladistia, Actinopterygii). Annals of Anatomy 180, 211—
221.

Dettlaff, T. A., Ginsburg, A. S. & Schmalhausen, O. J. (1993). Sturgeon Fishes.Developmental
Biology and Aquaculture. Berlin; New York: Springer-Verlag Berlin Heidelberg.

Fricke R, Eschmeyer WN & Van der Laan R (eds.) (2020). Eschmeyer‘s catalog of fishes:
genera, species, references.
(http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp).
Electronic version accessed 03 06 2020.

Gans, C. & Northcutt, R. G. (1983). Neural crest and the origin of vertebrates — a new head.
Science 220, pp. 268-274.

Goodrich, S. E. (1930). Studies on the structure and development of vertebrates. Macmillan
and Co, London.

Gould, S.J. (1977). Ontogeny and Phylogeny. Cambridge, Mass: Belknap Press of Harvard
University Press.

Grande, L. (2010). An empirical synthetic pattern study of gars (Lepisosteiformes) and closely
related species, based mostly on skeletal anatomy. The resurrection of Holoste. Copeia, 1—
871.

Green, S.A., Simoes-Costa, M. & Bronner, M. E. (2015) Evolution of vertebrates as viewed
from the crest. Nature 520, 474-482.

Handschuh, S., Beisser, C. J., Ruthensteiner, B. & Metscher, B. D. (2017). Microscopic dual-
energy CT (microDECT): a flexible tool for multichannel ex vivo 3D imaging of biological
specimens. Journal of Microscopy, 1-24.

-117 -



Hanken, J. & Thorogood, P. (1993). Evolution and Development of the Vertebrate Skull: The
Role of Pattern Formation. Trends in Ecology and Evolution 8: 9-15.

Hilton, E.J. (2005). Observations of the skulls of sturgeons (Acipenseridae): shared similarities
of Pseudoscaphirhynchus kaufmanni and juvenile specimens of Acipenser stellatus.
Environmental Biology of Fishes 72, 135-144.

Hilton, E.J., Grande, L. & Bemis, W.E. (2011). Skeletal Anatomy of the Shortnose Sturgeon,
Acipenser brevirostrum Lesueur, 1818, and the Systematics of Sturgeons (Acipenseriformes,
Acipenseridae). Fieldiana Life and Earth Sciences 3, 1-168.

Jollie, M. (1975). Development of the Head Skeleton and Pectoral Girdle in Esox. Journal of
Morphology 147, 61-88.

Jollie, M. (1980). Development of Head and Pectoral Girdle Skeleton and Scales in Acipenser.
Copeia 2, 226—-249.

Jollie, M. (1984a). Development of Cranial and Pectoral Girdle Bones of Lepisosteus with a
Note on Scales. Copeia 2, 476-502.

Jollie, M. (1984b). Development of the head and pectoral skeleton of Polypterus with a note
on scales (Pisces: Actinopterygii). Journal of Zoology 204, 469-507.

Long, W. L. & Ballard, W. W. (2001). Normal embryonic stages of the Longnose Gar,
Lepisosteus osseus. BMC Developmental Biology 1(6).

Mabee, P. M. & Trendler, T. A. (1996). Development of the Cranium and Paired Fins in Betta
splendens (Teleostei: Percomorpha): Intraspecific Variation and interspecific Comparisons.
Journal of Morphology, 249-287.

Minarik, M., Stundl, J., Fabian, P., Jandzik, D., Metscher, B. D., Psenicka, M., Gela, D., Osorio-
Pérez, A., Arias-Rodriguez, L., Horacek, |. & Cerny, R. (2017). Pre-oral gut contributes to facial
structures in non-teleost fishes. Nature 547, 209-212.

Miiller, J. (1844). Uber den Bau and die Grenzen der Ganoiden und (ber das natirliche
System der Fische. Physikalisch-Mathematische Abhandlungen der Koniglichen Akademie
dei Wissenschaften zu Berlin 1845, 117-216.

Miiller, J. (1846). Uber den Bau und die Grenzen der Ganoiden und (ber das natirliche
System der Fische. Abhandlungen der Deutschen Akademie der Wissenschaften zu Berlin
1844, 119-216.

Northcutt, R. G. (2005) The New Head Hypothesis Revisited. Journal of experimental zoology.
Part B, Molecular and developmental evolution 304B, 274-297.

Northcutt, R. G. & Gans, C. (1983). The genesis of neural crest and epidermal placodes: a
reinterpretation of vertebrate origins. Quarterly Review of Biology 58, 1-28.

Parker, W.K. (1882). On the Structure and Development of the Skull in Sturgeons (Acipenser
ruthenus and A.sturio). Philosophical Transactions of the Royal Society of London 173, 139—
185.

-118-



Pehrson, T. (1944). Some observations on the development and morphology of the dermal
bones in the skull of Acipenser and Polyodon. Acta Zoologica 25, 27—-48.

Pehrson, T. (1947). Some new interpretations of the skull in Polypterus. Acta Zoologica 28,
399-455.

Pehrson, T. (1958). The early ontogeny of the sensory lines and the dermal skull in Polypterus.
Acta Zoologica 39, 241-257.

Rizzato, P. P., Pospisilova, A., Hilton, E. J. & Bockmann, F. A. (2020). Ontogeny and
homology of cranial bones associated with lateral-line canals of the Senegal Bichir, Polypterus
senegalus (Actinopterygii: Cladistii: Polypteriformes), with a discussion on the formation of
lateral-line canal bones in fishes. Journal of Anatomy, 1-29.

Pospisilova, A., Brejcha, J., Miller, V., Holcman, R., Sanda, R. & Stundl, J. (2019). Embryonic
and larval development of the northern pike: An emerging fish model system for evo-devo
research. Journal of Morphology, 1-23.

Scherrer, R., Hurtado, A., Garcia, E. M. & Debiais-Thibaud, M. (2017) MicroCT survey of larval
skeletal mineralization in the Cuban gar Atractosteus tristoechus (Actinopterygii;
Lepisosteiformes). MorphoMuseuM 3(3), 1-15.

Schilling, T.F & Thorogood, P. V. (2000). Development and evolution of the vertebrate skull.
In: O’Higgins, P., Cohn, M. (eds). Development, Growth and Evolution: Implications for the
Study of the Hominid Skeleton. London: Linnean Society of London, Academic Press.

Sewertzoff, AN. (1928). The head skeleton and muscles of Acipenser ruthenus. Acta
Zoologica 9, 193-127.

Smith, K. K. (2001). Heterochrony revisited: the evolution of developmental sequences.
Biological Journal of the Linnean Society 73, 169—186.

Smith, K.K. (2002). Sequence heterochrony and the evolution of development. Journal of.
Morphology 252, 82-97.

Smith, K. K. (2003). Time’s arrow: heterochrony and the evolution of development. Int. J. Dev.
Biol. 47, 613-621.

Stund|, J., Pospisilova, A., Matéjkova, T., Psenicka, M., Bronner, M. E. & Cerny, R. (2020)
Migratory patterns and evolutionary plasticity of cranial neural crest cells in ray-finned fishes.

Developmental Biology (forthcoming)

Taylor, W. R. & Van Dyke, G. C. (1985). Revised procedures for staining and clearing small
fishes and other vertebrates for bone and cartilage study. Cybium, 9, 107-119.

-119-



Figure legends:

Figure 1: Comparative development of chondrocranium among studied specimens.
Cleared and Alcian Blue stained skeletal preparations of (A-D) bichir, (E-H) sterlet, (I-L) gar,
and (M-P) pike in ventral views. Stages are matched based on the first pre-cartilaginous
structure formation within the neurocranium. There is preferential cartilaginous formation in
the posterior part of the chondrocranium in bichir and sterlet as compared to progressed
architecture of chondrocranium in gar and pike. Note prominent cement gland in gar (asterisk)
temporarily blocking anterior development of chondrocranium. Abbreviations: bbc,
basibranchial copula; bf, basicranial fenestra; cb, ceratobranchial; ch, ceratohyal; ect, lamina
orbitonasalis; ep, ethmoid plate; hb, hypobranchial; hf, hypophyseal fenestra; hh, hypohyal;
hm, hyomandibula; hs, hyosymplectic; ihy, interhyal; Mc, Meckel's cartilage; nt, notochord; oc,
otic capsule; pch, parachordal; pqg; palatoquadrate; qu, quadrate; sc; scleral cartilage; tc,
trabecula cranii; tcom, trabecula communis; tm, taenia marginales; tpl, trabecular plate.

Figure 2: Regional comparison of sequential chondrocranium formation.

Scheme of chondrocranium element distribution within a neurocranium and viscerocranium
during the Stage 1 identified on a base of the presence of pre-cartilaginous structure in the
neurocranium (left box). Temporal sequence of cartilaginous region formation during
development (right box). Stage O illustrates our suggestion of earlier development. Note
different slope of trajectories characterizing pattern of chondrocranium formation with different
representation of pre-cartilaginous (light blue) and cartilaginous (dark blue) regions during
development. Dashed line marks prechordal-parachordal region boundary. Abbreviations: HY,
hyoid arch region; MA, mandibular arch region; I-V; region of branchial arches.

Figure 3: Variation in a pattern formation of the first ossification.

Fluorescence microscopy images of cleared and Alizarin Red stained skeletal preparations of
(A, A'") bichir, (B, B') sterlet, (C, C') gar, and (D, D') pike. (A-D) Left lateral views of the head
with detailed visualization of the first ossification in ventral (A', B') and lateral (C',D') orientation.
Arrowheads point to the very first cranial ossification. Asterisks mark cement glands positioned
at the anterior part of the head.

Figure 4: Comparative skeletal development during an early time period.

Fluorescence microscopy images of cleared and Alizarin Red stained skeletal preparations of
(A-C) bichir, (D-F) sterlet, (G-1) gar, and (J-L) pike visualized in lateral orientation. White
arrowheads point to the early aggregation of skeletal tissue connected to infraorbital lateral
line on the head; black arrowheads point to the early aggregation of skeletal tissue connected
to supratemporal lateral line on the head. Abbreviations: an; angular; br, branchiostegals; brr,
branchiostegal rays; cb, ceratobranchial; cb5 ttp, tooth plate on ceratobranchial 5; ch,
ceratohyal; cl, cleithrum; de, dentary; dpl, dermopalatine; dpt, dermopterotic; eb5 ttp, tooth
plate on epibranchial 5; ecp, ectopterygoid; fr, frontal; hb1 ttp, tooth plate on hypobranchial 1;
hm, hyomandibula; ifr ttp, infrapharyngobranchial toothplate; mx, maxillary; op, opercle; pa,
parietal; par, prearticular; pas, parasphenoid; pm, posterior process of maxillary; pmx,
premaxillary; ppt, palatopterygoid; prp, preopercle; pt, posttemporal; scl, supracleithrum; sop,
subopercle.
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Figure 5: Comparative skeletal development during a middle time period.

Fluorescence microscopy images of cleared and Alizarin Red stained skeletal preparations of
(A-C) bichir, (D-F) sterlet, (G-1) gar, and (J-L) pike visualized in lateral orientation. White
arrowheads point to the early aggregation of skeletal tissue connected to infraorbital lateral
line on the head; black arrowheads point to the early aggregation of skeletal tissue connected
to supraorbital lateral line on the head; black arrow points to the early aggregation of skeletal
tissue connected to otic lateral line on the head; white arrow points to transition between frontal
and premaxilla bone. Abbreviations: ba, branchial arch; brr, branchiostegal rays; cb,
ceratobranchial; ch, ceratohyal; clv, clavicle; dpt, dermopterotic; drb, dorsal rostral bones; dsp,
dermosphenotic; ect, ectopterygoid; fr, frontal; gu, gular; hb2 ttp, tooth plate on hypobranchial
2; hm, hyomandibula; ip, interopercle; j, jugal; Imx, lacrimo-maxillary; n, nasal; op, opercle; pa,
parietal; pal, palatine; po, postorbital; pop, preopercle; pt, posttemporal; q, quadrate; qj,
quadratojugal; rcb, rostral canal bones; ro, rostral; smx, supramaxilla; so, supraorbital; sop,
subopercle; sym, symplectic; t escp, tubular extrascapular; vrb, ventral rostral bones.

Figure 6: Comparative skeletal development during a late time period.

Fluorescence microscopy images of cleared and Alizarin Red stained skeletal preparations of
(A, B) bichir, (C, D) sterlet, (E, F) gar, and (G, H) pike visualized in lateral orientation. White
arrowheads point to edges of spiracular bone series; black arrowhead points to the first
ossifying structure of spiracular bone series. Abbreviations: brr, branchiostegal rays; brb,
border rostral bones; ch, ceratohyal; ep, epiotic; escp, extrascapular; fr, frontal; lac, lacrimal,
na, nasal; pa, parietal; ro, rostral; pt, posttemporal; sio, subinfraorbital; sop, subopercle; spo,
sphenaotic.

Figure 7: Regional comparison of sequential osteocranium formation.

The panel summarizes variation of developmental timing of cranial region ossification.
Ossification sequence of 8 defined cranial regions among bichir, sterlet, gar, and pike is plotted
against early, middle, and late time period.

Figure 8: Comparison of timing of cranial chondrification and ossification.

The timing of pre-cartilaginous (grey), cartilaginous (blue), and bony (red) developmental
period varies among species. Normalizing developmental stages is based on hatching. Note
that there is no pre-cartilaginous period of development in pike (the first cartilage appears in
a time of hatching).

Figure. 9: Altered patterns of Col10a7 gene expression among studied lineages.

(A) Panel summarizes relative pattern of Co/70a1 expression during larval skeletogenesis in
correlation  with  chondrocranium (blue line) and osteocranium (red line)
development. Normalizing developmental stages is based on hatching. (B—I) Whole-mount in
situ hybridization mapping onset and offset of Co/70a7 gene expression in (B, C) bichir, (D,
E) sterlet, (F, G) gar, and (H, I) pike visualized in (B, E, G, H, I) lateral and ventral (C, D, F, G)
orientation. Abbreviations: cb, ceratobranchial; ch, ceratohyal; cl, cleithrum; de, dentary; dpl,
dermopalatine; mx, maxilla; op, opercle; pmx, premaxilla; scl, supracleithrum; sop,
subopercle; vo, vomer.
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Figure 10: Comparative visualization of tissue density development.

The lateral view on skulls of (A—F) bichir, (G—K) sterlet, (L—P) gar, and (Q-V) pike with an
illustration of density of bony tissue. Stages are matched based on the first cranial bone
ossification. Tissue density is mapped in a false color on a spectrum ranging from less dense
(cool colors) to more dense (warm color). White arrowhead points to the first identified cranial
structures in gar visible in magnification.

Figure 11: Quantitative analysis of bone density development during skull
ossification.

Comparison of growth trajectories based on micro-CT scanning revealed differences in
proportion of cranial bone density during development. Tissue density is mapped in a false
color on a spectrum ranging from less dense (cool colors) to more dense (warm color). Grey
colors mark predicted pattern according to mathematical calculation.
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1 | INTRODUCTION

‘I desire to mention, at this point, that hitherto the rela-

| Anna Pospisilova®*

1,2

| Eric J. Hilton* | Flavio A. Bockmann

Abstract

The association between lateral-line canals and skull bones in fishes has been the sub-
ject of several studies and raised a series of controversies, particularly with regard to the
hypothesized role of lateral-line organs (i.e. neuromasts) in osteogenesis and the conse-
qguences for hypotheses of homology of the bones associated with lateral-line canals.
Polypteridae, a group of freshwater fishes that occupies a key phylogenetic position as
the most basal extant lineage of ray-finned fishes (Actinopterygii), provides an interesting
model for the study of the relationships between lateral-line canals and skull bones. We
describe the development of bones associated with lateral-line canals in the Senegal Bichir,
Polypterus senegalus, and use these data to re-address previous hypotheses of homology
of skull bones of polypterids. We demonstrate that the lateral-line canals constitute a
separate component of the dermatocranium that may interact with a membranodermal
component, thereby forming compound bones in the adult. Differences in the interac-
tions between these components determine the characteristics of the development of
each independent bone in the skull of adult P. senegalus. Our results shed light on long-
standing controversies about the identity of skull bones such as the rostral, preopercle,
and sphenotic in Polypteridae, and suggest the presence of an ancestral two-component
pattern of formation of bones associated with lateral-line canals in bony fishes. These
findings reveal the need to re-address previous hypotheses of homology of bones associ-
ated with lateral-line canals in different groups of bony fishes, especially fossil taxa.

KEYWORDS

Calamoichthys, development, Erpetoichthys, laterosensory system, neuromast

questionable cases they can be used to determine doubt-
ful homologies.’
R. W. Shufeldt (1847: p. 6)

tion of the mucous canals to the bones of the cranium

have hardly been given a thought, and yet they deserve a
closer study, as these relations are very constant, and in

The laterosensory or lateral-line system is a mechanosensory sys-
tem present in all major lineages of craniates, including agnathans,

*These authors contributed equally to this work.
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chondrichthyans, actinopterygians, non-tetrapod sarcopterygians,
and larval and aquatic adult lissamphibians (Coombs et al., 1988;
Northcutt, 1989; Webb, 1989; 2014). The system is composed of
small epidermal receptor organs called neuromasts. These are in-
nervated by a specific set of lateral-line nerves and respond to me-
chanical stimuli produced by flows in the water (Northcutt, 1989;
Puzdrowski, 1989; Northcutt and Bemis, 1993; Piotrowski and
Northcutt, 1996; Northcutt et al., 2000). These receptor organs
are of two basic types, superficial and canal neuromasts, which
define two distinct sensory submodalities characterized by differ-
ent morphological, topographical and functional characteristics
(Chagnaud and Coombs, 2014; McHenry and Liao, 2014; van Netten
and McHenry, 2014; Webb, 2014). As the name suggests, superfi-
cial neuromasts (SNs) are distributed on the surface of the head and
body, and are the only type of neuromast present in jawless fishes
and in larval and aquatic adult amphibians (Webb, 2014). Canal neu-
romasts (CNs), in turn, are located in the epithelium lying on the
bottom of canals formed when neuromasts are enclosed in a ste-
reotyped process (Tarby and Webb, 2003; Webb and Shirey, 2003;
Bird and Webb, 2014; Wada et al., 2014; Webb, 2014; Pastana et al,,
2019). Lateral-line canals are distributed in a consistent fashion on
the body and especially on the head of fishes, which allows compari-
sons across even distantly related taxa, including fossils (Garman,
1888; Allis, 1934; Stensio, 1947; Webb, 1989; Webb and Northcutt,
1997; Rizzato and Bichuette, 2017; Pastana et al., 2019).

In bony fishes, lateral-line canals are usually associated with
dermatocranial bones on the head and scales on the body (Tarby
and Webb, 2003; Webb and Shirey, 2003; Wada et al., 2014; Webb,
2014). In the skull, the canals are usually associated with specific
bones, in a generally conserved association that was noticed in early
studies on comparative fish anatomy (e.g. Shufeldt, 1847; Vrolik,
1873; Walther, 1882; Sagemehl, 1884; Allis, 1889; 1898, Collinge,
1894). Some authors, such as Shufeldt (1847) and Sagemehl (1884),
suggested that the association between lateral-line canals and skull
bones might be useful as a basis for addressing hypotheses of bone
homologies across taxa. The proposal was more formally presented
by Allis (1898: 430), who stated: ‘it is highly probable, though cer-
tainly not as yet established, that a bone or a part of a bone de-
veloped in any particular fish in relation to a particular part of the
lateral-line system is always the homologue of the bone, or part of a
bone, developed inrelation to the same part of the lateral-line system
in any other fish or animal’. Since that time, the relationship between
lateral-line canals and skull bones has been the subject of several
studies and has raised many controversies, especially regarding the
role of lateral-line organs in osteogenesis (discussed in Tarby and
Webb, 2003 and Pastana, 2014). Some authors (e.g. Pehrson, 1922)
suggested that the neuromasts might have a causal relationship in
the formation of some of the skull bones, whereas others disagreed
(e.g. De Beer, 1937, Moy-Thomas, 1941). A somewhat compromising
proposal was presented by Graham-Smith (1978) who stated that
the lateral line could act only to determine the precise positions and
influence the timing of the intramembranous ossifications of the der-
matocranial bones, which would nevertheless develop even in the

RIZZATO et AL.

absence of neuromasts. In recent years, descriptive developmental
studies and the use of new imaging technologies and methodologies
(e.g. Tarby and Webb, 2003; Webb and Shirey, 2003; Nakae et al.,
2012; Wada et al., 2014; Becker et al., 2016; Edgley and Genner,
2019) have improved the study of the lateral-line system and added
new information that can be incorporated in the investigation of the
relationships between lateral-line canals and skull bones.

Polypteridae (Cladistii: Polypteriformes) is a group of fresh-
water and brackish water fishes that includes 14 valid species
(Eschmeyer et al., 2019; Moritz and Britz, 2019) in two gen-
era, Calamoichthys Smith 1866 (the name Erpetoichthys Smith
1866, commonly used in recent years, is a junior synonym of
Calamoichthys, see Rizzato and Bockmann, 2017) and Polypterus
La Cepede 1803. Calamoichthys is monotypic, represented only
by the African Reedfish, Calamoichthys calabaricus Smith 1866,
whereas Polypterus includes 13 extant species (Eschmeyer et al.,
2019; Moritz and Britz, 2019). Modern polypterids are distributed
exclusively in tropical rivers and estuaries of Africa, although
some fossils attributed to the group are known from isolated
fin spines and scales from the Maastrichtian (Late Cretaceous)
of Bolivia and Brazil (Gayet and Meunier, 1991; 1992). A few
more complete specimens are known from the Late Cretaceous
(Cenomanian) and Late Miocene of Africa (Dutheil, 1999; Gayet
et al., 2003; Otero et al., 20006). Polypteridae is considered to be
the sister group of the clade formed by all the remaining extant
actinopterygians (Patterson, 1982; Giles et al., 2017). Because of
this key phylogenetic position, and because of the generally prim-
itive nature of their skull, the group has attracted the attention of
some of the most renowned fish anatomists, including those in-
terested in the interrelationship between lateral-line canals and
bones (e.g. Allis, 1900; 1904; 1922; 1934; Pehrson, 1947; 1958;
Jollie, 1984a). The development of lateral-line placodes in the
head of the Senegal Bichir, Polypterus senegalus Cuvier 1829, was
described by Thomopoulos (1969; 1970), and the development of
the CNs and SNs in this species was described by Pehrson (1958),
Jollie (1984a) and Diedhiou and Bartsch (2009). Pehrson (1947,
1958) and Jollie (1984a), relying on rare developmental series of
polypterids, also provided descriptions of the development of
dermatocranial and endochondral bones in polypterids in order
to analyze the relationships between the lateral-line canals and
the head skeleton. Despite this long history of study, some con-
troversies remained, especially on the nature and homology of
bones regarded to be of compound origin, such as the rostral,
preopercle, and sphenotic. A new developmental series resulting
from captive-bred P. senegalus, as well as new information about
the development and innervation of the lateral-line system in this
species (Piotrowski and Northcutt, 1996; Diedhiou and Bartsch,
2009), provided the opportunity to revisit these questions. The
main objectives of the present work are to describe the develop-
ment of bones associated with lateral-line canals in the skull of
P. senegalus, and to use these data to comment on the formation
of these bones and the consequences for advancing hypotheses
of bone homologies for polypterids and across bony fishes.
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2 | MATERIALS AND METHODS
2.1 | Specimen sources and rearing

The material analyzed (see list below and Table 1) includes a de-
velopmental series of P. senegalus produced at the Department of
Zoology of the Charles University in Prague and deposited at the
Natural History Museum in Prague (JNMP). The developmental
series was supplemented by larger juvenile and adult specimens
deposited in the Nunnally Ichthyology Collection at the Virginia
Institute of Marine Sciences (VIMS), in the Laboratério de Ictiologia
de Ribeirdo Preto, Universidade de S3o Paulo (LIRP), and in the
Division of Fishes, National Museum of Natural History, Smithsonian
Institution (USNM).

The rearing and staining procedures followed the guidelines
of the institutional animal care and use committee of the Charles
University in Prague for the use of embryonic material, following
Pospisilova (2015). The spawning took place at the Department of
Zoology, Charles University in Prague, following water stimulation
during the breeding season, from October to April. Fertilized eggs
were collected and kept at 28°C until the animals reached the size
required for analysis. Larval specimens at appropriate sizes were
anesthetized by an overdose of MS-222 (Serva), fixed in 4% para-
formaldehyde, and stored at 4°C. The total body size (total length,
Table 1) was measured in fixed fish as the distance from the tip of the
head to the tip of the caudal fin.

2.2 | Preparation and imaging

To avoid decalcification by acetic acid, most stages, especially the
smaller ones, were stained only with Alizarin Red. The specimens
were bleached in a 2% potassium hydroxide, 3% hydrogen peroxide
(1:1) solution under a lamp to accelerate the process. Bones were
stained overnight in a solution of 8 ml 0.5% potassium hydroxide with
1 ml of stock solution of Alizarin Red (0.7 g Alizarin Red S [Sigma] in
380 ml 96% ethanol). The specimens were rinsed several times in 0.5-
2% potassium hydroxide (according to size), and the soft tissue was
cleared in increasing concentrations of glycerol. Samples were stored
in 100% glycerol at 4°C. Larger specimens were cleared and double-
stained with Alcian Blue and Alizarin Red according to the procedures
described by Taylor and Van Dyke (1985). The skulls were observed
under a fluorescent stereomicroscope (Zeiss LumarV12) using the
fluorescent filter Alexa 568 (mineralized tissue) and GFP (surround-
ing tissue). Images were stacked with the software AxioVision 4.0, and
diagrammatic illustrations were prepared based on the images to help
clarify the anatomical descriptions and interpretations.

The position of SNs and canal pores on the skin was analyzed
using juvenile and adult specimens not belonging to the develop-
mental series; these specimens were previously fixed in 10% formalin
and preserved in 70% ethanol. Double-stained (ds) and cleared and
double-stained (c&s) juvenile and adult specimens of P. senegalus in
addition to those in the developmental series were used to analyze
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TABLE 1 Developmental material of Polypterus senegalus
analyzed (JNMP Pé6d 15/2019)

Total length Vial catalog

(mm) number Alcian Blue Alizarin Red
8 P6d 15/2019_1 - X
8.5 P6d 15/2019_1 - X
8.8 P6d 15/2019_1 - X
9 P6d 15/2019_2 - X
10 P6d 15/2019_3 - X
alil P6d 15/2019_4 - X
12 P6d 15/2019_5 - X
13 P6d 15/2019_6 - X
14 P6d 15/2019_7 - X
15 P6d 15/2019_8 - X
16 P6d 15/2019_9 - X
17 P6d 15/2019_10 - X
18 P6d 15/2019_11 - X
19 P6d 15/2019_12 - X
21 P6d 15/2019_13 - X
22 P6d 15/2019_14 X X
23 P6d 15/2019_15 - X
25 P6d 15/2019_16 X X
29 P6d 15/2019_17 X X
32 P6d 15/2019_18 X X
33 P6d 15/2019_19 X X
34 Pé6d 15/2019_20 X X
39 P6d 15/2019_21 X X
40 Péd 15/2019_22 X X
58 Pé6d 15/2019_23 X X
61 Pé6d 15/2019_24 X X

the anatomy of the bones and canals in later stages of ontogeny.
The specimens were prepared following the procedures described
by Datovo and Bockmann (2010) and Taylor and Van Dyke (1985),
respectively. One three-dimensional reconstruction of pCT data of
the skull of an adult specimen of P. senegalus (LIRP 10236, 190.7 mm
SL) was used for a more detailed analysis of the course of the canals
and their association with dermal bones of the skull (Figure 1). The
model was generated using GE Phoenix vitome|x m equipment at
the GE Brazil Technology Center (Rio de Janeiro, RJ, Brazil), analyzed
with the software Amira, at VIMS, and VGStubio 3.0, at the Center
for Documentation of Biodiversity of the Department of Biology,
Faculdade de Filosofia, Ciéncias e Letras de Ribeirdo Preto (CDB,
FFCLRP-USP).

2.3 | Terminology

A standardized terminology for polypterid skull bones incorporat-
ing new hypotheses of homology, including the ones advanced in
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Spiracular series
(removed)

Posttemporal

Postorbital
Frontal

Rostral

Nasal 1

Premaxilla

Lacrimal

Maxilla Angular Preopercle

FIGURE 1 Lateral view of a 3D-reconstructed model of the head of an adult specimen of Polypterus senegalus, LIRP 10236, 190.7 mm
SL, showing the course of the lateral-line canals and the approximate position of the canal neuromasts (white dots). Bones are colored
according to the lateral-line canals to which they are associated: blue = supraorbital; green = infraorbital; yellow = preoperculomandibular;
orange = otic; pink = postotic; purple = supratemporal. 101-9 = infraorbital CNs 1-9. OT1 = otic CN. PM1-8 = preoperculomandibular CNs
1-8. PO1 = postotic CN. SO1-6 = supraorbital CNs 1-6. ST1-4 = supratemporal CNs 1-4. Scale bar: 5mm

the present work, is being prepared and will be published in an- 1991; 1998; Grande, 2010; Hilton et al., 2011), and the dermosphe-
other work (Rizzato et al., in prep.). In the present work, we follow notic, here named sphenotic (see Discussion). The canals were

the terminology presented by Claeson et al. (2007; see Figure 1), identified according to the innervation of the associated CNs.
except for the intertemporo-supratemporal, here named dermop- Information about number, position, innervation, and development
terotic following the terminology used for other non-teleostean of CNs and SNs in polypterids was obtained from direct observa-

actinopterygians (e.g. Patterson, 1973; 1975; Grande and Bemis, tion of specimens and from the literature (Allis, 1900; 1904; 1922;
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1934, Stensit, 1947; Pehrson, 1947; 1958; Jollie, 1984a; Piotrowski
and Northcutt, 1996; Diedhiou and Bartsch, 2009).

In the text and figures, the CNs are identified with uppercase
abbreviations referring to the respective line of CNs (SO = supra-
orbital; 10 = infraorbital; PM = preoperculomandibular; OT = otic;
PO = postotic; ST = supratemporal), and numbered sequentially in an
antero-posterior direction (SO1, SO2, SO3, etc.). The membranoder-
mal bones with which the tubular lateral-line ossifications are asso-
ciated are referred to as the name of the bone in the adult followed
by the expression sensu stricto (abbreviated as s.s.). For example,
the dentary in the adult is formed by a membranodermal bone, the
dentary sensu stricto (or dentary s.s.), plus the tubular ossifications
formed in association with the three most anterior preoperculoman-
dibular CNs, PM1, PM2, and PM3 (see Discussion).

2.4 | Specimens examined

Polypterus senegalus: INMP Péd 15/2019 (for catalog numbers of in-
dividual vials see Table 1), n = 26, 8-61 mm TL, c&s, developmental se-
ries, hatchery specimens (Department of Zoology, Charles University
in Prague). VIMS 35599, n = 1, 61.4 mm SL, aquarium specimen. LIRP
10236, n =1, 190.7 mm SL, Federal Democratic Republic of Ethiopia,
Gambela Hizboch Kilil, Alwero River at Abobo, 3 Oct 2008, Friel, J.,
Lavoué, S., Sullivan J., Tesfaye. LIRP 13550, n = 1, 115 mm SL, aquar-
ium specimen, 8 May 2016. USNM 224817, n =2 (1 ds), 224-232 mm
SL, Mali, Mopti, Niger River, 15 Sep 1980, Carberry, W. L. USNM
395402, n =3 (1 ds), 170.5-214 mm SL, aquarium specimens.

3 | RESULTS

The development of the bones associated with each line of CNs is
described in separate sections. At the end of the description of each
sensory canal, we present a review of the different names applied
for each bone by previous authors. A more detailed appraisal of the
previous hypotheses of homologies, compared with those advanced
in this work, is presented in the Discussion.

3.1 | Supraorbital line of CNs

The first evidence of ossification associated with the supraorbital
line of CNs is seen in the 16-mm specimen, in which a very small ag-
gregation of calcified tissue is present near the CN SO5. This is the
only ossification observed in the dorsal surface of the head in this
specimen (Figures 2 and 3). In the 18-mm specimen, bony tissue is
also present around the CNs SO4 and SO6, but the more advanced
degree of development of the ossification around SO5 provides fur-
ther evidence that this is the first portion of the supraorbital line of
CNs to ossify (Figures 2 and 3). The ossifications around SO4 and
SO5 seem to have developed faster than the one around SO6 in the
18- and 19-mm specimens, as they represent the growing canal walls
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(appearing as a half-pipe) in association with these two neuromasts.
In the 21-mm specimen, the ossifications around SO4, SO5, and SO6
are almost completely tubular, each enclosing its corresponding neu-
romast (Figures 2and 3).

In the 18-mm specimen, the ossifications around SO5 and SO6
are fused to each other by a posterior lamellar bridge extending
from the posterior portion of the ossification around SO5, whereas
the ossification around SO4 is still separated from them by a large
gap (Figures 2 and 3). The fused ossification around SO5 and SO6é
then develops a lamellar extension that gradually expands, mostly
medially, until it contacts its contralateral bone at the dorsal mid-
line of the skull (Figures 2-5). This medial bony expansion is already
present in the 19-mm specimen (Figures 2 and 3) and, as it expands,
it gradually grows toward the ossification around SO4, which is
still a separate, tubular element until at least 29 mm. In the 32-mm
specimen, the medial lamellar extension is fused to the ossification
around SO4. In the 33- and 34-mm specimens, the bilateral ossifica-
tions involving the CNs SO4, SO5, and SO6 are in contact with each
other, mostly along their middle portions, and the medial lamellar ex-
pansion extends both anteriorly and posteriorly (Figures 4 and 5). In
the 40-mm specimen, the bilateral ossifications contact each other
almost completely, and in the 58-mm specimen they are completely
connected medially, forming the main portion of the dorsal roof of
the skull (Figures 4 and 5). In the latter specimen, the posterior mar-
gin of these ossifications covers dorsally the anterior margins of the
adjacent, posteriorly located dermopterotic.

The ossification formed in association with the CNs SO4, SO5,
and SO6 in polypterids have been named frontal (Agassiz, 1833-44;
Miiller, 1846; Huxley, 1861; Traquair, 1870; Allis, 1922; Gregory,
1933; Pehrson, 1947; 1958; Daget, 1950; Jollie, 1984a; Claeson et al.,
2007; Grande, 2010). Although named as such in accordance with
the standard terminology used for Actinopterygii, this bone of ray-
finned fishes is actually homologous to the parietal of more advanced
sarcopterygians (Westoll, 1936; 1937; 1938; 1943; Schultze, 2008).

In the nasal portion of the supraorbital line of CNs, the ossifica-
tions in association with the CNs SO1, SO2, and SOS3 start to develop
considerably later than those associated with the remaining supraor-
bital CNs (S04, SO5, and SO6). The first evidence of ossification in
this region appears as a small aggregation of bony tissue around SO3
in the 19-mm specimen (Figures 2 and 3). In the 22-mm specimen, a
small ossification is already present around SO2, and in the 25-mm
specimen the ossification associated with SO3 is already tubular in
form. In the 29-mm specimen, the ossifications associated with SO2
and SO3 are tubular ossifications, and the ossification around SO1 is
starting to form. These three ossifications are separated from each
other until at least 40 mm, at which time the left and right frontals
meet each other almost completely along the dorsal midline of the
skull (Figures 4 and 5). In the 58-mm specimen, the ossification around
SO3 has noticeable lateral and medial lamellar outgrowths (which are
more developed medially), giving the bone its plate-like appearance
as in adults (Figures 4 and 5). At this stage, however, the bilateral
plate-like ossifications in association with SO3 do not contact each
other at the dorsal midline of the nasal region of the skull, but rather
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remain separated by the posterodorsal portion of the rostral bone

(see below) and by anterior extensions of the two frontals. In the
64-mm specimen, the contralateral plate-like ossifications associated
with SO3 contact each other at the dorsal midline in the nasal re-
gion, although in some specimens of other species of Polypterus (e.g.
P. ansorgii, P. congicus, P. lapradei, P. ornatipinnis, and P. teugelsi) these
ossifications may remain separated until later in development. The
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FIGURE 2 Fluorescence microscopy
images of early developmental stages

of formation of bones associated with
the supraorbital line of CNs in Polypterus
senegalus. Dorsal views of anterior region
of the head. Arrowheads point to the
lamellar expansion forming in association
with neuromasts SO5 and SO6. SO3-
SO6 = ossifications associated with
supraorbital CNs 3-6

FIGURE 3 Diagrammatic
representation based on Figure 2

ossifications associated with SO1 and SO2 are tubular in form even
in very large adult specimens, especially the ossification around SO1,
which is located between the anterior and posterior nares.

The three ossifications of the nasal region of the skull that are asso-
ciated with the CNs SO1-SO3 of the supraorbital line remain separate
from each other even in very large adult specimens and have been as-
signed many names in the literature. The ossification around SO1 has
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FIGURE 4 Fluorescence microscopy
images of late developmental stages of
formation of bones associated with the
supraorbital line of CNs in Polypterus
senegalus. Dorsal views of anterior region
of the head. Arrowheads point to the
lamellar expansion forming in association
with neuromasts SO5 and SO6. SO1-
SO6 = ossifications associated with
supraorbital CNs 1-6

FIGURE 5 Diagrammatic
representation based on Figure 4
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been named the terminal bone (Traquair, 1870; Allis, 1922; De Beer,
1937; Jollie, 1984a), nasal 1 (Pehrson, 1947; 1958; Claeson et al., 2007),
first nasal (Daget, 1950), accessory nasal (Pehrson, 1958), and anterior
nasal (Jollie, 1984a). The first nasal was overlooked by some authors
(e.g. Gregory, 1933; Grande, 2010). This may be due to the fact that
this small tubular bone is located on the delicate flap of tissue that cov-
ers the nasal opening of the skull and is easily lost during dry skeleton
preparation because is not attached to other bones or cartilages. The
ossification around SO2 has been named the accessory nasal (Traquair,
1870; Allis, 1922), adnasal (Gregory, 1933; De Beer, 1937), nasal 2
(Pehrson, 1947; 1958; Claeson et al., 2007), and second nasal (Daget,
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FIGURE 6 Fluorescence microscopy
images of developmental stages

of formation of bones associated

with the infraorbital line of CNs in
Polypterus senegalus. Left lateral views
of the head. Arrowheads point to the
elongated element posterior to the
maxilla that later associates with the
preoperculomandibular neuromasts PMé6-
PM8 and becomes incorporated in the
bone identified as the preopercle. angss,
angular sensu stricto; dss, dentary sensu
stricto; mxss, maxilla sensu stricto

FIGURE 7 Diagrammatic
representation based on Figure 6

1950; Jollie, 1984a). The plate-like ossification around SO3 has been
named the ethmoid (Agassiz, 1833-44), nasal (Traquair, 1870; Allis,
1922; De Beer, 1937; Grande, 2010), nasal 3 (Pehrson, 1947; 1958;
Claeson et al., 2007), third nasal (Daget, 1950; Jollie, 1984a), and poste-
rior nasal (Jollie, 1984a).

3.2 | Infraorbital line of CNs

The first evidence of ossification associated with the infraorbi-
tal line is observed in the 8.5-mm specimen. At this stage, a thin,
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o oAnatom, SR

FIGURE 8 Fluorescence microscopy
images of early developmental stages pmxss

of formation of bones associated with \
the infraorbital line of CNs in Polypterus
senegalus. Top left: ventral view of
anterior region of the head. Top right
and bottom: oblique left ventrolateral
view of the anterior region of the

head. 104 = ossification associated

with infraorbital CN 4. dss, dentary
sensu stricto; mxss, maxilla sensu stricto;
pmxss = premaxilla sensu stricto

mxss

\
dss\

FIGURE 9 Diagrammatic
representation based on Figure 8
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FIGURE 10 Fluorescence microscopy
images of late developmental stages

of formation of bones associated

with the infraorbital line of CNs in
Polypterus senegalus. Top: ventral views

of anterior region of the head. Bottom:
left lateral views of anterior region

of the head. Arrowhead points to the
posterolateral process of the premaxilla.
101 + 101 = single ossification formed

by the fusion between the ossifications
associated with the contralateral
infraorbital CNs 1. 102-109 = ossifications
associated with infraorbital CNs 2-9. mxss,
maxilla sensu stricto; pmxss, premaxilla
sensu stricto

101+101
\

\

101+101

101+|01

FIGURE 11 Diagrammatic
representation based on Figure 10
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FIGURE 12 Fluorescence microscopy
images of late developmental stages

of formation of bones associated

with laterosensory lines in Polypterus
senegalus. Left lateral views of the head.
Arrowheads point to the posterolateral
process of the premaxilla. Arrows point
to the interdigitating processes at the
posterior portion of the maxilla and

the anterior margin of the preopercle.
101 + 101 = single ossification formed

by the fusion between the ossifications
associated with the contralateral
infraorbital CNs 1. 102-109 = ossifications
associated with infraorbital CNs 2 to 9.
OT1 = ossification associated with otic
CN. PM1-8 = ossifications associated
with preoperculomandibular CNs 1-8.
PO1 = ossification associated with
postotic CN. SO1-6 = ossifications
associated with supraorbital CNs 1-6.
ST1-4 = ossifications associated with
supratemporal CNs 1-4. angss, angular
sensu stricto; dss, dentary sensu stricto;
mxss, maxilla sensu stricto; pmxss,
premaxilla sensu stricto; ptss, posttemporal
sensu stricto

FIGURE 13 Diagrammatic
representation based on Figure 12
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elongate element bearing teeth is present ventral to the eye
(Figures 6 and 7). Initially, it bears teeth only at its anterior tip
(e.g. 8.8-mm specimen, Figures 6 and 7), but as it grows, more
teeth are added posteriorly. This bone is here identified as the
maxilla s.s. Posterior to the maxilla s.s. there is another thin, elon-
gate element that is similar to the maxilla s.s. but differs in that it
lacks teeth (Figures 6 and 7). These two elements become inti-
mately associated during development (the development of the
posterior element will be described in greater detail below, since it
becomes associated with the preoperculomandibular line of CNs).
In the 9-mm specimen, a lamellar bony extension develops ven-
trally from the longitudinal midpoint of the maxilla s.s. and tapers
gradually at its posterior tip. This lamella surrounds the anterior
tip of the posterior elongate element, only medially in small spec-
imens, and then dorsally and laterally in specimens 16 mm and
larger (Figures 6 and 7). The close association between the maxilla
s.s. and the posterior element remains consistent through ontog-
eny and in adults appears as the interdigitating processes at the
posterior portion of the adult maxilla (a compound bone including
the maxilla s.s.) and the anterior margin the adult preopercle (also
a compound bone, of which this posterior elongated element is
part, see below).

In the 11-mm specimen, another bone associated with the in-
fraorbital line starts to develop. This bone, herein identified as the
premaxilla s.s., is located anterior to the maxilla s.s.; it also bears
teeth (Figures 8 and 9). Initially, there is a medial gap between the
premaxillas s.s. on the left and right sides, but this gap is filled as the
two bones develop. In the 12-mm specimen, a very faint ossification
is present around CN 104 and is located dorsal to the site of contact
between the premaxilla s.s. and the maxilla s.s. (Figures 8 and 9). In
the 16- and 17-mm specimens, this ossification is already developed
as a half-pipe as the canal walls form after the CN 104 sinks into the
skin (Figures 8 and 9).

In the 18-mm specimens, two other tubular ossifications are
added, one anterior and one posterior to 104, which are associated
with 103 and 105, respectively (Figures 10 and 11). In the 19-mm
specimen, the ossification associated with 101 is already present
and is fused to the contralateral ossification to form a single bone
(Figures 10 and 11). A faint ossification associated with |06 is already
present, but there is no trace of any ossification associated with [02.
This may indicate that the formation of the infraorbital canal occurs
independently in at least two portions: one starting in the region
between the nasal and orbital regions and another starting at the
tip of the snout. In the 21-mm specimen, the ossifications associ-
ated with the remaining CNs of the infraorbital line—02, 107, |08
and |09—are present, so that all the nine tubular bones associated
with CNs of the infraorbital line are already developed, each forming
a single, independent, tubular ossification (Figures 10 and 11). Of
these bones, the ones associated with 107 and 108 are the least de-
veloped, whereas the one associated with 109 is already developed
as a half-pipe. This may indicate that the ossification associated with
109 also develops independently from the remaining portions of the
infraorbital canal. Interestingly, the CN |09 is innervated by a nerve
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that arises almost immediately anterior to the origin of the super-
ficial ophthalmic and the buccal rami of the ADLLN, according to
Piotrowski and Northcutt (1996), and appears to be an independent
branch instead of part of the buccal ramus. Indeed, Pehrson (1947:
Figure 7, ‘dso’) represented this branch as emerging independently
from the buccal ramus. The degree of development of the remaining
ossifications reflects the sequence in which they are formed: the os-
sification associated with 104 is the more well-developed, appearing
as a tube, followed by the ossifications associated with 101, 103, and
105. All the tubular ossifications associated with the infraorbital CNs
are still separated from their underlying lamellar ossifications, when
present.

In the 22-mm specimen, the posterolateral process of the
premaxilla starts to develop medially to the point of contact be-
tween the tubular ossifications enclosing the CNs 104 and 105. In
the 25-mm specimen, the process is conspicuous, and the tubular
ossifications associated with 106 and |07 remain separated from
the maxilla s.s., whereas all the remaining ossifications of the in-
fraorbital line (I01 + 101 to 105, 108, and 109) remain essentially
tubular (Figures 10 and 11). The tubular ossification enclosing the
109 fuses to an endochondral ossification, the autosphenotic (see
Discussion below), developing medially at the posteroventral cor-
ner of it. In the 29-mm specimen, the ossifications associated with
102, 103, and 104 are fused to the premaxilla s.s., whereas those
associated with 106 and 107 are fused to the maxilla s.s. The os-
sifications associated with 101, 105, and 108 remain independent
and bear tubular shapes. The ossification associated with 109 is
completely fused to the autosphenotic, and its laterodorsal por-
tion is in contact with the lateral portion of the frontal, postero-
lateral to the concavity of the frontal that forms the dorsal margin
of the orbit. The ossification associated with the left and right CNs
101 (Figures 10-13) retains a tubular shape until the fish reaches
40 mm. In the 58-mm specimen, this tubular ossification has de-
veloped a plate-like shape through the development of a postero-
dorsal lamella that fills the gap between the left and right nasals
(Figures 4 and 5). The posterolateral process of the premaxilla has
grown dorsally and contacts the anteroventral portion of the fron-
tal in the 40-mm specimen. In the 50- and 58-mm specimens, the
posterolateral process of the premaxilla is intimately associated
with the frontal, filling the space between the opening of the nasal
capsule and the anterior margin of the orbit (Figures 12 and 13). In
the 40-mm specimen, the ossification that is associated with 109
and fused to the autosphenotic is tightly connected to the ventral
face of the postorbital process of the frontal. A tubular pore is lo-
cated at the posterodorsal margin of this ossification at the point
where the supraorbital, infraorbital, and otic canals meet. In the
58-mm specimen, this ossification is covered laterally by the ante-
riormost of the multiple spiracular bones that are present in speci-
mens of this size (Figures 12 and 13).

In adult polypterids, the plate-like ossification associated with
the left and right CNs 101 + IO1 has been named the ethmoid
(Huxley, 1861; Traquair, 1870), median ethmoid (Supino, 1914;
Allis, 1922), rostral (Holmgren and Stensié, 1936; Pehrson, 1958;
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Patterson, 1975; Claeson et al., 2007), supraethmoid (De Beer,
1937; Daget, 1950), medial rostral (Jarvik, 1942; Pehrson, 1947),
rostro-postrostral (Jarvik, 1947; Poplin and Lund, 1995), and me-
dial rostral-internasal (Jollie, 1984a; Grande, 2010). The ossifi-
cations associated with 102, 103, and 104 have, in combination
with the premaxilla s.s., been named the intermaxillaries (Agassiz,
1833-44), premaxillary (Traquair, 1870; Allis, 1922; Westoll, 1936;
Pehrson, 1947; 1958; Claeson et al., 2007), premaxillo-antorbital or
antorbito-premaxilar (Holmgren and Stensié, 1936; Daget, 1950),
tecto-rostro-prémaxillary (Jarvik, 1942), and premaxilla-rostral
(Jollie, 1984a; Grande, 2010). The ossification associated with |05
has been named the anterior suborbital (Traquair, 1870), anterior
infraorbital (Allis, 1922), and lacrimal (Pehrson, 1947; 1958; Daget,
1950; Jollie, 1984a; Claeson et al., 2007; Grande, 2010). The os-
sifications associated with 106 and 107 in conjunction with the
maxilla s.s. have been named the superior maxillary (Agassiz, 1833-
44), maxillary (Traquair, 1870; Allis, 1922; Pehrson, 1947; 1958;
Claeson et al., 2007), maxilla-infraorbitals (Jollie, 1984a), and max-
illa-subinfraorbitals (Grande, 2010). The ossification associated
with 108 has been identified as the posterior suborbital (Traquair,
1870), postorbital (Allis, 1922; Pehrson, 1947; 1958; Daget, 1950;
Jollie, 1984a; Claeson et al., 2007), and postinfraorbital (Grande,
2010). The ossification associated with 109 has been identified as
the posterior frontal (Agassiz, 1833-44), sphenotic (Bridge, 1888;
Pollard, 1892), postfrontal (Traquair, 1870), postfronto-sphenotic
(Allis, 1922), dermosphenotic + autosphenotic (Pehrson, 1947,
Daget, 1950), and dermosphenotic + sphenotic (Jollie, 1984a;
Claeson et al., 2007; Grande, 2010).

3.3 | Preoperculomandibular line of CNs

The first evidence of ossification associated with the preopercu-
lomandibular neuromast line is observed in the smallest specimen
analyzed (8 mm), in which a very thin and long ossified element is
present in the lower jaw. This element is accompanied by small, coni-
cal ossifications that represent the beginning of mineralization of the
teeth. In an 8.5-mm specimen, the thin ossification has developed
considerably and is a relatively large membranous bone with which
a few teeth are associated dorsally (Figures 6 and 7). This tooth-
bearing ossification represents the membranodermal component of
the dentary, here identified as the dentary s.s. Posterior to it, there
is another thin, membranous ossification, which is the membrano-
dermal component of the angular, here identified as the angular s.s.
(Figures 6 and 7). The latter two ossifications cover Meckel'’s cartilage
laterally, while medially the Meckel’s cartilage is covered by another
membranodermal ossification, the prearticular. In the same speci-
men, there are also two thin, elongate ossifications present at the
lateral portion of the upper jaw, ventral to the orbit. The anterior one
is the maxilla s. s., previously described (see section on “Infraorbital
line of CNs’ above), and the posterior one is a thin, elongated, curved
ossification that is about one-third the size of the maxilla s.s. and is
located posteroventral to it (Figures 6 and 7). As mentioned above,
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this ossification remains intimately associated with the maxilla s.s.
during the entire development. This element, here identified as the
jugal, will be discussed later in this work (see Discussion).

During the next developmental stages, the dentary s.s., the an-
gular s.s., and the element posterior to the maxilla s.s. develop fur-
ther. In the 9-mm specimen, the element posterior to the maxilla s.s.
bears an enlarged posterior portion that is slightly curved ventrally
(Figures 6 and 7). The dentary s.s. bears strong, well-developed coni-
cal teeth, and posterodorsal and posteroventral processes extending
dorsal and ventral to the angular s.s. In the 10-mm specimen, the
anterior portion of the posterior element is enclosed medially and
dorsally by the posterior laminar flange of the maxilla s.s., whereas
the enlarged portion of the posterior element is strongly curved ven-
trally, and positioned close to the hyomandibula, at about the level of
the posterior process for the articulation with the opercle.

In the next developmental stages, the angular s.s. develops ir-
regular bony ridges that represent the beginning of the ossification
of the angular portion of the preoperculomandibular canal. In the
16-mm specimen, the enlarged posterior portion of the posterior el-
ement starts to expand, and in the same specimen the opercle has
started to ossify as a plate-like bone associated with the posterior
process of the hyomandibula (Figures 6 and 7). In the 19-mm speci-
men, half-pipe-like ridges associated with CNs PM3, PM4, and PM5
form along the posterior portion of the dentary s.s. and in the angu-
lar s.s. (Figures 14 and 15). The ridges associated with PM3 and PM4
are a little more developed than those of the PM5, and a very small
ossification associated with PM2 is located ventral to the middle
portion of the dentary s.s. (Figures 14 and 15). At the distal tip of the
enlarged portion of the posterior element, a nerve foramen marks
the point in which PM7 is located (Figures 14 and 15).

In the 21-mm specimen, the ossification associated with PM2
develops further and acquires a half-pipe-like shape, although it still
remains separate from the dentary s.s. (Figures 14 and 15). The en-
larged portion of the posterior element has expanded and acquired
ornamentations, and half-pipe-like ridges formed around the fora-
men for the nerve associated with PM7. In the 22-mm specimen, an-
other tubular ossification is forming around PM1 and located ventral
to the dentary s.s., similar to the one associated with the PM2. In the
25-mm specimen, the enlarged portion of the posterior element has
a half-pipe-like ventral extension associated with PMé (Figures 14
and 15). CN PM3 in the dentary s.s. and the CNs PM4 and PM5 in the
angular s.s. are already enclosed in tubular canals, while the tubular
ossifications associated with PM1 and PM2 remain separated from
the dentary s.s. (Figures 14 and 15). In the 29-mm specimen, ossifi-
cations associated with the CNs PM1 and PM2 fuse to the dentary
s.s., and the mandibular portion of the preoperculomandibular canal
becomes entirely enclosed in tubular canals embedded within the
dentary and the angular bones (Figures 14 and 15). Thus, the dentary
and the angular each represent the fusion between a membranoder-
mal component, the dentary s.s. and the angular s.s., respectively,
with tubular components representing the preoperculomandibular
canal. These tubular components form as independent ossifications
(in the case of the canal segments associated with PM1 and PM2) or
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FIGURE 14 Fluorescence microscopy
images of developmental stages of
formation of bones associated with

the preoperculomandibular line of CNs
in Polypterus senegalus. Top left: left
ventrolateral view of the anterior region
of the head. Top right and middle: left
lateral views of the head. Bottom: left
lateral view of the cheek region. Arrows
point to the interdigitating processes at
the posterior portion of the maxilla and
the anterior margin of the preopercle.
PM1-8 = ossifications associated with
preoperculomandibular CNs 1-8. angss,
angular sensu stricto; dss, dentary sensu
stricto

FIGURE 15 Diagrammatic
representation based on Figure 14
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as ossifications embedded in the membranodermal component of
the bone (the canal segments associated with PM3, PM4, and PM5).

In the 32-mm specimen, the element posterior to the maxilla
bears a well-developed and ornamented enlarged portion posteri-
orly, which bears a long ventral process associated with CN PMé
(Figures 14 and 15). In the 33-mm specimen, the enlarged portion
is expanded dorsally, forming half-pipe-like ridges on either side of
CN PMS8 (Figures 14 and 15), and in the 34-mm specimen the pre-
opercular portion of the preoperculomandibular canal is completely
tubular in form (Figures 12 and 13). In the next stages, the enlarged
portion of the posterior element expands anterodorsally, forming an
ovoid plate that reaches the postorbital and the sphenotic. In the
58-mm specimen, this ovoid plate is covered dorsally by the prespi-
racular and spiracular ossicles that are already formed (Figures 12
and 13). The definitive ossification, the preopercle, is thus formed
by the membranodermal element posterior to the maxilla, plus the
tubular component that represents the preopercular portion of the
preoperculomandibular canal that is associated with the CNs PM7,
PM8, and PM9.

The ossifications associated with the CNs PM1 to PM3 have been
named the dentary (Agassiz, 1833-44; Traquair, 1870; Allis, 1922;
Claeson et al., 2007; Grande, 2010), dentary-splenial (Holmgren
and Stensié, 1936; Pehrson, 1947; 1958; Daget, 1950; Jollie, 1984a),
and dentary-infradentary (Jarvik, 1947). The ossification associated
with the CNs PM4 and PM5 have been named the angular (Agassiz,
1833-44; Traquair, 1870; Holmgren and Stensi6, 1936; Jollie, 1984a;
Claeson et al., 2007; Grande, 2010), dermarticular (Van Whije, 1882;
Allis, 1900; 1922), surangulo-angular (Stensié, 1947), infradentary
4 + 5 (Jarvik, 1947), angulo-splenial (Pehrson, 1947; Daget, 1950),
and angular-surangular-splenial (Pehrson, 1958). Finally, the ossifica-
tion associated with the CNs PMé to PM8 have been named the pre-
opercle (Agassiz, 1833-44; Mlller, 1846; Pollard, 1892; Allis, 1900;
Holmgren and Stensid, 1936; Pehrson, 1947; Jollie, 1984a; Claeson
et al., 2007; Grande, 2010), supratemporal + hyomandibula (Huxley,
1861), cheek dermal bone (Traquair, 1870), squamoso-preopercular
(Allis, 1922; Jarvik, 1947), and preoperculo-supramaxillary (Pehrson,
1958).

3.4 | Otic and postotic lines of CNs

The earliest evidence of ossification associated with the otic and
postotic lines of CNs was observed in the 18-mm specimen. At this
stage, a small ossification is associated with the otic neuromast
(OT1), whereas there is no evidence of ossification associated with
the postotic neuromast (PO1; Figures 16 and 17). In the 21-mm
specimen, a small ossification is associated with PO1, and the os-
sification associated with OT1 is already developing a tubular form,
but these ossifications remain separated from each other by a large
gap (Figures 16 and 17). In the 25-mm specimen, both of the ossifi-
cations associated with OT1 and PO1 have developed considerably.
They are already fused to each other, forming a continuous tube with
a single pore between them (Figures 16 and 17). The ossification
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formed by the fusion of the tubular ossifications of the otic and pos-
totic CNs, the dermopterotic, bears lateral and medial flanges, giving
the bone a plate-like aspect. The plate-like bone is traversed by the
canal and covers the otic capsule dorsally. The bone grows medially,
as well as slightly anteriorly and posteriorly. In the 33-mm specimen,
its anterior margin contacts the posterior margin of the frontal, and
in the 34-mm specimen the bilateral ossifications meet each other at
the dorsal midline (Figures 16 and 17). In the 58-mm specimen, the
dermopterotic bone is already fully developed as a rectangular plate
covering dorsally the posteriormost region of the neurocranium
(Figures 4, 5, 12, and 13). The dermopterotic is overlapped anteriorly
by the posterior margin of the frontal, and posteriorly by the ante-
rior margins of the extrascapulars. Along the midline of the skull, the
left and right dermopterotic bones contact each other in an almost
straight line, and laterally they bear a ventral expansion that forms
the medial border of the spiracular opening.

The single bone formed by the fusion of the ossifications asso-
ciated with the otic and postotic neuromasts was initially identified
as the parietal by Agassiz (1833-44), Mller (1846), Huxley (1861),
Traquair (1870), and Gregory (1933). According to Allis (1922), this
bone was named the squamoso-parietal by Van Whije (1882), Collinge
(1893), and Allis (1900) because it was assumed to be a fusion between
the so-called squamosal (= dermopterotic) and the parietal of teleosts.
Accordingly, Allis named this bone the parieto-dermosquamosal (Allis,
1904) or parieto-dermopterotic (Allis, 1922). Holmgren and Stensié
(1936) and Jarvik (1947) used other terminology for the dermopterotic
and named this bone the parieto-supratemporo-intertemporal, there-
fore agreeing that the bone includes a parietal element. Pehrson (1947)
suggested, however, that the parietal does not contribute to this os-
sification in Polypterus, and called it the intertemporo-supratempo-
ral. Pehrson (1947) referred to a vestigial, transient parietal during
the ontogeny of Polypterus, but we were unable to identify such an
element in our material. However, since Pehrson (1947) published his
work, most authors have called this bone the intertemporo-supratem-
poral (Perhson, 1958; Jollie, 1984a; Claeson et al., 2007) or the der-
mopterotic (Daget, 1950; Grande, 2010).

3.5 | Supratemporal line of CNs

The ossifications associated with the supratemporal line of CNs are
the last of the ossifications associated with lateral-line canals to
form in P. senegalus. The earliest evidence of ossification associ-
ated with the supratemporal canal is observed in the 29-mm speci-
men. Two half-pipe ossifications are present at the posterolateral
corner of the neurocranium, posterior to the otic capsule and to
the posterodorsal corner of the dermopterotic (Figures 18 and 19).
The anterior ossification is associated with CN ST2, lies over the
posterior margin of the dermopterotic, and is oriented transversely
to the longitudinal axis of the head, representing the lateral portion
of the supratemporal commissure. The posterior ossification is as-
sociated with CN ST3, is aligned parallel to the longitudinal axis of
the head, and represents the anterior part of the temporal portion
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FIGURE 16 Fluorescence microscopy
images of developmental stages of
formation of bones associated with

the otic and postotic lines of CNs

in Polypterus senegalus. Dorsal view

of the head. Arrowheads point to

the lamellar expansion forming in
association with CNs OT1 and PO1.
OT1 = ossifications associated with otic
CN. PO1 = ossifications associated with
postotic CN

om

om

PO1

FIGURE 17 Diagrammatic
representation based on Figure 16
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FIGURE 18 Fluorescence microscopy images of developmental
stages of formation of bones associated with the supratemporal
line of CNs in Polypterus senegalus. Dorsal view of posterior region
of the head. Arrowheads point to the lamellar ossification forming
in association with neuromasts ST4 (posttemporal sensu stricto).
ST1-4 = ossifications associated with supratemporal CNs 1-4

FIGURE 19 Diagrammatic representation based on Figure 18
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of the supratemporal canal. The bone, which represents one of the
extrascapulars, is located in the gap between the postotic canal
running anteriorly in the posterior portion of the dermopterotic
and the anterodorsal tip of the supracleithrum posteriorly.

In the 32-mm specimen, the ossifications associated with the
CNs ST2 and ST3 are slightly more developed, although still in the
form of a half-pipe (Figures 18 and 19). In addition, a medial ossi-
fication associated with CN ST1 is also transversely oriented rela-
tive to the longitudinal axis of the head, and is less developed than
the one associated with ST2. The medial, plate-like portion of the
posttemporal is already ossified anterodorsal to the supracleithrum.
However, there is no trace of an ossification associated with ST4,
which is associated with the posttemporal later in development. In
the 33-mm specimen, the three ossifications associated with CNs
ST1, ST2 and ST3 are well-developed, as is the medial plate-like
portion of the posttemporal, which forms a bridge connecting the
supracleithrum to the posterodorsal margin of the skull (Figures 18
and 19). The ossifications associated with the left and right CNs ST1
remain separated from each other by a large gap, and the posttem-
poral is still a plate-like ossification (posttemporal s.s.) that first as-
sociates with the laterosensory canal in the 40-mm specimen. In the
58-mm specimen, the left and right supratemporal canals contact
each other at the dorsal midline of the skull forming a complete su-
pratemporal commissure (Figures 18 and 19). The ossifications as-
sociated with the CNs ST1, ST2, and ST3 are present as plate-like
ossifications, similar in form to the scales on the dorsal surface of
the body, located just posterior to the skull. At this stage, the post-
temporal bone is traversed on its lateroventral portion by a short
tube representing the portion of the supratemporal canal associated
with ST4.

The ossifications associated with CNs ST1, ST2, and ST3 have
been named supratemporals (Traquair, 1870; Allis, 1900; 1922) and
extrascapulars (Pehrson, 1947; 1958; Daget, 1950; Jollie, 1984a;
Claeson et al., 2007; Grande, 2010). The ossification associated with
ST4 has been named suprascapular (Agassiz, 1833-44) and posttem-
poral (Traquair, 1870; Allis, 1922; Pehrson, 1947; Daget, 1950; Jollie,
1984a; Claeson et al., 2007; Grande, 2010). The ventral face of the
posttemporal bears an anteroventrally directed process continuous
with a ligament that attaches on the intercalar process of the epioc-
cipital (Grande, 2010), and a long, posteriorly directed process that
is associated with the occipital tendon, as usually observed in the
posttemporals of other fishes (Allis, 1922; Jollie, 1984a; Gemballa
and Réder, 2004).

4 | DISCUSSION

4.1 | Developmental patterns of canal bones

In P. senegalus, a tubular ossification is associated with each CN
and is independent from the tubular ossifications associated with

other CNs, even if they are in the same line of CNs (e.g. tubular os-
sifications associated with infraorbital CNs). These tubular bones
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represent the ossification of the walls of the lateral-line canal seg-
ment that starts in the vicinity of a neuromast and forms first a half-
pipe structure and then a fully enclosed tube with ossification of
the canal roof over the CN. This developmental sequence generally
agrees with the process of enclosure of CNs and formation of lateral-
line canals described by several authors (Allis, 1889; Pehrson, 1922;
Tarby and Webb, 2003; Webb and Shirey, 2003; Bird and Webb,
2014; Pastana et al., 2019). However, during development these
tubular ossifications may also interact with other adjacent ossifica-
tions not associated with neuromasts or, in some cases, may develop
lamellar expansions or flanges, such that the development of each
bone associated with lateral-line canals in P. senegalus follows one of
four distinct ontogenetic pathways.

e The tubular ossification associated with a CN develops and re-
mains as a distinct tubular bony element even in very large adult
specimens. This is the case for the nasals 1 and 2, the lacrimal, and
the postorbital (Figure 1).

o The tubular ossification formed by a CN seems to develop lateral
lamellar flanges that expand, thereby forming a plate-like ossifica-
tion traversed by a tubular bony canal in which the CN is located.
This is the case for the nasal 3, rostral, dermopterotic, extrascap-
ulars, and the posterior region of the frontal associated with CNs
SO5 and SO6 (Figure 1).

e The tubular ossification formed in association with a CN devel-
ops from a previously formed, underlying plate-like ossification.
In this case, the tubular ossification first appears as ridges (canal
walls on either side of a CN) that form in the plate-like bone. The
ridges grow over and enclose each CN. This is the case for the
posttemporal, preopercle, angular, and the posterior portion of
the dentary associated with CN PM3 (Figure 1).

e The tubular ossification associated with the CN develops inde-
pendently from an underlying or adjacent ossification, such that
this fully formed, tubular bone later becomes fused to a plate-
like bone forming below it or adjacent to it. This is the case for
the premaxilla, maxilla, anterior portion of the dentary associated
with the CNs PM1 and PM2, and the anterior region of the frontal,
associated with CN PM4 (Figure 1).

These four different developmental trajectories indicate the ex-
istence of two distinct and independent components of ossification
that interact in different ways in the formation of cranial bones as-
sociated with lateral-line canals in P. senegalus. One of the compo-
nents is more superficial and represents the lateral-line canal formed
by the invagination of the CNs and subsequent ossification of the
canal walls by bony tissue forming in the vicinity of the neuromast.
The second component, found beneath the first, is composed of a
lamellar, membranodermal element that forms in the dermal layer
of the skin. This component usually forms from a plate- or sheath-
like ossification that may have ornamentation (e.g. frontal, angular,
dermopterotic) or teeth (e.g. premaxilla, maxilla, dentary). These
two bony components may or may not interact with each other. The
characteristics of the interaction vary in some important details,
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which will determine the characteristics of the bone that results
from this process.

The tubular (laterosensory) and membranodermal (lamellar) com-
ponents may not interact with each other. When the formation of the
bone only involves the tubular component, the resulting ossification
constitutes an essentially cylindrical element representing the ossifi-
cation of a segment of a lateral-line canal associated with one CN. On
the other hand, if only the membranodermal component is involved in
the formation of a bone, it takes the form of a plate, which may or may
not bear ornamentation or teeth. Any dermal bone in the head not
associated with lateral-line canals is an example of this type of bone.
In P. senegalus, this includes the bones of the operculo-gular (except
for the preopercle, see below) and spiracular series, quadratojugals,
the dermohyal, parasphenoid, vomer, dermopalatine, ectopterygoid,
endopterygoid, coronoids, and the prearticular. This type of bone
corresponds to those that Westoll (1936, 1941) called anamestic
bones (e.g. the rostral bones in acipenserids), interpreted by him as
‘space-fillers’ located between other, more developed dermal bones
associated or not with lateral-line canals. Stensié (1947) redefined
anamestic bones as all of those formed independently from bone pri-
mordia associated with the laterosensory system. Hilton and Bemis
(1999) considered anamestic bones to be dermal elements formed
independently of the lateral-line canal system, and they emphasize
the distinction between anamestic and canal bones, the latter being
dermal bones that form in more-or-less immediate association with
lateral-line canals (the authors also discussed issues related to estab-
lishing the homology of anamestic bones, which display remarkably
high levels of intraspecific variation in sturgeons).

When the two components interact in the formation of a given
bone, the result is the formation of a compound bone that rep-
resents the fusion between a tubular ossification (the lateral-line
component) and a membrane- or plate-like ossification (the mem-
branodermal component). In this case, the exact way in which the
two components interact during their development seems to be in-
fluenced by three main factors: the relative position between the
two components, the relative depth of each component in the der-
mis, and the relative timing of the ossification of each component.
In P. senegalus, there are examples showing how each of these three
factors influence the development of compound bones.

The influence of topographic relationships may be exemplified
by the development of the frontal bone, with which the supraorbital
CNs SO4, SO5, and SO6 are associated. In this case, the onset of
ossification of the membranodermal component of the bone occurs
in the vicinity of the CNs SO5 and SO6, but topographically distant
from the site of formation of the tubular ossification associated with
SO4. As a result, whereas the tubular ossifications associated with
SO5 and SO6 are attached to the membranodermal component of
the bone almost from their origins, the tubular ossification associ-
ated with SO4 remains separate, being incorporated into the final
bone of the adult relatively late in ontogeny. As result, the bone in
the adult is a compound bone formed by a membranodermal compo-
nent (frontal s.s.) plus three tubular components associated with the
supraorbital CNs SO4, SO5, and SO6.
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The influence of the relative depth of each component in the skin
layer may be exemplified by the development of the bones associ-
ated with the preoperculomandibular CNs PM1, PM2, and PM3 (the
dentary), and PM4 and PM5 (the angular). There is a difference in
the depth of the tubular ossifications associated with PM3, PM4,
and PM5, and those associated with PM1 and PM2 relative to their
underlying membranodermal components. The neuromasts of the
former group are located more deeply in relation to the membran-
odermal components, so that the tubular ossifications form already
embedded in them. The latter two tubular ossifications (in associ-
ation with PM1 and PM2), however, are located at a more super-
ficial position to the underlying membranodermal component (the
dentary s.s.), so that they originate separate from it and only later
become incorporated into the membranodermal component forming
a compound bone.

Finally, the influence of the timing of development of each bony
component is demonstrated by the fact that, in some cases, devel-
opment starts with the formation of a tubular ossification, which
develops lateral flanges that later expand, forming a plate-like ele-
ment traversed by the lateral-line canal (e.g. nasal 3). In other cases,
the ossification of the membranodermal component forms first and
the tubular component then ossifies with the formation of ridges
on the surface of the membranodermal component, which grow and
enclose the CN (e.g. angular).

The observations above support the view that the CNs, by pro-
ducing tubular ossifications that represent the ossification of the
walls of the canal surrounding the neuromast, constitute an inde-
pendent layer of dermatocranial ossifications that may or may not
interact with the underlying lamellar membranodermal layer. In at
least one case, the sphenotic of polypterids, the tubular component
of ossifications may interact with the endochondral layer as well (see
below). Consequently, some of the bones in the skull of polypterids
must be interpreted as consisting exclusively of tubular, laterosenso-
ry-associated ossifications, others exclusively of membranodermal
ossifications (e.g. the so-called anamestic bones), and finally, others
as compound bones formed by the fusion between a tubular and a
membranodermal component. The details of how each bone forms,
with respect to the interaction of the two bony components, will be
determined by the interplay between the factors described above,
which explains the diversity in the way in which bones associated
with lateral-line canals develop in P. senegalus.

Many authors who have studied the anatomy of polypterids
have identified and recognized the compound nature of at least
some of the bones associated with lateral-line canals, especially
the dentary, maxilla, and premaxilla, based either on the develop-
ment of these bones or by comparison with those of closely re-
lated groups (e.g. Allis, 1900; 1922; Pehrson, 1947; 1958; Jollie,
1984a). Allis (1900: p. 257), for example, described the premaxilla
of Polypterus as being ‘formed by the fusion of two components,
one developed in relation to the teeth of the animal, and the other
in relation to the main infraorbital lateral canal’. Pehrson (1958: p.
256) suggested that there is a ‘tendency to form complex bones by
means of fusion of anamestic bones and laterosensory elements’

ANAT?CI\)ACI%/%\I[J Journal of ANAtO my il LEY—Iﬁ

in polypterids. He even presents a table showing the correspon-
dence between the ossifications associated with the laterosensory
canal organs (i.e. neuromasts), the ‘separately developing canal
bones’ (i.e. the tubular ossifications associated with CNs), and the
definite bones of the adult. In his interpretation, the following
bones are considered to be compound bones that are formed by
the fusion of a tubular and a membranodermal component: pre-
maxilla (his ‘premaxillary’), maxilla (his ‘maxillary’), dentary, an-
gular, and preopercle (his ‘preopercular’). Interestingly, Pehrson
(1958) did not mention the fourth supratemporal neuromast (ST4),
which is associated with the posttemporal.

Based on the current study, however, the list of compound
bones in polypterids should include more bones than just those
cited by Pehrson (1958). In addition to the premaxilla, maxilla, den-
tary, angular, preopercle, and posttemporal, we also found evidence
that the following bones are also compound bones, which form as
a result of the fusion between laterosensory-derived tubular ossi-
fications and a membranodermal ossification: the nasal 3, frontal,
rostral, dermopterotic, and extrascapular. These bones are formed
initially as exclusively tubular ossifications that later develop lat-
eral, membrane-like expansions or flanges giving the bone its final
plate-like form. Because of this, it is not possible to identify the
interaction between the two independent components during de-
velopment, but the interaction is suggested based on other kinds of
evidence. For example, in the frontal, there is a difference between
the ossification associated with the CN SO4, which originates in-
dependently of the remainder of the bone and only later becomes
incorporated in the plate-like bone, and the ossifications associated
with the CNs SO5 and SO6, which develop in association with the
lamellar expansion that represents the membranodermal compo-
nent of the bone. This contrast strongly suggests that the ossifica-
tions associated with SO5 and SO6 become intermingled with the
membranodermal component very early in development, so that it
is not possible to identify independent elements associated with
each component during the ontogeny. This is mostly due to the fact
that the location of the membranodermal component coincides
topographically with the regions of origin of the tubular ossifica-
tions associated with SO5 and SO6, but not with the location of the
origin of the tubular ossification associated with SO4.

The extrascapulars provide another interesting example to con-
sider. There is a striking similarity between the extrascapular bones
in polypterids and the rhomboidal ganoid scales of the trunk. Agassiz
(1833-44) remarked that the only difference between the extras-
capulars of polypterids and the body scales is the presence of the
laterosensory canals. In fact, the extrascapulars develop initially as
exclusively tubular ossifications and develop flange-like expansions
only later in development at about the same time that the body scales
are forming. This suggests that the final aspect of each extrascapular,
as a plate-like bone traversed by the lateral-line canal, is due to the
fusion of the tubular, laterosensory-derived ossifications associated
with the canal neuromasts, with scale-derived ossifications forming
at the occipital region of the body. In this sense, the extrascapulars
of polypterids should be interpreted as compound bones formed by
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the fusion of laterosensory-derived components of ossifications with
scale-derived elements forming at the dermal layer of the skin.

4.2 | Homology of cranial bones in Polypteridae

Based on our analysis of the development of bones associated with
lateral-line canals in P. senegalus, the hypothesis of the presence of
a superficial layer of laterosensory-derived ossifications interacting
with the membranodermal layer of ossifications in the formation of
compound bones in the skull of polypterids is supported. Our work
sheds light on long-standing controversies regarding the homology
of the dermatocranial bones of polypterids, especially those consid-
ered to be of compound origin. These are discussed below.

4.3 | Nasals

Polypterids are unique among extant actinopterygians in having
three independent ossifications at the dorsal surface of the nasal
region associated with the anteriormost portion of the supraorbital
canal. The two anteriormost elements are essentially tubular ossi-
fications enclosing the CNs SO1 and SO2, and the third is a plate
trespassed by the portion of the supraorbital canal associated with
CN SO3. The third element is located very close to the surface of the
skin and bears ornamentation on its dorsal face, whereas the two
anterior elements are more deeply embedded in the skin and lack
ornamentation.

Allis (1900; 1904; 1922) considered the three nasal bony ele-
ments of polypterids to ‘quite certainly represent the single nasal
bone of Amia [...] and hence also that of Lepisosteus’ (Allis, 1922:
p. 203), because of the ‘striking similarity’ of the canals of these
fishes (Allis, 1900: p. 442). He highlighted the similarity between
polypterids and Amia calva in the number of CNs present in this re-
gion, in the position of the pores, and in the presence of the pos-
terolateral bend in the canal as result of the position of the CN SO1.
According to him, ‘the agreement is so exact that it clearly estab-
lishes the homology of the three bones in one fish [polypterids] with
the single bone in the other [A. calva]’ (Allis, 1900: p. 442). However,
he did not discuss whether the condition of polypterids should be
interpreted as plesiomorphic or apomorphic.

Pehrson (1922; 1947) considered the correspondence (i.e. ho-
mology) between the three nasal elements of polypterids and the
single nasal of Amia calva and other actinopterygians to be ‘firmly
established’ (Pehrson, 1947: p. 428). He describes how, in A. calva,
the single nasal bone originates from three bony primordia, one
associated with each CN of the supraorbital line (Pehrson, 1922,
1940), and considered this developmental data to corroborate
Allis’' (1900, 1904, 1922) hypothesis. Daget (1950) agreed that the
three nasals of polypterids should be considered equivalent to the
single nasal bone of A. calva and other actinopterygians on the
basis of the ontogenetic evidence presented by Pehrson (1922;
1947). In his opinion, the condition of polypterids results from the
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three bony primordia (each associated with one CN) failing to fuse
during development to originate a single element. Daget (1950)
regarded the condition of polypterids as secondary (i.e. apomor-
phic), and the presence of a single pair of nasal bones as a ‘general’
(i.e. plesiomorphic) condition for Actinopterygii. Jollie (1984a: p.
478) agreed with Allis (1900; 1922; 1934), Pehrson (1922; 1947),
and Daget (1950) that the three nasals of polypterids and the sin-
gle nasal of Amia are homologous, and described the three inde-
pendent nasals of polypterids as ‘a fragmentation product of such
a bone, as seen in Amia (Where there are three neuromasts) or in
Lepisosteus (where there are even more neuromasts)’. The author,
however, highlighted that the condition of polypterids resembles
that in some sarcopterygians (e.g. rhipidistians), which may have
three or more independent nasal elements (e.g. T Osteolepis macro-
lepidotus may have four to seven independent nasal ossifications,
according to Westoll, 1936).

Our results, however, provide a new interpretation for the ho-
mology of the nasal elements of polypterids. Our observations have
shown that the two anteriormost nasal bones of P. senegalus develop
as essentially tubular bones representing the ossification of the por-
tion of the lateral-line canal associated with the CNs SO1 and SO2.
The so-called third nasal, however, is a compound bone formed by
the fusion between the tubular ossification associated with the CN
SO3, and an ornamented, plate-like ossification developing just ante-
rior to the frontal. The plate-like component of the third nasal devel-
ops relatively later in development, whereas the tubular components
of the three nasal elements develop at about the same time, earlier
than the onset of formation of the plate-like component. Therefore,
in polypterids, the dorsal surface of the nasal region is formed by
a series of three tubular ossifications, each associated with one CN
in the nasal portion of the supraorbital canal, the posteriormost of
which is fused with a plate-like nasal s.s. forming a compound bone.

Asimilar conditionis presentin all extant species of Acipenseridae
(Hilton et al., 2011). In these species, the nasal portion of the su-
praorbital canal is represented by a thin (sometimes irregularly frag-
mented) tubular bone located between the anterior and posterior
nares, and by an ornamented plate-like bone just anterior to the
frontal and trespassed by the supraorbital canal, which is contin-
uous with the tubular bone (Allis, 1904; Jollie, 1980; Hilton et al.,
2011; Warth et al., 2017). The plate-like bone is usually identified
as the nasal (e.g. Jollie, 1980, Hilton et al., 2011; Warth et al., 2017),
whereas the tubular bone anterior to it has been identified as tubular
nasal (Jollie, 1980; Warth et al., 2017), tubular bone anterior to the
nasal (Hilton et al., 2011) or merely a ‘bar separating the anterior
olfactory opening from the posterior one’ (Sewertzoff, 1926). Hilton
et al. (2011) described how the plate-like nasal of the Shortnose
Sturgeon, Acipenser brevirostrum, would be difficult to distinguish
from the bones of the rostral series of anamestic bones if the sen-
sory canal was not present. Allis (1904) and Hilton et al. (2011) con-
sidered the tubular ossicles and the plate-like bone of sturgeons to
be distinct parts of the nasal. Jollie (1980), on the other hand, consid-
ered the tubular and plate-like elements of sturgeons to be different
units, and described the tubular nasal ossicle of Acipenser ruthenus as
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a tubular bone that remains as such in adults, whereas the plate-like
nasal bone is described as ‘an irregular bony plate with a canal-asso-
ciated growth center’ (Jollie, 1980: p. 234). Jollie (1980) noticed that
the plate-like nasal bone develops later than the formation of the
tubular nasal bones in A. ruthenus, as was found in P. senegalus. The
same pattern is reported in Acipenser baerii and Acipenser gueldens-
taedtii, in which the plate-like nasal develops at about the same time
as the dorsal rostral anamestic bones (Warth et al., 2017). These ex-
amples, together with the ontogeny of these elements in P. senegalus,
provide further evidence that the tubular and plate-like components
of ossification associated with the nasal portion of the supraorbital
canal are independent. Another line of evidence is provided by the
other extant representatives of Acipenseriformes, the paddlefishes,
Polyodon spathula and Psephurus gladius, both of which are charac-
terized by reductions on the dermatocranial skeleton. In these taxa,
the tubular bones representing the nasal portion of the supraorbital
canal are present, whereas the plate-like bone associated with them
is absent (Allis, 1903b; 1904; Grande and Bemis, 1991).

Taking these facts into consideration, a new interpretation about
the correspondence between the three nasals of polypterids and the
single nasal of neopterygians is necessary. In both groups, as well
as in acipenserids (and thus plesiomorphically in Actinopterygii), the
only plate-like ossification associated with the dorsal nasal region is
the nasal s.s. This ossification is just anterior to the frontal, may bear
ornamentation and, when present in neopterygians, usually encom-
passes the entire nasal portion of the supraorbital canal, such that
there is only one plate-like nasal ossification trespassed by the ante-
rior portion of the supraorbital canal. This plate-like ossification of
neopterygians interacts with the tubular components of ossification
associated with the supraorbital canal, forming a compound bone.
In many representatives of Neopterygii, however, this plate-like os-
sification (i.e. the nasal s.s.) is absent, so that there is only a tubular
ossification at the dorsal nasal region that represents the tubular
component of the ossifications associated with the supraorbital
canal: e.g. Hiodontidae—Li and Wilson, 1994; 1996; 1999; Hilton,
2002a; Hilton and Grande, 2008; many characiforms and siluriforms:
Ostariophysi—Arratia and Huaquin, 1995; Arratia, 2003, Pastana
et al., 2019. There are also cases in which both the tubular and plate-
like components of the nasal are absent even though the nasal por-
tion of the supraorbital canal is still present, so that the canal exists
as an unossified tubular canal composed only of soft tissue. This is
the case in many representatives of Trichomycteridae (Ostariophysi:
Siluriformes, e.g. ltuglanis), in which the nasal portion of the supraor-
bital canal is present but not enclosed in any ossification (Arratia and
Huaquin, 1995; Rizzato and Bichuette, 2017). However, in the sis-
ter group of Trichomycteridae, the Nematogenyidae (Ostariophysi:
Siluriformes), and in most siluriforms (including diplomystids, the sis-
ter group of the clade formed by all remaining siluriforms) the nasal
portion of the supraorbital canal is enclosed by a tubular ossification
(Arratia and Huaquin, 1995; Rizzato and Bichuette, 2017).

In polypterids and acipenserids, the plate-like nasal s.s. is
present but only interacts with the posterior portion of the nasal
portion of the supraorbital canal, whereas the anterior portion

ANAT?CI\)ACI%/%\I[J Journal of ANAtO my il LEY—Iﬁ

extends anteriorly and is enclosed only by tubular ossifications
associated with the lateral-line canal. In polypterids, two tubular
bones are formed in association with the SO1 and SO2 CNs of the
supraorbital canal. In acipenserids, a very thin tubular ossification
may be fragmented in several pieces and associated with the an-
teriormost CNs of the supraorbital canal. In contrast, in polyodon-
tids, the nasal s.s. is absent, and only the tubular component of
ossifications associated with the nasal portion of the supraorbital
canal is present forming a thin, osseous tube running at the dorsal
region of the nasal capsule.

In sum, the presence of a single, plate-like nasal (i.e. the mem-
branodermal nasal, or nasal s.s.) is plesiomorphic for Actinopterygii.
The absence of this membranodermal element in polyodontids and in
many teleosts is a derived condition within Actinopterygii. When the
membranodermal, plate-like nasal is absent, the tubular component
of the nasal, i.e. the ossification of the nasal portion of the supraor-
bital canal, may still be present (e.g. hiodontids, some characiforms,
and most siluriforms), and when it is, the tubular bone thus formed
is usually identified as the nasal. Both the plate-like and tubular os-
sifications are absent in some neopterygians, even though the nasal
portion of the supraorbital canal is still present as an unossified canal
(e.g. many trichomycterids such as ltuglanis). In polypterids and aci-
penserids, both the membranodermal and tubular ossifications are
present, but the nasal portion of the supraorbital canal extends an-
teriorly to the membranodermal nasal, forming tubular ossifications
associated with the anteriormost CNs of the supraorbital canal that
are located anterior to the membranodermal, plate-like nasal. In
Neopterygii, when both the membranodermal, plate-like nasal and
the tubular component of the nasal are present, the plate-like nasal
usually encompasses the entire nasal portion of the supraorbital
canal, encompassing therefore all the tubular ossifications of the
nasal portion of the supraorbital canal (e.g. Amia). In the light of these
new findings, a thorough reevaluation of the elements identified as
‘nasals’ in the different groups of bony fishes, i.e. distinguishing the
plate-like, membranodermal nasal (nasal s.s.) and the tubular, later-
al-line derived ossification of the nasal portion of the supraorbital
canal, would be most valuable and may clarify the evolution of these
elements across the bony fishes and especially within Teleostei.

4.4 | Rostral

Muiller (1846), Huxley (1861), and Traquair (1870) identified the ante-
riormost bone of the infraorbital canal in Polypterus as the ethmoid.
Traquair (1870) remarked that the same bone was called the nasal
by Owen (1866) and others, and considered it to be a median peri-
chondral ossification on the rostral region of the neurocranium. He
also mentioned the presence of a posterior process of the bone
located between the left and right nasal bones. Pollard (1892: p.
400), however, concluded that ‘there is no endochondral ossifica-
tion in front of the nasal septum’, and that the ethmoid is a dermal
ossification. Allis (1922: p. 203) agreed with Pollard (1892) that the
ethmoid is a dermal ossification, ‘lying everywhere external to the
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cartilage and separated from it by a layer of connective tissue’. Allis
(1922: p. 204) mentioned the presence of a ‘thickened anterior end
of the bone’ containing the anteriormost infraorbital CNs of each
side of the head, which represents the connection between the left
and right contralateral infraorbital canals (i.e. the ethmoid commis-
sure), and compared this bone to the middle portion of the rostral
of Amia calva. Gregory (1933) agreed with Pollard (1892) and Allis
(1922) that in polypterids this bone is of dermal origin and named it
the dermethmoid.

Holmgren and Stensié (1936), Jarvik (1942), Pehrson (1947,
1958), and Claeson et al. (2007) used the term (median) rostral,
whereas De Beer (1937) proposed the name supraethmoid ‘for the
median intramembranous bone resulting from the fusion of two
symmetrical laminar bones, which sometimes fuses also with the
ethmoid’ (Rojo, 1991). Daget (1950) used the name supraethmoid
following De Beer (1937), but remarked that there is no indication of
a paired (i.e. bilateral) origin of this bone. Interestingly, Daget (1950)
mentioned the presence in some palaeoniscoids of a median dermal
bone located between the left and right nasals but not trespassed
by lateral-line canals that should be named the postrostral. Jarvik
(1947) named the rostral bone in polypterids as rostro-postrostral,
a name followed by Poplin and Lund (1995). Poplin and Lund (1995)
define the postrostral as a median anamestic bone located between
the frontals, rostrals, and nasals, whereas the rostrals are defined as
paired bones bearing the ethmoid commissure. Following this defi-
nition, they considered this bone in polypterids to be the result of
the fusion between the postrostral and the rostral elements, which,
according to them, are distinct from each other in early developmen-
tal stages in Polypterus (Poplin and Lund, 1995). According to these
authors, in adult polypterids the rostral and postrostral are ‘fused
as a single median, rostro-postrostral which separates the pair of
nasals and bears along its anterior margin the ethmoid commissure’
(Poplin and Lund, 1995: p. 226). Jollie (1984a: p. 475), following a
similar rationale, named the bone the medial rostral-internasal, re-
marking that the internasal (i.e. postrostral) portion, ‘when exposed,
may show signs of partial separation or may be completely sepa-
rated into (two) separate plates’.

The nature of the rostral bone in polypterids can be easily under-
stood as the result of a fusion between laterosensory and membran-
odermal bony components. The laterosensory, tubular component
corresponds to the rostral bone of other non-teleost actinoptery-
gians such as holosteans, and in polypterids, it contains the left and
right anteriormost infraorbital CNs (101 + [01). The membranoder-
mal component, in turn, corresponds to the so-called postrostral in
other actinopterygian fishes, and is represented by the posterodor-
sal process of the bone that is located between the left and right
third nasals. The presence of a postrostral element in polypterids
must be considered a plesiomorphic character, which occurs only in
other non-neopterygian actinopterygians (Poplin and Lund, 1995).
The rostral, in turn, is also present in non-teleost neopterygians (e.g.
the holosteans, Grande and Bemis, 1998; Grande, 2010), but it was
apparently lost in most teleosts (exceptions include basal teleosts
such as Elops).
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4.5 | Sphenotic

Traquair (1870: p. 169) was the first author to notice that the sphe-
notic of polypterids was a bone formed by two components, includ-
ing ‘a posterior, yellowish and spongy-looking [bone], placed like a
little vertical plate projecting down from the posterior external angle
of frontal bone; and an anterior part, white and compact, flattened
horizontally, and closely applied to the lower surface of the frontal,
along its external margin behind the orbit’. Traquair (1870) and Pollard
(1892) distinguished two bones in this region, namely, a canal-bearing,
dermal ossification (their ‘postfrontal’), and an endochondral ossifica-
tion, the autosphenotic (their ‘sphenotic’). Allis (1922: p. 221), how-
ever, recognized a single bone formed by the fusion of the elements
identified by the former authors, naming it ‘postfronto-sphenotic’; ac-
cording to him, the two components are ‘apparently completely fused
with each other from their very inception, and not simply anchylosed
in later stages of development’. Pehrson (1947: p. 404) also high-
lighted the fact that the autosphenotic and the canal ossification fuse
together very early in development, but remarked that the former
originates after the latter and then fuses to it. He described the canal
ossification as developing ‘as a normal tube-like canal bone lodging
the infraorbital neuromast No. 9’, and then fusing ‘with a perichondral
ossification on the lateral edge of the taenia marginalis’, the autosphe-
notic (his ‘sphenotic’) (Pehrson, 1947: p. 438). A compound sphenotic
in polypterids was also recognized by later authors (e.g. Daget, 1950;
Jollie, 1984a; Claeson et al., 2007; Grande, 2010).

The compound nature of the sphenotic in polypterids can also
be easily understood by recognizing the laterosensory, tubular com-
ponent of ossifications as an independent layer that may or may not
interact with the other layers of ossification. The peculiarity in this
case is that the tubular component does not interact with a mem-
branodermal bone, as is generally the case, but rather with an en-
dochondral bone. Although apparently rare, the fact that this fusion
resulting in a compound bone occurs in the sphenotic of polypterids,
demonstrates that this kind of interaction (i.e. with an endochondral
instead of a membranodermal component of ossifications) is possi-
ble (see also Patterson, 1977 for discussion of homologizing bones
of mixed histogenesis).

4.6 | Antorbital

An independent antorbital bone is absent in polypterids, both in
adults and young specimens. However, many authors (e.g. Allis,
1922; Holmgren and Stensié, 1936; Pehrson, 1947; 1958; Daget,
1950) maintained that an antorbital is present as part of the
adult premaxilla, forming a compound premaxilla-antorbital bone.
Exactly which part of the premaxilla would represent the antorbital
element is unclear. Allis (1922) considered the antorbital portion of
the premaxilla to be the posterolateral process of the antorbital,
located ‘lateral and posterior to the fenestra nasalis [...] lying against
the lateral surface of the nasal capsule and giving support, on its
dorsal end, to the lateral edge of the nasal and the antero-lateral
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corner of the frontal’. Thus, the antorbital portion of the premaxilla
in polypterids does not involve any of the laterosensory-derived tu-
bular ossifications associated with the premaxilla according to Allis
(1922). Pehrson (1947), however, considered the antorbital to be
represented by the two posteriormost of the three tubular ossifica-
tions that become fused to the premaxilla s.s. during development.
Regarding the posterodorsal process of the premaxilla, Pehrson
(1947) concluded that there is no embryological evidence for inter-
preting it as homologous to the antorbital or to the dorsal part of
the antorbital of Amia.

In Acipenseridae, the antorbital is composed only of a bilat-
eral, triradiate canal bone termed a lateral rostral bone by Hilton
(2002b); see discussion of its homology by Warth et al. (2017).
In adult Amia, the antorbital is an independent bone formed by a
canal portion including four CNs (I03-106), plus a plate-like bone
located more posteriorly, just lateroventral to the lacrimal. That el-
ement in Amia develops initially as a Y-shaped tubular bone, similar
to that found in acipenserids, but later develops a posterior plate-
like flange (Grande and Bemis, 1998: figures 11 and 17), suggesting
that it is formed by the fusion of a tubular and a membranoder-
mal component. Thus, we suggest that the bone identified as the
‘antorbital’ in Amia is actually formed by the fusion of four tubu-
lar ossifications associated with infraorbital CNs plus a plate-like
component representing the antorbital s.s. In support of this view,
there are examples of fishes that have antorbital bones consisting
solely of plate-like ossifications, without associated lateral-line ca-
nals, e.g. many representatives of Characiformes and a few siluri-
forms (Bockmann, 1998; Pastana et al., 2019). In these fishes, the
bone in question represents the antorbital s.s., without associated
tubular laterosensory-derived ossifications. Other ostariophysans
(e.g. most siluriforms, Gymnotiformes) and a single, basal group of
Characiformes (Erythrinidae), however, have antorbitals with asso-
ciated lateral-line canals (Pastana et al., 2019). This provides sup-
port for the view that the element associated with laterosensory
canals identified as the ‘antorbital’ in many groups, including Amia,
is actually a compound bone formed by the fusion between a tubu-
lar laterosensory component plus a membranodermal component,
that is, the antorbital s.s.

Thus, these examples would agree more with Allis’ (1922) inter-
pretation of the posterolateral process of the premaxilla as repre-
senting the antorbital (sensu stricto) element of the bone than with
Pehrson’s (1947) interpretation that the antorbital is represented by
the two posteriormost tubular ossifications associated with the pre-
maxilla. These two posteriormost tubular ossifications correspond to
the four tubular ossifications that in Amia fuse to the antorbital s.s.
In P. senegalus, however, it was not possible to identify any fusion
between an independent antorbital element and the premaxilla. Our
observations show that the posterolateral process of the premaxilla
develops as a posterodorsal projection of the bone over the lateral
wall of the nasal capsule (Figures 10-13) and not as an independent
ossification that becomes fused to the posterolateral margin of the
premaxilla. Therefore, we agree with Pehrson (1947) that there is no
ontogenetic evidence for considering the posterolateral process of
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the premaxilla in polypterids as the homologue of the antorbital s.s.
of other fishes.

If the antorbital is indeed absent in polypterids, it is replaced in
these fishes by the posterodorsal expansion of the premaxilla that cov-
ers the lateral wall of the nasal capsule. It is interesting to note that in
Hiodon (Teleostei: Hiodontiformes), the lateral ethmoid has a membra-
nous lateral extension that, similar to the posterodorsal process of the
premaxilla in polypterids, covers the lateral wall of the nasal capsule
(Hilton, 2002a). This lateral extension was also considered by some
authors (e.g. Patterson, 1977; Taverne, 1977; Li and Wilson, 1994) to
represent an antorbital element, so that the entire lateral ethmoid of
Hiodon was interpreted as a fusion between an endochondral (the lat-
eral ethmoid) and a dermal (the antorbital) component. Hilton (2002a),
however, interpreted this bone as simply the lateral ethmoid because
he did not observe any evidence of fusion between independent ele-
ments during the ontogeny of Hiodon. This is the same rationale fol-
lowed here regarding the premaxilla of P. senegalus.

4.7 | Preopercle

The nature of the polypterid preopercle (Figure 1) has been his-
torically controversial. Agassiz (1833-44: p. 40) commented that
the topological relationships of this bone are ‘strange’, especially
due to its close association with the maxilla anteriorly by means
of interdigitating processes (Figures 1, 6, 7, 12, 13, 14, and 15). He
regarded this bone as a fusion between the ‘true’ preopercle, which
he identified as the part of the bone not covered by ganoine, and an
undetermined number of ossicles that he considered homologous
to the bony cheek elements of lepisosteids (suborbitals of Grande,
2010), forming the ganoine-covered portion of the bone. Huxley
(1861) raised doubts about the presence of a ‘true’ preopercle in all
crossopterygians, a group proposed by him that included Polypterus
and many fossil sarcopterygians. Traquair (1870: p. 179) consid-
ered the presence of anything corresponding to the preopercle in
polypterids to be ‘somewhat doubtful’, and referred to this bone as
an unidentified dermal bone of the cheek. Collinge (1893) consid-
ered this bone to be a fusion of the preopercle with elements ho-
mologous to the infraorbital bones of Lepisosteus, whereas Pollard
(1892) considered it a fusion between the preopercle and elements
homologous to the postorbitals of Amia calva. Allis (1922: p. 238)
agreed that the preopercle of polypterids seems to have been
formed by the fusion of two distinct components, ‘a large plate-
like superficial one, and a deeper one which lies along the mesial
surface of the hind edge of the superficial component and projects
ventrally beyond it as a stout flat process’. He considered the su-
perficial component to be homologous not to the postorbitals of
A. calva but to the so-called squamosal of sarcopterygians such as
TGlyptopomus and tOsteolepis (Sarcopterygii: Osteolepiformes).
The deeper component is, according to him, homologous to the
preopercle of A. calva and teleosts.

Pehrson (1922; 1947; 1958) was the first to use developmental
data to address the question of the homology of the preopercle of
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polypterids. At first, he was convinced that this bone was a fusion
between a squamoso-preopercular dorsally and a quadrato-ju-
gal-preopercular ventrally (Pehrson, 1922). In another work, he
agreed that this bone might consist of a dorsal and a ventral portion,
but highlighted that, in his view, ‘there is nothing that indicates that
these two parts have formed independently of each other’ (Pehrson,
1947: p. 445). In his interpretation, the anterior portion of the bone,
which reaches the maxilla anteriorly, ‘is anything but a process of the
preopercular’ that broadens during development and becomes the
robust cheek plate of adult polypterids. He considered this anterior
process of the preopercle of polypterids to correspond partially to
the rostral portion of the long preopercle of some tpalaeoniscids.
In this work, Pehrson (1947) described the development of the pre-
opercle in polypterids as beginning with the ossification of the canal
portion associated with CN PM8, which, according to him, develops
a long anterior process that reaches and associates with the poste-
rior end of the maxilla. This description, however, was an interpreta-
tion based on the smallest specimen available for him at that point,
a 24-mm specimen in which the preopercle was already fused to the
tubular bones representing the preoperculomandibular canal.

In a later work, however, having analyzed specimens repre-
senting earlier developmental stages of Polypterus, Pehrson (1958)
proposed a new interpretation of the identity of the preopercle of
polypterids. That author identified the presence of a thin bony ele-
ment posterior to the maxilla s.s. in a 8-mm specimen. He attributed
a decisive importance to the fact that ‘it is apparently not connected
with any sensory line’ (Pehrson, 1958: p. 248), which ruled out the
possibility of this bone being an ossification associated with the
lateral-line system. The alternative, therefore, was that this bone is
of anamestic origin (i.e. a membranodermal ossification). Pehrson
(1958: p. 249) then accepted the suggestion of Stensié (1947) that
this element represents ‘an ontogenetically independent portion of
the maxillary proper’, and defended the idea that the bony element
posterior to the maxilla plus the plate-like, anamestic ossifications
posteroventral to it (bone Y’ of Traquair, 1870) represent the broad
posterior portion of the maxilla of tpalaeoniscids. In polypterids,
these three elements of the maxilla would develop independently.
He named one of them the supramaxillary, which fuses to the tu-
bular ossifications associated with the CNs PMé, PM7, and PM8 to
form a compound preopercle. He then compared the compound na-
ture of the preopercle, formed by the fusion between laterosensory
elements and an anamestic bone, to the premaxilla, maxilla, dentary,
and angular, in which a similar situation occurs.

Jollie (1984a) rejected the hypothesis of Pehrson (1958) that
the element posterior to the maxilla, which fuses to the tubular os-
sifications representing the preoperculomandibular canal to form
the preopercle, is the supramaxilla. He argued that ‘functional in-
corporation of such a bone into the preopercle seems most un-
likely’ (Jollie, 1984a: p. 481), and that the supramaxilla is a bone
present in more derived actinopterygians. Jollie (1984a) disagreed
with Pehrson (1958) who said that this bone develops from four
different centers of ossification, the supramaxilla and three tubu-
lar ossifications, one associated with each of the three CNs PMé,
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PM7 and PM8. He argued that the preopercle of polypterids arises
‘as a coordinated unit, even though one centre, associated with the
ventral neuromast, appears separately’, and that it is therefore a
single element, ‘unique in form and origin within actinopterygians’
(Jollie, 1984a: pp. 481-482).

Bartsch (1997) described the early ontogeny of the head skeleton
in P. senegalus with special consideration of the functional implica-
tions of development, especially for feeding, breathing, and locomo-
tion. He described the formation of the interdigitation between the
posterior process of the maxilla and the so-called ‘squamosal part of
the preopercular’ (Bartsch, 1997: p. 370), noting that the arch sup-
ports the lateral portion of the jaw adductor musculature. He also
remarked that the element in P. senegalus originates separately from
the canal-bearing portion of the preopercle, which appears much
later in development and fuses to the element in the same way as the
‘infraorbitals’ fuse to the ‘dentigerous maxillary bone’ (i.e. the maxilla
s.s.). Bartsch (1997) considers the element to represent the ‘squamo-
sal cheek plate’, or squamosal, of sarcopterygians, concluding that
this bone is not exclusive of the latter, its presence in early ontogeny
representing the ‘basic pattern’ of actinopterygians (Bartsch, 1997:
p. 377). Finally, he remarked that the preopercle of actinopterygians
is a compound bone.

Our analysis of the development of P. senegalus (Figures 6, 7,
12, 13, 14, and 15) clearly shows that the bone identified as the
preopercle in polypterids has a compound origin derived from at
least two independent elements. One of the elements is indisput-
ably homologous to the preopercle of other fishes. It is formed
by the fusion of three tubular ossifications associated with the
CNs PM6-PM8 and corresponds to the posterior portion of the
bone, located at the posterior region of the cheek. In other fishes,
such as holosteans, the preopercle forms in association with a
higher number of CNs in the preopercular portion of the preoper-
culomandibular canal (e.g. 9-11 in Lepisosteus osseus, Song and
Northcutt, 1991; 6 in Amia calva, Allis, 1889), but it also devel-
ops as an essentially tubular ossification at the posterior region
of the cheek. The medial face of the preopercular portion of the
compound preopercle of polypterids serves as one of the origins
of the m. adductor mandibulae, as well as in all actinopterygians
(except for the acipenseriforms, in which the preopercle is greatly
reduced; Hilton et al., 2011; Datovo and Rizzato, 2018), providing
additional support for the hypothesis that the posterior portion
of the bone includes a preopercular element, homologous to the
preopercle of other actinopterygians.

The other component of the preopercle is of anamestic origin
and corresponds to the anterior portion of the bone. In P. senegalus,
it is one of the first membranodermal ossifications to form, together
with the maxilla s.s., dentary s.s., angular s.s., and prearticular. From
its inception, this element is located posterior to the maxilla s.s.,
evidently as a separate element; this precludes the interpretation
of this bone as a posterior portion of the maxilla. However, early
in the ontogeny, the posterior portion of the maxilla becomes inti-
mately associated with the anterior portion of this bone by means
of well-developed interdigitating processes that persist through
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development. The posterior portion of this bony element fuses to
the tubular component of ossifications representing the preopercu-
lomandibular canal (i.e. to the true preopercle) and expands, forming
the compound preopercle seen in adults.

Considering the characteristics listed above, especially the early
association with the maxilla by means of well-developed interdig-
itations, this bony element resembles the jugal bone of other ver-
tebrates. The jugal is also called zygomatic, but the latter name is
restricted to mammals to avoid the inference that a zygomatic arch
is present in nom-mammalian vertebrates (Jollie, 1962; in humans,
it may also be called malar). The jugal bone can be easily recognized
in tetrapods (including fossils) by its topological relationships with
other bones, especially because it is usually involved in the margin of
the orbit, and for this reason is considered part of the circumorbital
series of bones (Schoch, 2006; Gai et al., 2017). Because of this, the
jugal has been tentatively homologized with one of the infraorbital
bones of actinopterygians (e.g. infraorbital 3 or the lower postorbital
of Amia, Schultze, 2008; Gai et al., 2017; suborbital 2 of Notropis
and other teleosts, Gregory, 1933; Harrington, 1955). Hilton et al.
(2011) used the term jugal for a bone of the infraorbital sensory
canal positioned posteroventral to the orbit. However, the circu-
morbitals are bones with associated lateral-line canals, whereas the
jugal, when present, is an anamestic ossification. Of greater impor-
tance is the close relationship of the jugal with the maxilla, resulting
in these bones being firmly attached to each other by means of in-
terdigitating processes or sutures. As in larval stages of P. senegalus,
this association usually appears very early in the development of
many different groups of vertebrates, such as diapsids and mammals
(Jollie, 1962; Schoch, 2006; Ollonen et al., 2018), including humans
(Mall, 1906). In lissamphibians, the development of the circumorbital
bones was found to be postdisplaced, resulting in the absence of
the jugal as well as of other elements such as the postfrontal and
postorbital (Schoch, 2006). It is important to notice that the squa-
mosal of sarcopterygians, when present, does not develop such an
intimate association to the maxilla, precluding the interpretation of
this element in polypterids as the squamosal. Additional evidence in
support of this view is that the jugal is involved, together with the
maxilla anteriorly and the quadratojugal posteriorly, in the formation
of the lateral margin of the adductor fossa (including, as mentioned
above, in the formation of the zygomatic arch of mammals). This is
precisely the case of the compound preopercle of adult polypterids,
to which the jugal element is fused (Datovo and Rizzato, 2018: fig-
ure 11). The characteristics listed above, therefore, suggest that the
membranodermal element that interdigitates with the maxilla early
in development and expands posteriorly, fusing to the preopercular
element and forming the compound preopercle of adult polypterids,
is the jugal.

Based on our analysis of the development of P. senegalus, we
propose that the preopercle of polypterids is a compound bone
formed by at least two independent elements, the jugal anteriorly
(a membranodermal ossification) and the preopercle posteriorly (a
laterosensory-derived tubular ossification). The presence of a jugal
element in polypterids is unusual among actinopterygians and is
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more parsimoniously interpreted as a plesiomorphic condition of
the family, since the jugal bone is elsewhere found, among extant
bony fishes, only in sarcopterygians. The re-evaluation of the ho-
mology of the jugal of Acipenseriformes (e.g. Hilton et al., 2011) is
warranted, but a reevaluation and reinterpretation of the phylo-
genetic distribution of the jugal in osteoghathostomes, including
fossils, will be necessary to clarify the evolution of this element
across the bony fishes.

5 | CONCLUSION

The present study provides a new perspective on our understand-
ing of the relationships between lateral-line canals and skull bones
in fishes. Our results demonstrate that the lateral-line canal system
in P. senegalus contributes with an independent layer of ossifications
that may or may not interact with the underlying layer of membran-
odermal ossifications in the formation of the dermatocranial skull
bones. Previous discussions focused on the question of whether the
canal neuromasts of the lateral-line system play a causal role in the
formation of the lateral-line canals or the dermal bones with which
they are associated (e.g. Pehrson, 1922; De Beer, 1937; Westoll,
1941; Moy-Thomas, 1941; Lekander, 1949; Graham-Smith, 1978;
Tarby and Webb, 2003; Pastana, 2014). However, the development
of bones associated with lateral-line canals in P. senegalus illustrates
four ontogenetic pathways by which this interaction may occur,
which differ with respect to the nature of the spatial and tempo-
ral interaction between the two components that form compound
bones.

There has been a discussion in the literature about the existence
of two distinct patterns of development of bones associated with
lateral-line canals: a one-component pattern and a two-component
pattern (Lekander, 1949; Tarby and Webb, 2003; Pastana, 2014).
In the two-component pattern, the lateral-line canal system com-
prises an independent layer of ossifications that interacts with an
underlying layer of membranodermal ossifications. This is precisely
the pattern observed in P. senegalus, and documented in other acti-
nopterygians such as holosteans (Amia calva, Allis, 1889; Pehrson,
1922; 1940; Lepisosteus, De Beer, 1937; Aumonier, 1941) and basal
teleosts including elopomorphs (Allis, 1903a; De Beer, 1937), esoc-
ids (Pehrson, 1944), ostariophysans (Kindred, 1919; Lekander, 1949;
Reno, 1966; Kapoor, 1970), and salmonids (Pehrson, 1922; De Beer,
1937; Jollie, 1984b). In the one-component pattern, the canal os-
sification is represented by ridges developing from the underlying
membranodermal component so that the lateral-line component is
not observed to be an independent bony component. A one-com-
ponent pattern has been reported only for perciform fishes (Mabee,
1993; Tarby and Webb, 2003; Webb and Shirey, 2003). Tarby and
Webb (2003) described a one-component pattern of develop-
ment of bones associated with lateral-line canals in the perciform
Archocentrus nigrofasciatus (Cichlidae). They argued that the for-
mation of bones associated with lateral-line canals in this species
‘does not appear to follow a two-component pattern of development

-159 -



il_WI LEY Journal of Anato 10)% ANAT?%%%

because two distinct bony elements (a tubular laterosensory el-
ement and a flat underlying lamellar element) could not be distin-
guished at early stages of lateral-line bone development’ (Tarby and
Webb, 2003: p. 54).

Interestingly, our results related to the development of the
dermatocranial bones in P. senegalus demonstrate the co-exis-
tence of one-component and two-component patterns of bone
formation. A one-component pattern occurs when the interac-
tion between the lateral-line and membranodermal components
of ossification is such that the onset of formation of the tubular
ossification begins after the onset of formation of the membrano-
dermal ossification associated. Therefore, the so-called one-com-
ponent pattern of formation of lateral-line bones represents only
a specific case of interaction between the laterosensory-derived
and the membranodermal components of ossification. However,
as Tarby and Webb (2003) correctly highlighted, a phylogenetic
signal may explain the presence of a clear two-component or a
one-component pattern of lateral-line bone formation in different
taxa. This may be due, as suggested by Kapoor (1970: p. 93), to
the fact that in more advanced teleosts the dermatocranial bones
(including membranodermal and laterosensory-derived tubular
bones) have a ‘tendency to “retreat” deeper into the softer tissues
and away from the epithelium’, favoring a one-component-like
pattern of ontogenetic development of bones associated with lat-
eral-line canals. Clearly, a broad-scale comparison of the patterns
of formation of bones associated with lateral-line canals among
representatives of different lineages of actinopterygians is needed
to evaluate this hypothesis. Such a study would also help to clarify
controversies about the homology of bones across numerous taxa,
which may have important implications for our understanding of
phylogenetic relationships among groups of bony fishes.
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Bichir external gills arise via heterochronic
shift that accelerates hyoid arch
development
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Abstract In most vertebrates, pharyngeal arches form in a stereotypic anterior-to-posterior
progression. To gain insight into the mechanisms underlying evolutionary changes in pharyngeal
arch development, here we investigate embryos and larvae of bichirs. Bichirs represent the earliest
diverged living group of ray-finned fishes, and possess intriguing traits otherwise typical for lobe-
finned fishes such as ventral paired lungs and larval external gills. In bichir embryos, we find that
the anteroposterior way of formation of cranial segments is modified by the unique acceleration of
the entire hyoid arch segment, with earlier and orchestrated development of the endodermal,
mesodermal, and neural crest tissues. This major heterochronic shift in the anteroposterior
developmental sequence enables early appearance of the external gills that represent key
breathing organs of bichir free-living embryos and early larvae. Bichirs thus stay as unique models
for understanding developmental mechanisms facilitating increased breathing capacity.

DOI: https://doi.org/10.7554/eLife.43531.001

Introduction

The vertebrate pharynx is composed of a series of repeated embryonic structures called pharyngeal
arches (Graham, 2008; Grevellec and Tucker, 2010). In the majority of jawed vertebrates, the first,
or mandibular arch contributes to the jaws; the second, or hyoid arch serves as the jaw support, and
the more posterior branchial arches typically bear internal pharyngeal gills. Pharyngeal arches form
in a highly stereotyped sequence from anterior to posterior, where the contacts between endoder-
mal pouches and surface ectoderm physically separate the mesoderm- and neural crest-derived arch
tissues (Graham and Smith, 2001; Shone and Graham, 2014; Choe and Crump, 2015). The pro-
gressive development of the pharynx has deep deuterostome origins, as it is characteristic of both
cephalochordates and hemichordates (Willey, 1891; Gillis et al., 2012; Koop et al., 2014). In verte-
brates, sequential formation of pharyngeal segments represents a fundamental aspect of the meta-
meric organization of the head and face (Piotrowski and Niisslein-Volhard, 2000; Couly et al.,
2002; Choe and Crump, 2015). Any modifications of this well-established anteroposterior differenti-
ation scheme would represent a radical alteration in development of the stereotypic chordate bau-
plan (Square et al., 2017).

Polypterid bichirs represent the earliest diverged living group of ray-finned (Actinopterygian)
fishes (Hughes et al., 2018) and they are often referred to as the most relevant species for studying
character states at the dichotomy of ray- and lobe-finned fishes (e.g., Standen et al., 2014). This pla-
ces bichirs in a unique phylogenetic position among vertebrates, which can be exploited for

Stundl et al. eLife 2019;8:e43531. DOI: https://doi.org/10.7554/eLife.43531
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evolutionary and developmental comparative studies (e.g., Takeuchi et al., 2009; Standen et al.,
2014; Minarik et al., 2017). Adult bichirs possess several intriguing characteristics that have been
associated with air-breathing during the transition from water to land, such as ventral paired lungs
or spiracular openings on the head (Clack, 2007; Coates and Clack, 1991, Graham et al., 2014;
Tatsumi et al., 2016). Moreover, bichirs also share several key larval features with lungfishes or
amphibians, such as cranial adhesive organs, and larval external gills (Kerr, 1907; Diedhiou and
Bartsch, 2009).

The external gills of bichirs represent prominent adaptive structures, and constitute major breath-
ing organs of their free-living embryos and early larvae (Figure 1A) (Kerr, 1907; Diedhiou and
Bartsch, 2009). Strikingly, while external gills of amphibians and lungdfishes derive from branchial
arches as a rule (Duellman and Trueb, 1994; Witzmann, 2004; Nokhbatolfoghahai and Downie,
2008; Schoch and Witzmann, 2011), those of bichirs have historically been considered as unique
hyoid arch derivatives due to their blood supply from the hyoid aortic arch (Kerr, 1907, Good-
rich, 1909). Importantly, the external gills of bichir embryos represent the first cranial structures to
appear, emerging before the eyes or mouth are evident (Figure 1B) (Minarik et al., 2017).

Here, we take advantage of an exceptionally complete embryonic series of the Senegal bichir
(Polypterus senegalus) to explore the developmental underpinnings of the early formation of their
external gills and test their segmental origin. Our results reveal that bichir external gills are defini-
tively derived from the hyoid arch and develop by orchestrated acceleration of tissues of all germ
layers of the hyoid segment. Thus, in bichir embryos, the standard anteroposterior differentiation
scheme of cranial segments is modified by the unique heterochronic development of the hyoid
metamere, allowing early and enhanced development of their external gills.

Results and discussion

External gills of the Senegal bichir are developmentally associated with

the hyoid segment

In order to examine the origin of bichir external gills, we first followed the morphological develop-
ment of this structure from the earliest stages of embryogenesis onwards. The first sign of external
gill development is a pair of outgrowths situated lateral to the closing neural folds (Figure 1C). The
hyoid origin of these outgrowths is suggested by the expression pattern of the HoxaZ2 (Figure 1D), a
selector gene characteristic of hyoid identity in other vertebrates (Rijli et al., 1993, Hunter and
Prince, 2002; Baltzinger et al., 2005). Later, at early pharyngula stages, the hyoid outgrowths pro-
duce protuberant bulges situated in the pre-otic region on each side of the embryo (Figure 1E-H),
that rapidly increase in size (Figure 1I), and finally, differentiate into many secondary branches
(Figure 1J-L). This suggests that the prominent external gills of bichir larva (Figure 1A) initially arise
from striking accelerated development of the epidermal outgrowths (Figure 1B) that are of hyoid
segmental origin (Figure 1F).

Accelerated and predominant hyoid neural crest stream supplies bichir
external gills

To gain insights into the accelerated development of the hyoid segment, we focused on the cranial
neural crest that arises from the closing neural folds. Cranial neural crest cells emerge in a character-
istic pattern and split into mandibular, hyoid, and branchial streams, which in most vertebrates arise
in a sequential anteroposterior order of appearance. As a marker for migrating neural crest cells, we
used expression of Sox9, a transcription factor critical for their emergence, migration, and differenti-
ation (Cheung and Briscoe, 2003; Mori-Akiyama et al., 2003; Theveneau and Mayor, 2012). In
bichir embryos, Sox9 expression pattern reveals that the hyoid neural crest segment is developmen-
tally advanced, as it forms concurrently with the mandibular neural crest segment (Figure 2A). Sec-
tions through the neural folds, however, demonstrate that mandibular neural crest cells still reside
within the neuroepithelium (Figure 2B), while the hyoid neural crest cells have already emigrated
from the neural folds (Figure 2C). This premature emigration of the hyoid neural crest stream corre-
lates with the previously observed external outgrowths of the hyoid area (Figure 1C). Later in migra-
tion, the hyoid neural crest stream remains predominant (Figure 2D), as it is much larger when
compared to the mandibular neural crest stream (Figure 2E,F). The hyoid neural crest stream still
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Figure 1. External gills of the Senegal bichir derive from the accelerated epidermal outgrowth of the hyoid segmental origin. (A) Budgett's illustration
(Kerr, 1907) of a 3 cm long bichir larva with prominent external gills (exg). (B) Lateral view of an early pharyngula stage, SEM image showing external
gills and cement glands (asterisk) as the first forming cranial structures. (C) SEM image of an early neurula stage with emerging bulge within the hyoid
domain (hd). (D) HoxaZ2 expression in the neural tube at the level of the presumptive hyoid arch. (E, G) SEM images of a tailbud embryo with external
gills anlage. (F, H) Hoxa2 expression pattern in a tailbud stage, with highlighted position of external gills. (I-L) SEM images showing developmental
morphogenesis of external gills. (C-F, 1-K) Dorsal view. (G-H, L) Lateral view. e, eye primordium; ot, otic vesicle; r3, rhombomere 3; r5, rhombomere 5.
DOI: https://doi.org/10.7554/eLife 43531.002

progresses at later stages (Figure 2G), and as such, the majority of the mesenchyme in the early
bichir head appears to arise from this source (Figure 2H). The Sox9 immunoreactivity further shows
that cells of the leading edge of the hyoid stream delaminate from the neural folds prior to the emi-
gration of the mandibular stream (Figure 2I), and illustrates the voluminous (Figure 2J) and
extended (Figure 2K) mesenchymal production of the hyoid neural crest segment.

We directly tested whether the hyoid neural crest cell stream contributes to the external gills by
performing focal CM-Dil injections into rhombomere 4 (Figure 2L inset), the source of the prospec-
tive hyoid neural crest stream in other vertebrates (Lumsden et al., 1991; Kéntges and Lumsden,
1996; Minoux and Rijli, 2010; Theveneau and Mayor, 2012). One day after neurulation, the CM-
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Figure 2. Accelerated formation and heterochronic development of the hyoid neural crest cells supply mesenchyme for the bichir external gills. (A, D,
G) Sox9 expression pattern in NC cells, from neurulation until early tailbud stages, dorsal views. Notice that the population of hyoid NC cells (marks as
H) forms very early, and it later represents the most prominent cranial NC stream. (B—-C, E-F) Sox? expression pattern in the mandibular and the hyoid
domain, respectively, transversal sections. White arrowheads mark the ventral position of the NC cells. Dotted lines represent boundaries of neural-
(red) and non-neural (yellow) ectoderm. DAPI (blue) shows cell nuclei. (H) Pseudocolored SEM image, lateral view on an embryo with the partially
removed surface ectoderm (blue). NC cells are green, notice the amount of hyoid NC cells. Mesodermal mesenchyme is reddish, endodermal pouches
are yellow, and the neural tube is violet. (I-K) Sox? antibody visualizes individual neural crest cells. Lateral views, with small insets representing dorsal

Figure 2 continued on next page
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Figure 2 continued

views. Black arrowheads in | show the advanced position of the hyoid NC cells. (L-O) Hyoid NC cell fate mapping (Dil red). Superimposed fluorescent
and dark-field images at successive stages of development. (L) Lateral view, stage 25 embryo showing the hyoid NC stream. Small inset (dorsal view)
represents an embryo at stage 20 immediately after the focal Dil injection into the rhombomere 4 (r4). (M-N) Dil signal at developing external gills,
dorsal views. (O) Transversal section through the external gill (exg) at the level indicated in O. White arrow shows Dil signal in the primary branch of the
external gill. Asterisk, cement gland; e, eye primordium; H, hyoid NC stream; Ma, mandibular NC stream; np, neural plate; ot, otic vesicle; r3,
rhombomere 3; r4, rhombomere 4.

DOI: https://doi.org/10.7554/¢Life.43531.003

Dil-positive hyoid neural crest cells are observed all along the proximodistal axis of the external gill
primordium (Figure 2L). Two days later, they occupy the primary branches of the external gills (16/
21, Figure 2M). After hatching, the CM-Dil-positive cells populate the fully developed and functional
external gills (Figure 2N,O). Thus, our fate mapping experiment confirms that bichir external gills
are, indeed, populated by the cells of the hyoid neural crest stream and, implicitly, that they repre-
sent hyoid arch derivatives.

The first cranial muscles of bichir embryos support their external gills
and are of hyoid segmental origin

In vertebrates, cranial neural crest cells are the primary source of craniofacial mesenchyme, but also
have a major influence on the differentiation and morphogenesis of the cranial myogenic mesoderm
(Ericsson et al., 2004; Tokita and Schneider, 2009). We, therefore, hypothesized that the pattern
of cranial muscle differentiation in bichir embryos may be affected by acceleration of the hyoid neu-
ral crest segment (Figure 2). Whole-mount antibody staining against skeletal muscle marker 12/101
revealed that the first muscles differentiate stereotypically from the post-otic somites in the trunk
region, as in other vertebrates (Figure 3A). However, within the cranial region of bichir embryos, the
earliest developing muscles form within the hyoid arch and are associated with the external gills
(Figure 3B,C). This first muscle complex (levator and depressor branchiarum, Noda et al., 2017) is
situated lateral to the otic vesicle and connects filaments of the external gills to the gill stem
(Figure 3B-D). The premature differentiation of the external gill-associated muscles is further sup-
ported by their innervation from the hyo-opercular ramus of the facial nerve, allowing voluntary
movement of external gills from the earliest larval stages (Figure 3E,F). Other cranial muscles fully
differentiate only at later larval stages when the external gill muscle complex becomes supple-
mented by other muscles of hyoid and mandibular origins (Figure 3G). Thus, bichir embryos display
unique heterochrony in the differentiation of the hyoid over the mandibular arch mesoderm, provid-
ing muscular supports for their external gills.

Early expansion of the hyoid endoderm triggers the formation of bichir
external gills
Interestingly, the accelerated development of the external gill rudiments is also reinforced by the
morphogenesis of the hyoid pharyngeal segment (Figure 4A-J). Reconstruction of the endodermal
epithelium of the bichir pharynx using micro-CT imaging (Minarik et al., 2017) reveals that the pha-
ryngeal endoderm forms two pairs of early outpocketings (Figure 4B). Whereas the rostral pair rep-
resents the embryonic precursor of the cement glands (Figure 4A-D,F-I) (Minarik et al., 2017), the
posterior paired outpocketings constitute primordia of the external gills (Figure 4A-D). These pos-
terior outpocketings belong to the hyoid segment, as the first pharyngeal pouch (mandibulo-hyoid,
or spiracular) is situated rostrally (Figure 4C,D, white arrowhead) and the second pharyngeal pouch
(hyoid-branchial) more caudally (Figure 4H, black arrowhead). Transverse sections confirm that these
hyoid endodermal outpocketings constitute a substantial proportion of the external gill primordium
(Figure 4E). At later stages, these outpocketings further transform into pocket-like structures
(Figure 4G, H,J) that become supplemented with mesenchymal cells of the hyoid neural crest stream
(Figure 2L-N). Thus, while ectoderm covers the entire external gill primordium, the endodermal out-
pocketing constitutes a considerable portion of the developing external gill (Figure 4E).

We sought to explore a possible role of the hyoid endodermal outpocketings in controlling devel-
opment and morphogenesis of the bichir external gills. Morphogenesis of the pharyngeal pouches is
critically regulated by factors from many signaling pathways (Graham and Smith, 20071;
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St. 27

St. 30

Figure 3. The premature differentiation of the external gill-associated cranial muscle complex in the Senegal bichir larva. (A—C) Dorsal view on bichir
embryos, developing skeletal muscles are revealed by 12/101 antibody (red). The red signal in A (st. 27) refers to the post-otic somites. The first cranial
muscle is associated with the external gills (B, stage 29). (C) Superimposed fluorescent and SEM image showing the context of the external gill muscles.
(D) Transversal section through the external gills at the level indicated in B. DAPI (blue) stains cell nuclei. (E, F) Stage 30 bichir embryo, lateral view with
(E) cranial nerves fibres labeled with anti-acetylated tubulin, and with (F) cranial muscles stained with 12/101 antibody (red). (G) Stage 33 bichir embryo,
lateral view, with developed cranial muscles stained with 12/101 antibody (red). Asterisk, cement gland; am, adductor mandibulae; ah/ao, complex of
adductor hyomandibulae and adductor operculi; b, brain; ba, branchial arches; bm, branchiomandibularis; cd,constrictor dorsalis; cement gland; e, eye
primordium; Ib/db, complex of levator branchiarum and depressor branchiarum; hh, hyohyoideus; ih, interhyoideus; im, intermandibularis; ot, otic
vesicle; pf, pectoral fin; y, yolk; V., nervus trigeminus; VII., nervus facialis.

DOI: https://doi.org/10.7554/eLife.43531.004

Graham, 2008), among which alterations in Fibroblast growth factor (Fgf) signaling lead to defects
in proper endodermal pouch development and pharyngeal segmentation (Jandzik et al., 2014;
Abu-Issa et al., 2002; Crump et al., 2004; Walshe and Mason, 2003). To assess the possible role
of Fgf signaling during bichir external gill development, we scored expression of the Fgf8 ligand and
the readouts of Fgf signaling activity. Fgf8 expression is present in endodermal outpocketings and
becomes confined to their lateral portions (Figure 4—figure supplement 1). These portions of
endoderm in fact constitute the outgrowing tips of the prospective external gill (Figure 4K). Expres-
sion of Duspé and Pea3 (the Fgf signaling pathway readouts) and antibody localization for activated
MAPK (marker of active Fgf signaling) are present in the external gill mesenchyme adjacent to the
outgrowing endodermal tips or both in the mesenchyme and the endodermal tips (Figure 4L-N;
Figure 4—figure supplement 2). The topographical relation of endodermal outpocketings and the
direction of Fgf signaling within the external gill primordium thus suggest that the endodermal epi-
thelium signals to the adjacent mesenchyme through Fgf signaling to regulate outgrowth of the
external gill (Figure 40).

To test the possible role of signaling events, we treated bichir embryos with SU5402, a collective
Fgf and Egf signaling inhibitor, at early neurulation and scored the phenotypes at later pharyngula
stages. In contrast to control embryos displaying well-developed hyoid endodermal outpocketings
and external gill primordia (18/18, Figure 4P-Q), disrupting Fgf signaling perturbs morphogenesis
of the hyoid endodermal outpocketings and leads to the loss of the external gill primordia (14/15,
Figure 4R-S) possibly due to the loss of expression of downstream genes (Figure 4T-U). These
results support a central role of the pharyngeal endoderm in triggering early development of bichir
external gills. The pharyngeal origin of the external gill primordia is surprising given that the external
gills are commonly considered as outer surface structures composed of ectoderm (Takeuchi et al.,

Stundl et al. eLife 2019;8:e43531. DOI: https://doi.org/10.7554/eLife.43531 6 0f 13

-170 -



e LI FE Research article Developmental Biology | Evolutionary Biology

MicroCT visualisations Histology

Figure 4. Considerable expansion of the hyoid pharyngeal endoderm contributes to the development of external gills in the Senegal bichir. (A, F) SEM
images, dorsal view of bichir embryos with developing external gills (exg), showing the level of virtual sections in B and G. Notice the correspondence
of the hyoid pharyngeal endoderm (B, G) and the external gills (A, F). (B-D, G-H) 3D models of pharyngeal endoderm (yellow) from dorsal (C, H), and
lateral (D, 1) view, respectively. (E, J) Transversal sections show prominent lateral expansion of hyoid pharyngeal endoderm (white arrow). (K-M)
Transversal sections show wild-type expression of Fgf8, Pea3, and Duspé (black arrow) in the external gills primordium. (N) Immunostaining of anti-
activated MAP kinase antibody on transversal section of the external gills primordium. (O) Scheme summarizing Fgf8, Duspé, and Pea3 (K-M)
expression patterns in the external gills formation at stage 26. Violet indicates Fgf8 expression; blue marks Duspé expression in the endoderm and
adjacent mesenchyme of the external gills; yellow depicts expression of Pea3 in the mesechyme of the exteral gills. (P-U) Inhibition of pouch-like
endodermal outpocketings (P, R, T-U), dorsal view. (P-Q) Control larvae treated with DMSO develop normal pouch-like endodermal outgrowths (white
arrow). (R) Larvae exposed to SU5402 from stage 20 till stage 26. (S) Transversal section shows loss of external gill anlagen. (T-U) SU5402 treated larvae
fixed at stage 26 and probed for Pea3 (T) and Duspé (U). Nuclei are stained with DAPI (blue), basal laminae with anti-fibronectin (red). White

Figure 4 continued on next page
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arrowheads mark spiraculum (hyomandibular cleft) and black arrowhead marks hyo-branchial pouch. Asterisk, cement gland; b, brain; green, otic
vesicle; e, eye primordium; nt, notochord; ot, otic vesicle; ph, pharynx.

DOI: https://doi.org/10.7554/eLife.43531.005

The following figure supplements are available for figure 4:

Figure supplement 1. Fgf8 expression during the course of bichir hyoid arch and external gill development.

DOI: https://doi.org/10.7554/¢Life 43531.006

Figure supplement 2. Expression pattemns of bichir Fgf8 and transcriptional readouts of Fgf signaling, Duspé and Pea3.
DOI: https://doi.org/10.7554/eLife .43531.007

2009; Diedhiou and Bartsch, 2009). However, our finding of an endodermal component in the early
formation of bichir external gills reveals an unanticipated similarity with the true, internal gills of ver-
tebrates, which typically form as pharyngeal endodermal structures (Warga and Niisslein-Volhard,
1999; Gillis and Tidswell, 2017). Pharyngeal morphogenesis might thus represent a central devel-
opmental component of vertebrate gill breathing organs irrespective of their actual topographic
position.

Conclusions

The sequential formation of pharyngeal segments during embryonic development has deep deutero-
stome origins (Willey, 1891; Koop et al., 2014; Gillis et al., 2012) and it is well conserved among
vertebrates, where all the embryonic cranial segments typically follow the sequential anteroposterior
order during development (Quinlan et al., 2004; Grevellec and Tucker, 2010; Schilling, 2008;
Santagati and Rijli, 2003). Bichir embryos diverge from this common scheme by the profoundly
accelerated development of the second, hyoid segment, with earlier and orchestrated formation of
the endodermal, mesodermal, and neural crest tissues (Figure 5). This unique heterochronic shift in
the anteroposterior sequence constitutes a developmental basis for the early appearance of external
gills that represent key breathing organs of bichir free-living embryos and early larvae.

Bichir external gills significantly differ from the external gills of amphibian and lungfish larvae that
characteristically supplement the post-hyoid, branchial arches (Duellman and Trueb, 1994; Witz-
mann, 2004; Nokhbatolfoghahai and Downie, 2008; Schoch and Witzmann, 2011). The hyoid
segmental origin represents a major developmental dissimilarity and suggests an independent evo-
lution of bichir external gills. Developmentally, bichir external gills likely correspond to opercular
structures that in ray-finned fishes typically form as caudal expansions of the hyoid arch to cover the
gill-bearing branchial arches, and that persist in amniotes as early embryonic opercular flaps
(Richardson et al., 2012). In bichirs, the opercular flap forms directly from the base of their external
gills, and it progressively expands during early larval stages while external gills become reduced
(Diedhiou and Bartsch, 2009). Interestingly, the hyoid arch-derived external gills and opercular flaps
are both engaged in breathing and gill ventilation in bichir larvae. Moreover, in adult bichirs, the
hyoid domain also contributes to air-breathing by forming paired spiracular chamber with openings
located on the dorsal surface of the skull (Graham et al., 2014). Bichirs thus seem unique across
recent vertebrates in enhancing breathing capacity through the development of several structures
associated with the hyoid cranial segment.

Materials and methods
Embryo collection

Fish were manipulated in accordance with the institutional guidelines for the use of embryonic mate-
rial and international animal welfare guidelines (Directive 2010/63/EU). Senegal bichir (Polypterus
senegalus Cuvier, 1829) embryos were obtained, reared and staged as previously described
(Minarik et al., 2017, Diedhiou and Bartsch, 2009). Embryos were dechorionated manually, fixed in
4% PFA in 0.1 M PBS at 4°C overnight, and then gradually dehydrated through a series of PBS/meth-
anol mixtures and finally stored in 100% methanol.
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Figure 5. Bichir embryos diverge from the common anteroposterior differentiation scheme by accelerated development of the entire hyoid segment.
(A, B) A cartoon of cranial neural crest migration (green), the first mesoderm (red), and pharyngeal pouches (yellow) in a typical vertebrate (A) and a
bichir (B). Top are left lateral views, below are left horizontal sections. (A) In vertebrates, the sequential anteroposterior formation of cranial segments is
well conserved, including pharyngeal pouches and cranial neural crest streams. (B) In bichirs, the entire hyoid segment is accelerated with earlier
formation of the endodermal, mesodermal, and neural crest tissues, what constitutes a developmental basis for the appearance their external gills.
Surface ectoderm in horizontal sections is shown in blue and primitive gut in ochre; B, branchial NC stream; H, hyoid NC stream; Ma, mandibular NC
stream; pp |.-pp VI., pharyngeal pouches.

DOI: https://doi.org/10.7554/¢Life 43531.008

In situ hybridization and fate mapping

Whole-mount in situ hybridization with probes against Hoxa2 (GenBank accession number:
MK630352), Sox9 (GenBank accession number: MK630350), Fgf8 (GenBank accession number:
MK630353), Pea3 (GenBank accession number: MK630351), and Duspé (GenBank accession number:
MK630349) was performed as described (Minarik et al., 2017). Selected specimens were embedded
in gelatine/albumin solution with glutaraldehyde, sectioned and counterstained with DAPI. Fate
mapping experiments were carried out as described (Minarik et al., 2017). CM-Dil was injected into
the neural fold of the prospective rhombomere 4 (Figure 2L). To confirm correct localisation of the
tracking dye, some embryos were fixed immediately after injection, sectioned, and observed under
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the fluorescent stereomicroscope in order to confirm proper localization of the cell tracking dye. The
rest of the specimens were incubated until the desired stage and then fixed in 4% PFA in 0.1 M PBS.

Scanning electron microscopy (SEM) and MicroCT imaging

Samples for SEM were fixed in modified Karnovsky's fixative (Mitgutsch et al., 2008). For direct
visualization of cranial neural crest streams, the epidermis was removed using tungsten needles as
described (Cerny et al., 2004). Specimens for MicroCT analysis were treated with phosphotungstic
acid following the protocol developed by Metscher (2009) and scanned with a MicroXCT (X-radia)
at the Department of Theoretical Biology, University of Vienna. Images were reconstructed in XMRe-
constructor (X-Radia), and virtual sections were analyzed in Amira (FEI Software).

Antibody staining

Specimens for antibody staining were fixed in Dent's fixative. Muscles were labeled with 12/101 anti-
body (AB531892; Developmental Studies Hybridoma Bank), neural crest cells were labeled with
Sox9 antibody (AB5535; Merck Millipore), basal lamina was labeled with anti-fibronectin (A0245;
DAKO) and MAPK activity was assessed using anti-activated MAP kinase antibody (M8159; Sigma).
Primary antibodies were detected by Alexa Fluor 488 and 594 (Invitrogen, Thermo Fisher Scientific
Inc.). Visualisation of nerve fibres was performed using anti-acetylated tubulin antibody (T6793;
Sigma) and EnzMet Enzyme Metallography kit (Nanoprobes).

Pharmacological treatments

For inhibition of pharyngeal outpocketing morphogenesis, embryos were treated with 50 uM
SU5402 in DMSO (Sigma Aldrich) from stage 20 until stage 26. Treatments were performed in E2
medium (Brand et al., 2002). Controls were reared in E2 medium with the equivalent DMSO
concentrations.
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ARTICLE INFO ABSTRACT

Keywords The cranial neural crest (CNC) arises within the developing central nervous system, but then migrates away from
Neural crest the neural tube in three consecutive streams termed mandibular, hyoid and branchial, respectively, according to
Vertebrates the order along the anteroposterior axis. While the process of neural crest emigration generally follows a con-

Craniofacial served 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, delam-
ination 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 seg-
regates 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 mi-
gration of CNC cells accompanies morphological diversity of ray-finned fishes.

Evolution
Neurulation

1. 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 pop-
ulation 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 Ledouarin, 2012; Sim&es-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 loca-

tions throughout the embryo (Theveneau and Mayor, 2012; Meule-
mans 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, individ-
ual 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; Simdes-Costa et al.,
2014; Hockman et al., 2019). While NC cells arise all along the an-
teroposterior axis of the embryo, they follow different migratory path-
ways and form different derivatives depending upon their axial level of
origin (Kuo and Erickson, 2010; Simoes-Costa and Bronner, 2013;
Sim&es-Costa and Bronner, 2015; Gouignard et al., 2018; Roth-
stein et al., 2018).

The most anterior and diverse neural crest population is the cra-
nial neural crest (CNC), which migrates in three wide streams called the
mandibular, hyoid and branchial, each separated by neural crest-free
zones adjacent to rhombomere 3 and 5 (Kulesa et al., 2010; Theve-
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neau and Mayor, 2012; Szabé and Mayor, 2018). This migratory
pattern of CNC cells appears to be mostly conserved across all verte-
brates (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 (Car-
mona-Fontaine et al., 2008; Kulesa et al., 2010; Szabé 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 differen-
tiation into cartilage precursors (Piotrowski and Niisslein-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 di-
versity 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 ex-
amination 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 signifi-
cantly elongated jaws in gar and pike. The results reveal surprising alter-
ations in CNC migration in all species and demonstrate that the migra-
tory patterns of CNC cells are not as stereotypic as generally assumed.
This highlights the plasticity of CNC, which apparently contributes to re-
markable craniofacial diversity across vertebrates.

2. Materials and methods
2.1. Fish embryo collections and histology

This study was performed by analysis of detailed developmental se-
ries of the Senegal bichir (Polypterus senegalus Cuvier, 1829), the sterlet
sturgeon (Acipenser ruthenus Linnaeus, 1758), the tropical gar (Atractos-
teus tropicus T. N. Gill, 1863) and the northern pike (Esox lucius Linnaeus,
1758). Husbandry and collection of embryos were performed as previ-
ously 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 Zo-
ology, Charles University in Prague. As the use of standard staging ta-
bles is unsuitable for direct interspecies comparison, we instead utilize
four developmental stages: specification, emigration, early and late mi-
gration (Figs. 3-6). To this end, we first analyzed each described devel-
opmental 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 con-
taining migratory CNC cells; late migration - pharyngula stage with fully
developed pharyngeal pouches.

Developmentual Biology xxx (xxxx) xxx-xxx

Embryos for histological analyses were embedded in JB4 resin (Poly-
sciences) according to the manufacturer's instructions, sectioned on
RM2155 microtome (Leica, Germany) to 4 pm-thick sections, stained
with Azure B-Eosin (SERVA), mounted in DePeX (SERVA), and pho-
tographed 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).

2.2. 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. Sam-
ples for SEM were washed in PBS, dehydrated through a graded se-
ries of ethanol, transferred into dehydrating capsules with 30 pm 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 im-
ages 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 Depart-
ment of Theoretical Biology, University of Vienna and with a Sky-
Scan 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).

2.3. 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 pre-
dicted gene sequences in the northern pike genome assembly (Ron-
deau et al., 2014). Probe templates were isolated by direct amplifica-
tion from cDNA libraries using specific primers (Table 1), cloned into
PGEM-T Easy Vector (Promega), and sequenced.

Digoxygenin-labeled probes were prepared by standard protocols.
Whole mount in situ hybridization was performed as described previ-
ously (Minarik et al., 2017). Selected embryos were washed in 0.1 M
PBS, transferred into the embedding medium (gelatin, albumin, and glu-
taraldehyde), and sectioned on VT1200S vibratome (Leica, Germany)
at 50 pm-thickness. For better visualization of tissue context, the sec-
tions were counterstained with Fluoroshield with DAPI (Sigma), and
photographed using a BX51 (Olympus, Japan) fluorescent microscope.

2.4. 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 6 h, washed
three times in PBST (0.1 M PBS and 0.4% Triton X-100), and then incu-
bated in Antibody diluent buffer (DAKO) for 1 h. Subsequently, primary
antibody was applied overnight at room temperature in a damp box.
After incubation, the embryos were washed three times in PBST, trans-
ferred in Antibody diluent buffer, and incubated with the secondary
antibody in a damp box at room temperature for 5-6 h. After label-
ing, the specimens were washed in 0.1 M PBS and transferred to clear-
ing solution (benzyl alcohol/benzyl benzoate; 2:1). Neural crest cells
were labeled with Sox9 antibody (AB5535; Merck Millipore), and pri-
mary antibody was detected by Alexa Fluor 594 (Invitrogen, Thermo
Fisher Scientific Inc.). For the fate-mapping analysis, individual em-
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Table 1
List of primer sequences used for probe synthesis.
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Gene Forward primer Reverse primer

Hand2 At 5'-ATHAGCCAYCCAGAGATGTC-3’ 5'- TTTGAATTCCGCTTTGAAGG -3’
Hand2 Fl 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 Fl 5'- TTTCCCATCATCCCGGACTA -3/ 5'- ATGTGTCTGGTTAGCTCGTC -3°
Krox20 Ps 5'- ATGGTCAATGTGGATATGAG -3’ 5'- AGGGCATGGAAAGGGCTTGC -3/
Snaill/2 Ps 5'- TACAGCGAACTGGAAAGCCA -3/ 5'- GAGCGGATGTGCATYTTCAG -3'
Sox9 Ar 5'- GGCAGAACGAAGCTGAAGAC -3/ 5'- CATACTGGGAGCGTGTGATG -3’
Sox9 At 5'- CCAGTACCCTCACCTTCACA -3’ 5'- ATGACATCGCTGCTCAGCTC -3/
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’
Twistl Ar 5'- GAAAWGWTGCARGANGAATC -3’ 5'- TGVGATGYRGACATGGCCA -3/

bryos were decapsulated and mounted into a Petri dish with plasticine,
which helped to orient the embryo before injection. CM-Dil cell track-
ing dye (Thermo Fisher Scientific Inc.) was prepared for injection as de-
scribed (Minarik et al., 2017). CM-Dil 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 0.1 M 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).

3. Results
3.1. Transitional patterns of neurulation

The central nervous system of all vertebrates arises during neuru-
lation 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 neurula-
tion 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). Nev-
ertheless, 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 not
as elevated as in bichir (cf. Fig. 1D, H). Gar embryos undergo neuru-
lation 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 tran-
sitional patterns from primary neurulation to neurulation via cavita-
tion, depending on the species. Interestingly, such transitional patterns

are also apparent in gastrulation of non-teleost fishes (Takeuchi et al.,
2009).

3.2. 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 ex-
pression 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 be-
fore 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 prem-
igratory cells in the mandibular region (Fig. 2B-B’), it is strongly ex-
pressed 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 tran-
scripts in emigrating cells of the mandibular neural crest stream (Fig.
2H-H') and presumptive CNC cells of the hyoid stream (Fig. 2I-1'). 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 pre-
sumptive 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
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L pros
Mes
|rhom

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; sge, subgerminal cavity;

ypl, yolk plug.

the neural plate border (Fig. 2P-R"). In pike, the first Sox9 transcripts are
detectable concomitantly in mandibular and hyoid CNC, but the expres-
sion is again more intense in the hyoid region (Fig. 2S). Transverse sec-
tions 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 demon-
strates 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 fol-
low the canonical sequential anteroposterior order in emigration (Fig.
2G-L").

3.3. Cranial neural crest cells patterning and migration

Having established patterns of premigratory and migratory neural
crest cells, we sought to examine spatiotemporal changes in the expres-
sion of Sox9 and other neural crest genes at multiple stages. To this end,
we identified four critical stages of neural crest development: (i) spec-
ification, (ii) emigration, (iii) early phase and (iv) late phase of migra-
tion (Figs. 3-6). We examined the expression of several neural crest
specifier genes: Sox9, Sox10, FoxD3, Snaill/2 and Twist1, together with
Krox20, a marker for rhombomeres 3 (r3) and 5 (r5) which separates
individual neural crest streams (Figs. 3-6) (Wilkinson et al., 1989;
Nieto et al., 1995; Sauka-Spengler and Bronner-Fraser, 2008;
Simd&es-Costa and Bronner, 2015; Martik and Bronner, 2017). For
better resolution, we also analyzed SOX9 protein expression in all exam-
ined 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. 31, 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 and J and Fig. 3Q-R). During the emigration phase, in the mandibu-
lar region, Sox9 expression resolves into two distinct stripes correspond-
ing 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 Snaill/2 expressions are predominantly
located in the hyoid region (Fig. 3K, P). SOX9 immunostaining yielded
similar results (Fig. 7B). A few Snaill/2-positive and SOX9-positive mi-
gratory mandibular CNC cells were also observed in close contact with
the pre-oral gut (Fig. 3P; Fig. 7C), which represents the rostral-most en-
dodermal head domain (Minarik et al., 2017).

In sterlet, we examined several neural crest genes such as Sox9,
Sox10, FoxD3, and Twistl (Fig. 4). At the early neurula stage, while
Sox9 and FoxD3 transcripts are detected in prospective mandibular and
hyoid CNC cells, Sox10 is detected only in mandibular CNC cells, and
Twist] is not detected in CNC at this stage (Fig. 41, M, Q, U). Dur-
ing emigration, Sox9/SOX9-positive and FoxD3-positive cells are ob-
served in the emigrating CNC of the mandibular and hyoid streams (Fig.
4J, R; Fig. 7D), and expression can also be seen in newly emigrat-
ing branchial CNC posterior to r5 (cf. Fig. 4F and J, R). At this de-
velopmental stage, Sox10 and Twist] transcripts are detectable only in
the mandibular CNC (Fig. 4N, V). During early migration, mandibular
CNC marked by Sox9, Sox10, FoxD3, Twist] 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 hy-
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Bichir
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Sterlet

Gar

Pike

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 ($-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 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.

oid and branchial neural crest migrate as a single sheet of cells from also observed distinct stripes of Krox20 expression lateral to the neural

the level of hindbrain into the presumptive pharyngeal region, thus tube at the level of r5, which co-localized with Twist (Fig. 4G, W), cor-
forming a common ‘hyobranchial sheet” (Fig. 40, K, S; Fig. S2). We responding to the cells of the cardiac neural crest (Odelin et al., 2018
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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.

). Next, we examined the later phase of CNC cell migration. While Sox9
and Twist] 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 Twist] were expressed in two dis-
tinct subpopulations, the mandibular and maxillary branches (Fig. 4L,
X; Cerny et al., 2004a,b). 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; Figs. 7F and
3P; Fig. 7C). At this stage, the hyobranchial sheet is completely divided
into hyoid and branchial streams (cf. Fig. 40, 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. 51,
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 ex-
pressed in cells lateral to the neural tube (Fig. 5I, M, Q). In slightly
older embryos during emigration, CNC cells marked by Sox9/S0X9,
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 mi-
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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, maxil-
lary substream of mandibular NC stream; optv, optic vesicle; otv, otic vesicle; r3, rhombomere 3; r5, rhombomere 5.

gration, 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
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in cardiac neural crest cells (Fig. 5H). SOX9 immunostaining marks the
whole CNC population at the late phase of migration, including two seg-
regated branchial neural crest streams (Fig, 7I). Furthermore, Sox10
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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 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; 5, rhombomere 5.

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 and D).

Next, we characterized the expression of neural crest markers across
developmental time-course in pike (Fig. 6A-D). During the specifica-
tion stage, mandibular and hyoid CNC cells are marked by Sox9 expres-
sion (Fig. 61). A small number of Sox9-positive cells are located lateral
to the forming neural tube, while a large number of Sox9/SOX9-pos-
itive 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 subpopula-
tion of the mandibular neural 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, O-R; Fig. 7L).

3.4. 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—

-186 -



J. Stundl et al.

Developmentual Biology xxx (xxxx) xxx-xxx

Specification

Emigration

Early migration||Late migration

A

Krox20
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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.

D, F-1, K-N). We thus asked if the accelerated formation of the hyoid
neural crest is correlated with advanced morphogenesis of species-spe-
cific 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 ob-
served in the developing hyoid external gills, which form prominent
head larval structures (cf. Fig. 8D and E). Similarly, in gar embryos,
Hand?2 expression is first detectable in the hyoid region (Fig. 8I), cor-
relating with the early appearance of the opercular flap (cf. Fig. 81 and
J). In pike, the first expression of Hand2 can also be seen in the hy-
oid region (Fig. 8N); however, pike larvae do not develop any promi-

nent hyoid structure similar to bichir and gar. We thus postulated that
accelerated hyoid CNC development relates to precocious differentia-
tion 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. 80). 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.

3.5. Sterlet cranial neural crest cells constitute a single hyobranchial sheet

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

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 us-
ing direct cell labeling with a lipophilic dye. To this end, we microin-
jected CM-Dil (Fig. 9) into the dorsal midline of the neural folds at se-
lected 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-Dil into the prospec-
tive mandibular CNC anterior to rhombomere 3 (cf. Figs. 9B and 4F);
the results confirmed the migratory pattern we previously inferred us-
ing neural crest markers (cf. Figs. 9C and 4; Fig. 7; Fig. S2). At later
developmental stages, CM-Dil-positive cells are detected throughout

10

the anterior head and in the presumptive jaws (Fig. 9D and E). Next, we
tested whether the hyobranchial sheet emerges from a single exit point.
We performed CM-Dil microinjection into the presumptive hyobranchial
neural crest population at the dorsal midline of the neural fold (cf. Fig.
9A, F and Fig, 4 F, 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-Dil-pos-
itive 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 (
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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 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.

Mandibular

Hyobranchial

Fig. 9. CM-Dil fate-mapping reveals contribution of hyobranchial sheet cells into hyoid and branchial streams in the sterlet sturgeon. (A) Scheme of CM-Dil 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-Dil 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. 10C, F) reveals that the separation of the hyobranchial sheet is 4. Discussion

tightly associated developmentally with morphogenesis of the second

(hyo-branchial) pharyngeal pouch (Fig. 10B-C, E-F). In the present study, we analyzed the patterning and migration of
cranial neural crest cells in the Senegal Bichir (Cladistia), the ster-
let sturgeon (Chondrostei), the tropical gar (Holostei) and the north-
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microCT vis. Histology

St. 25

St. 26

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. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ern pike (Teleostei). These species are representatives of all recent phy- fications in the canonical pattern of migration in ray-finned fishes (Fig.
logenetic lineages of ray-finned fishes that together exemplify about half 11). This raises the interesting possibility that CNC migratory patterns
of extant vertebrates (Betancur-R et al., 2017; Hughes et al., 2018). may be much more variable than commonly assumed from studies of a
While patterns of CNC migration are often assumed to be highly stereo- small number of model organisms, further highlighting the importance
typic across vertebrates (Minoux and Rijli, 2010; Theveneau and of comparative analyses.

Mayor, 2012; Falck et al., 2002), our study reveals significant modi-

* 1 ’ ]* |
[ 1 |
Sterlet Gar Pike Xenopus Chick Shark Lamprey

# Ray-finned fishes mMeural crest cells Mandibular NC stream (Ma)

# Lobe-finned fishes Optic vesicle Hyeid NC stream (H)
Pharyngeal pouch W Ofic vesicle M Branchial NC stream (B)
Pre-oral gut

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 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). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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4.1. Transitional patterns of neurulation

Our examined fish species provide powerful model systems for the
study of evolution of neurulation in vertebrates as these embryos uti-
lize modes of neurulation ranging from primary neurulation to neurula-
tion 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 neuru-
lation of salamanders and some frogs (cf. Fig. 1A-D and Schrecken-
berg and Jacobson, 1975; Eagleson, 1996; Del Pino et al., 2004;
Mitgutsch et al., 2009). Therefore, the presence of primary neuru-
lation 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 includ-
ing pike (cf. Fig. 1I-L and Schmitz et al., 1993; Lowery and 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. Figs. 1 and 2), simi-
lar to that described in frogs (Mitgutsch et al., 2008) and mammals
(Tan and Morriss-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 con-
nected to morphogenesis of neurulation, our data suggest that the type
of neurulation has little or no influence on CNC migratory patterns.

4.2. 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 Ri-
jli, 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 sec-
ond, 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 consti-
tutes the most prominent neural crest population in the developing head
(Fig. 3J and K; Fig. 7A-C) and is the first to reach ventral-most posi-
tions in the developing pharyngeal region and the external gills, respec-
tively (Fig. 8A-E). These data further corroborate our previous report
(Stundl et al., 2019), showing that accelerated development of the en-
tire hyoid arch segment also involves mesodermal and endodermal tis-
sues, which together promote advanced morphogenesis of the external
gills, forming a crucial structure of bichir embryos and larvae (Kerr,
1907, 1919).

Like bichir, gar embryos exhibit prominent heterochrony in the hy-
oid 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 orophar-
ynx and in the prominent opercular flap, respectively (Fig. 8I). The ac-
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celerated 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; Bal-
four and Parker, 1882). We next asked whether, in gar embryos, the
development of endoderm and mesoderm is accelerated similar as previ-
ously observed in bichir (Stundl et al., 2019). Interestingly, we found
that the hyoid pharyngeal endoderm expands laterally, and later con-
tributes 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 sim-
ilar to bichir, advanced development of the entire hyoid domain, com-
prising neural crest, mesoderm, and endoderm, is found to be the case.
This apparently is associated with the morphogenesis of a large opercu-
lar 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 pos-
sess 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 ex-
tant ray-finned fish species. Embryonic development of pike is very sim-
ilar to other teleosts (Pospisilova et al., 2019), including model or-
ganisms like zebrafish or medaka (Kimmel et al., 1995; Iwamatsu,
2004). Despite the high similarity of the early development of pike and
other teleosts, our data show that the hyoid CNC stream in pike em-
bryos 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.
80; 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 com-
mon 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.

4.3. Sterlet cranial neural crest cells constitute a single hyobranchial sheet

In contrast to bichir, gar and pike, the hyoid neural crest of ster-
let 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 be-
comes 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 physi-
cally separates the hyoid and branchial neural crest streams, the for-
mation of the otic capsule seems delayed in sterlet embryos (Fig. 10C,
F). Therefore, the hyoid and branchial CNC of sterlet are initially un-
segmented and migrate into the presumptive pharyngeal region in a
sheet-like fashion, analogous to the common branchial stream of lam-
prey embryos (McCauley and Bronner-Fraser, 2003; Square et al.,
2017). Possible evolutionary implications of this variation in the mi-
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gratory pattern in sterlet are unclear, but it further supports the im-
portance of pharyngeal endoderm morphogenesis for the segregation of
CNC streams (Piotrowski and Niisslein-Volhard, 2000; McCauley
and Bronner-Fraser, 2003; Cerny et al., 2004a,b).

4.4. Unique pattern of cranial neural crest migration among vertebrates

While dogma has it that CNC migration patterns are highly con-
served across vertebrates, our data show a clear departure from this con-
cept. While there are clearly three topographically conserved streams
among all vertebrates (Fig. 11; Falck et al., 2002; Cerny et al.,
2004a,b; 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 suspen-
sion. However, this hyoid heterochrony has not yet been observed in
fish model organisms such as zebrafish or medaka (Schilling and Kim-
mel, 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 repre-
sent an ancestral state of ray-finned fish development? or even an ances-
tral state of gnathostome development? One possibility is that this het-
erochrony exists in model fish but has been missed due to their rapid
development. For example, twistla expression is present in the premi-
gratory CNC cells at the 2-somite stage of zebrafish, and the locations
of twistla-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) and presumably in other teleost
fishes, it seems likely that the heterochrony of hyoid CNC might rep-
resent 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 struc-
tures in the other gnathostomes. Interestingly, the hyostylic jaw suspen-
sion is also characteristic for cartilaginous fishes. Based on published
data, it appears that they do not possess heterochrony in hyoid CNC
(Kuratani et al., 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 mi-
gration. Nevertheless, it is possible to reveal the developmental poten-
tial of the hyoid domain for the morphogenesis of the respiratory struc-
ture 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 oper-
cular 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 hy-
oid structures are also developmentally associated with the modifica-
tions of the hyoid CNC. In contrast, in sterlet, we identified the hyoid
and branchial CNC are initially unsegmented and constitute a single hy-
obranchial 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 pat-
tern of CNC migration, which could indicate whether it is a common fea-
ture 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 interest-
ing 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.

5. Conclusions

In conclusion, we have performed a comparative analysis of cranial
neural crest migration and patterning in representatives of all phylo-
genetic lineages of ray-finned fishes (bichir - Cladistia, sterlet - Chon-
drostei, 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 stereo-
typic and conserved in vertebrates. Accelerated development of the hy-
oid stream of neural crest cells was identified in bichir, gar and pike
embryos, always associated with prominent morphogenesis of impor-
tant species-specific structures of the hyoid arch origin. A single hy-
obranchial sheet of CNC cells was identified in sterlet embryos, where
separate hyoid and branchial streams form only later following prospec-
tive 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 mi-
gratory patterns of CNC cells as a prime mode of producing varied cran-
iofacial phenotypes.
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Abstract

Vertebrate dentitions have facilitated the evolutionary success of their owners and flourished into the
astonishing diversity in form and function. This diversity stems from developmental events taking place
at early ontogeny when the pattern and composition of the nascent dentition is laid down. Regrettably,
the knowledge on how teeth are patterned during embryogenesis relies to a large extent on species that
underwent dental modifications and reductions such as the mouse or zebrafish, thus biasing the search
for developmental events underpinning the vertebrate dental diversity. Here we study development of
the axolotl dentition, which consists of individual tooth fields arranged into the outer and inner dental
arcades, a layout typical for tetrapods. By tracking the expression patterns of odontogenic genes, we
show that teeth of both dental arcades originate from common tooth-competent zones, one present on
the mouth roof and one on the mouth floor. Progressive compartmentalization of these zones and a
simultaneous addition of new tooth germs distinct for each prospective tooth field subsequently control
the final shape and composition of the axolotl dentition. Interestingly, by following the fate of the GFP-
labeled oral ectoderm, we further show that first tooth germs develop in relation to the ecto-endoderm
border. Our results thus indicate that a single tooth-competent zone gives rise to both of the dental
arcades of a complex tetrapod dentition. Further, we propose that the ecto-endoderm boundary running
through this zone should be accounted for as a potential source of instruction factors instigating the
onset of the odontogenic program.
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Introduction

One of the most important features of vertebrate dentitions is the patterned arrangement of their
elemental units, the teeth. Each tooth has its defined position and a certain relation to other teeth of that
dentition. In extant vertebrates, tooth development is restricted to the oropharyngeal region, where the
locally thickened epithelium demarcates the prospective tooth-forming areas. This so-called
odontogenic band usually invaginates into the underlying mesenchyme to form an epithelial strand, the
dental lamina.

Shh and Pitx2 represent earliest markers of odontogenesis and factors responsible for tooth
development in vertebrates. Absence of Shh or Pitx2 signaling results in the loss of tooth signaling
centers, defects in tooth development and missing teeth (Dassule et al. 2000, Cobourne et al. 2004,
Jackman et al. 2010, Lin et al. 1999, Yu et al. 2020) and a lack of co-expression of Si#4 and Pitx2, for
example, is associated with toothlessness in cypriniforms (Jackman et al. 2010). Once Shh and Pitx2
specify the positions of the nascent dentition, a sequence of events leading to the appearance of the first
tooth controls addition of further tooth germs adjacent to this initiator-tooth (Gibert et al. 2019, Sadier
et al. 2019, 2020). The way in which new tooth germs are sequentially added in the vicinity of this
initiator-tooth then leads to the final appearance of the respective tooth field.

While the expression of S/ and Pitx2 and the induction from the initiator-tooth may be among
the earliest events of the developing dentition, it is not satisfactorily explained how the spatial
distribution of this initial odontogenic potential within the oropharyngeal cavity is regulated (Balic
2019). Several cues have been proposed including (1) the polarization and regionalization of the
mandibular arch along the proximo-distal axis (Sharpe 1995, Tucker and Sharpe 2004), (2)
activator/inhibitor interactions specifying tooth-competent regions (Sarkar et al. 2000, Fraser et al.
2008, Zhang et al. 2009), (3) the progressive and reiterated partitioning of the initially established tooth-
competent region (Jernvall and Thesleff 2000, Fraser et al. 2008) or (4) the influence of epithelial germ-
layers contributing to different parts of the oropharyngeal cavity (Smith 2003, Ohazama et al. 2010).

Various roles have been assigned to the ectoderm and endoderm in triggering odontogenesis
and patterning the teeth (Smith 2003, Huysseune et al. 2009, Ohazama et al. 2010). However, a definite
distinction of these germ layers fails due to the lack of general germ layer-specific morphological
markers. The germ layer specific expression of Pitx2 (oral ectoderm) and Shh (endoderm) is present
only until the rupture of the oral membrane (Helms et al. 1997, Schweickert et al. 2001, Eberhart et al.
2006). Thus, uncovering the roles of these epithelia in tooth development requires an experimental germ
layer-specific labeling, which for now is to a large extent pending.

The Mexican axolotl is an extant amphibian with teeth assembled into dental arcades located
in oral and palatal regions. The outer arcade composes of single-rowed premaxillary and dentary tooth
fields and is tentatively homologous to the dental arcade in mammals, and the inner arcade composes
of multi-rowed vomerine, palatine and coronoid (sometimes called splenial) tooth fields (Fig. 1). The
composition of the axolotl dentition is typical for extant and extinct tetrapods (Matsumoto and Evans
2017). Yet, how this complex dental system becomes established developmentally has not been
addressed.

The Mexican axolotl provides an opportunity to experimentally assess the germ-layer origin of
oral epithelia (Soukup et al. 2008) and, in combination with the information on the developmental origin
of the respective tooth fields thus represents an eligible developmental model for the understanding of
the early events in the initiating dentition.

Results

The complex tetrapod dentition of axolotl arises by separation of initially compact tooth-competent
zones

The outer and inner dental arcades of the axolotl dentition are composed of five pairs of tooth fields
(Fig. 1). In order to understand how this complex dentition acquires such an arrangement, we studied
the expression of the early odontogenic markers Pitx2 and Shh. At early larval stages (st. 37-41), Pitx2
is expressed over the extents of the jaws delineating tooth-competent zones. In contrast, Shk expression
is focally restricted to initiating tooth germs and odontogenic bands, from where new germs will arise
(Fig. 2). Pitx2 expression becomes later downregulated at sites where new tooth germ are added, a
situation reminiscent of other vertebrates (Kerdnen et al. 1999, Fraser et al. 2004, 2008). At stage 37,
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Pitx2 expression is restricted into broad domains on the roof and floor of the mouth (Fig. 2A, C). The
first tooth germs are initiated at this stage, as evidenced by the focal expression of Sk4. They belong to
the prospective vomerine, palatine and coronoid tooth fields, i.e. constituents of the inner dental arcade
(Fig. 2B, D, small arrows). Additional strands of Sh/ expression are found on the roof and floor of the
mouth labially from these first germs and represent odontogenic bands from where new germs will be
generated (Fig. 2B, D, white arrowheads). During the course of development, the Pitx2-
expressing tooth-competent zones progressively extend posteriorly on both the roof and floor of the
mouth (Fig. 2A, C, E, G, I, K, parentheses) and concomitantly, the Shi-expressing odontogenic bands
align to the labial limits of these zones (Fig. 2B, D, F, H, J, L). Based on the focal expression of Shh
during subsequent stages, new tooth germs are added adjacent to the initiator-teeth, i.e. postero-medially
in the palatine field (Fig. 2J, arrowheads) and both postero-laterally and postero-medially in the
coronoid field (Fig. 2H, arrowheads). At stages 40 and 41, the splitting of the Pitx2 expression pattern
on the mouth floor suggests a separation of the tooth-competent zone into dentary and coronoid fields
(Fig. 2K, O). Meanwhile, the first tooth germs of the dentary tooth field are initiated at the mandibular
symphysis (Fig. 2L, small arrows). During subsequent stages, the Shh expression pattern labels newly
initiated tooth germs that are added antero-medially in the vomerine tooth field (Fig. 2N, arrowheads),
laterally along the lower jaw in the dentary tooth field (Fig. 2P, arrowheads) and postero-medially in
the coronoid tooth field (Fig. 2L, P, arrowheads). Further analysis of expression patterns of other
odontogenic factors, such as Bmp2, Bmp7 or DIx5 confirms the addition of new tooth germs within
individual tooth fields, which are delineated by the expression of Dix3 (Suppl. fig. 1). Moreover, focal
expression of Bmp2, Bmp7 and DIx5 labels the initiation of the first tooth germ of the premaxillary field
at stage 41 (Suppl. fig. 1A, C, G, arrow). In order to further analyze the progressive
compartmentalization of tooth-competent zones (Fig. 2), we performed an independent analysis using
3D reconstructions of the roof and floor epithelia of the axolotl mouth based on serial sections
hybridized with the Pitx2 probe (Suppl. fig. 2). Concordant with data from whole mounts, stage 38
shows a compact expression pattern in the basal epithelial layer of the roof and floor epithelia of the
prospective mouth. At subsequent stages, the common Pitx2 expression pattern becomes
compartmentalized and eventually leads to discrete tooth fields. Thus, both the whole mount data and
the 3D reconstructions show the separation of initially compact tooth-competent zones into distinct
tooth fields. Therefore, the two dental arcades of the axolotl dentition originate from a single tooth
competent zone.

Further differences among axolotl dental arcades arise by field-specific addition of tooth germs
The separation of tooth-competent zones into individual tooth fields is followed by a progressive and
rapid addition of tooth germs within individual fields. Prior to hatching, the tooth germ-specific Shh
expression becomes a challenge to be followed up. In contrast, Pitx2 expression progressively changes
from broadly delineating the tooth-competent zones into focal patterns that label individual tooth germs
(compare the gradual change in Pitx2 expression portrayed on figures 2M, O, 3A, B and 3C, D).
Interestingly, this change in Pitx2 expression takes place earlier on the mouth floor than on the mouth
roof, i.e. stage 42 shows that Pitx2 is expressed generally within premaxillary, vomerine and palatine
fields (Fig. 3A) and focally within tooth germs of the dentary and coronoid fields (Fig. 3 B). This
suggests that the development of tooth fields on the mouth floor is slightly advanced relative to that on
the mouth roof.

Stages around hatching display a continuation of the addition of new tooth germs within
individual tooth fields but also differences among their prospective single-rowed versus multi-rowed
arrangements. Moreover, while new germs initially arise from the adjacent superficial epithelium (Fig.
4A-E), later tooth germs develop from the invaginated dental laminae, whose positions regulate the
future arrangement of the respective tooth fields (Fig. 4F-J). For example, in the premaxillary field,
new tooth germs are added laterally and medially to the initiator-teeth (Fig. 4A), while in the dentary
field, new germs are added laterally from the pair of parasymphyseal initiator-teeth (Fig. 2L, P, 4D).
Though formed differently, both fields eventually produce teeth assembled into a single row that runs
along the jaw margins and is connected through continuous dental laminae at their labial sides (Fig. 4F,
I). Likewise, the tooth fields on the mouth roof produce initial rows of tooth germs by antero-medial
addition in vomerine fields and postero-medial addition in palatine fields (cf. Figs. 3C and 4B, C). The
medial positions of dental laminae then result in the addition of new germs medially (Fig. 3E, 4G, H),
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thus producing multi-rowed patches of teeth on the mouth roof. On the mouth floor, the coronoid tooth
field is produced first by the sequential addition of tooth germs from the adjacent epithelium and then
from the lingually positioned dental lamina (Fig. 4E, J). Thus, the pattern of the addition of tooth germs
sets a basis for the arrangement of axolotl dentition into outer and inner dental arcades with different
properties. During larval development, teeth of the outer dental arcade become arranged into a single
functional row while teeth of the inner dental arcade become clustered into patches with many
functional rows.

Axolotl dentition arises at the ecto-endoderm boundary
The distribution of the ectoderm and endoderm in the oropharynx has been hypothesized to play a key
role in the initiation and patterning of teeth (Smith 2003, Ohazama et al. 2010), yet, a thorough
knowledge on the distribution of these epithelia in extant vertebrates is largely unknown (reviewed in
Soukup et al. 2013). We previously studied the distribution of these epithelia in the Mexican axolotl
and showed that the labial portion of the nascent mouth epithelium consists of the ectodermal basal
layer and the endodermal apical layer and that the lingual ectodermal border runs through the tooth
fields (Soukup et al. 2008). We performed a new series of transplantations of the prospective oral
ectoderm from a GFP-transgenic axolotl neurula into the white host (n=8). This experimental procedure
resulted in an invariable labelling of ectodermal lining inside the oral cavity, thus allowing a detailed
visualization of the ecto-endoderm border in the context of the developing dentition. On whole mounts,
the GFP-labelled ectoderm reaches an anterior portion of the palate in front of and slightly behind inner
nostrils (Fig. 5B) and the labial portion of the lower jaw (Fig. SE). The ecto-endoderm border on the
palate stereotypically displays an uneven, roughly bilaterally symmetrical shape with cells undergoing
an intermingling, especially medially at the place of migration of the adenohypophyseal anlage (Fig.
5B, C). On the other hand, the ecto-endoderm border on the mouth floor displays a crescent-shaped
arrangement running along the length of the lower jaw (Fig. SE, F).

The ecto-endoderm border runs through the tooth fields so that individual tooth germs display
a differential epithelial origin: ectodermal, endodermal or ecto-endodermal. Histological analysis shows
that the dentary tooth fields are composed of ecto-endodermal germs developing close to the mandibular
symphysis (Fig. 6E, yellow arrows). The other dentary teeth, on the other hand, develop from the
ectodermal epithelium laterally along the jaw (Fig. 6E, white arrowheads). Interestingly, the
parasymphyseal teeth represent the initiator-teeth from where new germs are added laterally, i.e. the
dentary field is initiated directly at the ecto-endodermal border. Single ecto-endodermal tooth germs
are also found antero-laterally in the coronoid and palatine tooth fields, while other teeth of these fields
are of endodermal origin (Fig. 6A-D, yellow arrows). Combined with data from histology and Sh#h
expression (Fig. 2F, J, 3E, 4C, H), we reason that the ecto-endodermal teeth represent the initiator-teeth
of these fields and that other teeth are added lingually from endodermal regions. Similarly to the dentary
field, the initiator-teeth of the coronoid and palatine fields are found at the ecto-endodermal border. The
initiator-tooth and also the first added tooth germs of the vomerine field, on the other hand, develop
anterior to the ecto-endodermal border, i.e. from the ectodermal epithelium (Fig. 6B, white arrow and
white arrowheads). Yet, some teeth arising at later larval stages develop from ecto-endoderm due to the
posteriorly positioned ecto-endodermal dental lamina (Fig. 6B, C, yellow arrowheads). In contrast to
other tooth fields, the premaxillary field is composed solely of teeth of ectodermal origin (Fig. 5B, C).

The combination of data on the modes of the addition of new tooth germs within the tooth fields
and their germ-layer derivation thus allows us to propose that the initiator-teeth in three tooth fields
arise directly at the boundary between ectoderm and endoderm (Fig. 7A, E, G) and those of the other
two are initiated in ectodermal regions. No initiator-tooth stereotypically develops from the endoderm.
New tooth germs subsequently arise from ectoderm, endoderm or ecto-endoderm due to specific
development of the respective tooth field.

Discussion

Axolotl tooth fields arise by separation of tooth-competent zones

The initial state of axolotl dentition is evidenced by two Pitx2-expressing tooth competent zones that
are overlain by Shh-expressing odontogenic bands at their posterior portions (Fig. 7A, E). This initial
co-expression of Pitx2 and Shh corresponds well to the situation found on the mouth roof and floor of
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other vertebrates such as shark, trout, cichlids, tetra, vole and mouse and it probably represents a
blueprint of the developing oral dentitions in vertebrates (Kerdnen et al. 1999, Fraser et al. 2004, Stock
et al. 2006, Fraser et al. 2008, Debiais-Thibaud et al. 2015, Rasch et al. 2016). Concordantly, the lack
of co-expression of these two factors has been ascribed to the inability to form oral teeth in zebrafish or
to initiate a third tooth row of the two-rowed dentition in the cichlid Cynotilapia afra (Stock et al. 2006,
Fraser et al. 2008). In cichlids, the following reiterated focal expression of Sk within the solid Pitx2-
expressing domain next defines positions of newly added tooth germs leading to the development of
dentitions composed of many teeth (Fraser et al. 2008). Likewise, new foci of Shh expression within
the Pitx2-expressing tooth-competent zones demark the newly added tooth germs also in axolotl (Fig.
7A, B, E, F). However, both the positioning of new tooth germs and the odontogenic bands occurs even
prior to the complete separation of tooth competent zones.

The progressive compartmentalization of tooth competent zones leads to individual tooth fields
whereas no tooth field is established de novo. This means that the entire axolotl dentition composed of
five pairs of tooth fields and assembled into outer and inner dental arcades arises embryonically only
from two Pitx2-expressing tooth-competent zones present on the mouth roof and floor. The progressive
compartmentalization is reminiscent of the proposed sequential partitioning of tooth-competent zones
during the establishment of the heterodont dentition in mammals, where a gene toolbox reiteratively
functions in a nested fashion to progressively partition the previously defined regions into smaller
compartments up to individual tooth cusps (Jernvall and Thesleff 2000). Under this scenario, a field of
competence (odontogenic band) is first established, second, a tooth type area is specified (incisor,
canine, premolar, molar), third, individual teeth are initiated, and finally, their cusps arise. By applying
this scenario to homodont dentitions composed of many uniform teeth, such as those found in axolotl
or e.g. ray-finned fishes, the initially defined tooth competent region would directly be
compartmentalized into individual tooth germs (Streelman et al. 2003, Fraser et al. 2008). In axolotl,
however, the tooth-competent zones give rise not only to the marginal teeth, for which the model of
progressive partitioning was originally proposed, but to the entire tetrapod-type dentition composed of
many tooth fields assembled into two dental arcades.

Interestingly, partitioning of the axolotl tooth-competent zones into prospective tooth fields
also affects the odontogenic bands. The initiator-tooth germs of vomerine and palatine fields are among
the first appearing teeth of axolotl dentition and these fields initially share a common odontogenic band
(Fig. 7A, B). However, during the process of the partitioning of tooth-competent zones and the
appearance of distinct vomerine and palatine fields, the single odontogenic band becomes divided into
vomerine and palatine parts. Both parts produce replacement teeth of their respective field. In this
respect, it is interesting to note that the early intimate relation between the vomerine and palatine
odontogenic bands may explain the later association of vomerine and palatine dental laminae. Although
probably not found in axolotl in the full extent (see Clemen and Greven 1977), the mature tooth-
producing vomerine and palatine dental laminae of the fire salamander are joined by an unproductive
epithelial band (Clemen 1978), thus reflecting the mature state of the once associated tooth fields.

Axolotl inner dental arcade is initiated prior to the outer dental arcade

The order of emergence of tooth fields in axolotl takes place in the sequence (1) vomerine + palatine +
coronoid, (2) dentary, (3) premaxillary, i.e. teeth of the inner dental arcade are initiated prior to those
of the outer arcade (Fig. 2). The initial sequence of appearance is reflected in the composition of the
dentition at hatching (st. 44), when the tooth fields of the inner arcade show a multi-rowed arrangement,
while those of the outer arcade still undergo the addition of new germs into a row. This developmental
progression of the inner over the outer dental arcade is conspicuous. In general, the differentiation of
body parts such as the pharyngeal region, rhombomeres or somites, usually progresses in an anterior-
to-posterior fashion during embryonic and larval periods (Graham 2008, Schilling 2008, Dequéant and
Pourquié 2008) and deviations to this law have been associated with the development of adaptive organs
necessary for the embryonic or larval survival (Pospisilova et al. 2019, Stundl et al. 2019, Stundl et al.
2020). Salamander larvae, including the neotenic Mexican axolotl, are suction feeders. After being
sucked in, the prey is firmly gripped in the oral cavity and then oriented through several cycles of
releasing, reorienting and immediate re-gripping until swallowing (Deban and Wake 2000). This
manipulation is facilitated by the presence of tooth patches at the rear of the mouth. Concordantly, the
first odontogenic bands and dental laminae, from which subsequent tooth germs arise in axolotl,
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develop in relation to vomerine, palatine and coronoid tooth fields, thus facilitating the early
achievement of a multi-rowed arrangement of the inner dental arcade. The early establishment of tooth
patches in the inner dental arcade assures that the newly hatched axolotl larva is equipped with a ready-
to-use apparatus for prey capture and processing, whereas the outer arcade may developmentally be
lagging and fully develop only at later larval stages.

The field-specific addition of teeth controls the final composition of the axolotl dentition

The pattern of the addition of tooth germs is disparate among individual axolotl tooth fields (Fig. 7).
Generally, the final appearance of the respective tooth field depends on the shape of the Pitx2-
expressing field and the position of the initiator-tooth. For example, the dentary field is narrow and
strand-shaped, wherein tooth germs are sequentially added into a row and this situation reminds the
developing mammalian dentition. The coronoid field, on the other hand, is wide and tooth germs are
patterned into a cluster (Fig. 7G, H), i.e. a situation reminiscent of the multi-rowed dentition of cichlids
(Fraser et al. 2008). The differences in tooth patterning at early stages of axolotl development are
subsequently reflected in the final arrangement of teeth at larval stages.

Each prospective tooth field in axolotl starts its development with the appearance of the first
tooth. In zebrafish, the first tooth acts as a signaling center for the initiation of two adjacent tooth germs
and these three teeth then constitute the first row of the dentition (Gibert et al. 2019, Van der heyden
and Huysseune 2000). In the mouse, the first tooth germ similarly initiates the whole molar row
(Prochazka et al. 2010, Sadier et al. 2019). The first tooth thus acts as an initiator cue for the
development of the whole tooth row or tooth patch (Sadier et al. 2020) while spacing between the teeth
is mediated by the zone of inhibition surrounding each tooth germ (Osborn 1978, Huysseune and Witten
2006, Fraser et al. 2008). In axolotl, the position of the initiator-tooth is specific to each tooth field (Fig.
7) and these different positions next trigger disparate ways, how new germs are added (see Huysseune
and Witten 2006). For example, among the narrow strand-shaped fields, the dentary tooth germs are
added laterally from the parasymphyseally positioned initiator-tooth while the premaxillary tooth germs
are added both laterally and medially to the mid-laterally positioned initiator-tooth (Fig. 7C, D, G, H).
The addition of new germs within each tooth field progresses through redeployment of tooth-competent
genes, such as Shh, Bmp2 or Bmp?7, until this region becomes fully filled up with tooth germs (Fig. 2,
3, suppl. fig. 2).

After filling up the initial extent of the tooth field with individual teeth, new tooth germs can
only be added by further enlargement of this field. This may happen basically in two ways that can act
simultaneously. First, the embryonic growth leads to the enlargement of the field by a medio-lateral
prolongation, and so new tooth germs may be added sequentially along the jaw length. This is most
notably visible in the case of the premaxillary or dentary tooth fields. Second, the dental lamina provides
further space for the additional production of tooth germs behind the already formed tooth row(s). This
is the case of vomerine or palatine tooth fields. In vertebrates, progressive enlargements of fields of
competence have been associated with patterning of other, non-dental, iterative structures such as bird
plumage, or shark denticles (Jung et al. 1998, Cooper et al. 2018) and the addition of new units into the
existing row simultaneously with the addition of new rows thus seems to be a general phenomenon of
dentitions composed of many teeth and tooth generations (Van der heyden and Huysseune 2000, Ellis
et al. 2016). From this viewpoint, the addition of new tooth units simultaneously at the edges of the
tooth fields and from the dental laminae in the axolotl is in good accord with that present in other
vertebrates.

Some axolotl teeth develop stereotypically at the ecto-endoderm boundary

The border between ectoderm and endoderm in axolotl runs through individual tooth fields (Fig. 7).
Except for the purely ectoderm-derived premaxillary tooth field that later expands laterally onto the
maxillary bones (Clemen and Greven 1977), the remaining tooth fields are ecto-endodermal. In
palatine, coronoid and dentary tooth fields, the relation between the ecto-endoderm border and the teeth
is special in that the border stereotypically runs through the first-forming tooth germs, i.e. initiator-teeth
of these fields. Thus, in axolotl, the initiator-tooth either develops from the ectoderm (premaxillary,
vomerine), or directly at the ecto-endoderm boundary (palatine, coronoid, dentary, Fig. 7, orange
circles). We found no purely endoderm-derived initiator-tooth. Interestingly, among the fields with the
ecto-endodermal initiator tooth, the newly added tooth germs develop either from ectoderm (dentary
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field), or from endoderm (palatine and coronoid fields). In the vomerine field, where the initiator-tooth
is ectodermal, the subsequent germs are ectodermal or ecto-endodermal.

Concordantly, the ecto-endoderm boundary runs through the tooth fields in such a way that
even the odontogenic bands of early larvae and the dental laminae that produce new tooth germs at later
larval stages may be of double-germ layer origin. Besides the ectodermal dental lamina of the
premaxillary field and the endodermal dental laminae of the palatine and coronoid fields, the dental
lamina of the vomerine field is ecto-endodermal (Fig. 6B, C), and we propose its presence also in the
case of the dentary field.

With spatial relations between the germ layer distribution and the initiator-tooth development,
the axolotl constitutes a unique model among extant vertebrates. In mouse, the Sox/7-reporter line
shows the presence of the Sox 1 7-positive endodermal epithelium at the back of the tongue and posterior
to the developing dentition, meaning that all murine teeth are ectoderm-derived (Rothova et al. 2012).
In zebrafish, the tooth-forming pharyngeal epithelium per se is endodermal, although teeth develop
only in case the pharyngeal endoderm contacts the surface ectoderm via the pharyngeal cleft/pouch and
only after an apical periderm-like layer on top of the odontogenic epithelium was formed (Oralova et
al. 2020). In axolotl, mouth development progresses through a stomodeal collar, where the oral
ectoderm involutes and eventually contributes, in the anteriormost oral regions, exclusively to the basal
layer of the double-layered oral epithelium (Soukup et al. 2008, 2013). Given that initiator-teeth of
individual axolotl tooth fields are either fully ectodermal or half ectodermal and half endodermal, this
suggests that the ectoderm may be responsible for the factual initiation of axolotl dentition. In line with
this assumption would be the argument, why the ectoderm progresses through such a complicated way
if it does not exert a certain, perhaps tooth-instructive, role? Such an interpretation would, together with
the data on the role of germ-layers during the initiation of teeth in zebrafish (Oralova et al. 2020), be
mechanistically well in line with the modified outside-in hypothesis of tooth origin. This suggests that
the tooth-forming potential evolved externally within the surface ectoderm and later became
translocated into the oropharyngeal region in a way that teeth of extant vertebrates develop either from
the ectoderm or from the endoderm, yet with a close-by presence of the tooth-instructive ectoderm
(Huysseune et al. 2009, 2010). Conversely, in vitro experiments, in which different salamander
embryonic tissues were combined and their differentiation potential was studied, corroborate that tooth
germs are produced only when oral ectoderm, foregut endoderm and cranial neural crest are co-cultured
(Wilde 1955, Graveson et al. 1997). No teeth form when either oral ectoderm or foregut endoderm
alone are co-cultured with neural crest (Wilde 1955, Takata 1960). The combinatorial presence of
ectoderm, endoderm and neural crest thus seems to be a necessary prerequisite for salamander tooth
development.

This, together with our own data, leads us to reason that the boundary between the ectoderm
and endoderm accounts for a potential source of instruction factors instigating the onset of the
odontogenic program. Such an interaction system with a potential tooth-instructing role may be a
widespread feature of the vertebrate oropharyngeal cavities especially at places, where the outer
ectoderm comes into contact with the inner endoderm. For example, if the physical ecto-endodermal
contact is compromised in vivo in zebrafish, the odontogenic program is not triggered (Oralova et al.
2020). Based on these data, we hypothesize that the combinatorial influence of the ectoderm and
endoderm on tooth development, or the physical boundary of these epithelia per se, may be a much
more widespread and perhaps ancient feature of vertebrate odontogenesis. In support for this
suggestion, the basalmost stem osteichthyan Lophosteus shows initiation of dermal odontodes and teeth
at the oral-dermal boundary running along the length of the lower jaw and sequential addition of new
odontodes labially and teeth lingually from this boundary (Chen et al. bioRxiv preprint). This boundary
presumably represents a generative interface of the outer and inner developmental environments from
where new hard tissue elements (odontodes/teeth) develop in an ordered way. In this context and in the
context of the current study, there is an apparent need for the broader use of detailed fate-mapping
studies in the range of “model” and “non-model” vertebrates to visualize and evaluate the role of the
ecto-endoderm boundary for the initiation of odontogenesis.

-201 -



Conclusions

Vertebrates display a wide array of dentitions with patterned arrangements. Yet, how this pattern
emerges during development and what are the initiation agents of tooth patterning are largely
unanswered questions (Smith 2003, Huysseune and Witten 2006, Fraser et al. 2008, Balic 2019).
Axolotl represents a suitable model for the study of patterning of teeth into a row versus a patch.
Moreover, the colocalization of the initiator-teeth and the ecto-endodermal boundary in this animal
points to the boundary as the potential source of initiation signals instigating odontogenesis. Be it
directly at the boundary or in its proximity, vertebrate dentitions frequently develop at places of
interactions of ectoderm and endoderm, such as the jaws, the palate or the branchial arches. Therefore,
the role of the ecto-endodermal boundary on tooth initiation and development may be a vastly
underestimated topic of vertebrate embryogenesis.

Material and methods

Axolotl embryos handling and GFP-oral ectoderm transplantation experiments

White strain and white GFP-transgenic (Sobkow et al. 2006) axolotl embryos were acquired from the
axolotl colony at MPI-CBG Dresden, Germany. Eggs prepared for prospective oral ectoderm
transplantations were rinsed in tap water and put into sterile Steinberg solution containing antibiotics.
Early neurulae (st. 14, Bordzilovskaya et al. 1989) were placed into agarose-covered Petri dish,
manually decapsulated and inserted firmly into beds cut into the agarose. Oral ectoderm was
transplanted from white GFP-donors into white hosts at the early neurula stage (st. 14) as previously
described (Soukup et al. 2008), and the larvae were fixed at hatching (st. 44) for whole mount analysis
of the ectodermal extent in the oral cavity (n=8). Further oral ectoderm transplantation experiments
were performed for histological analysis at stages of early tooth addition. Embryos and larvae were
anaesthetized with MS-222 (Sigma) and fixed overnight in 4% paraformaldehyde in 0.1 M phosphate-
buffered saline. Specimens prepared for in situ hybridization were dehydrated and stored in methanol
at -20°C.

In situ hybridization

In situ hybridizations were performed on whole mounts using DIG-labelled RNA probes. Antisense
probes for in situ hybridization were obtained by in vitro transcription using primers listed in the
supplementary table 1. Rehydrated larvae were digested in 20 pg/ml proteinase K, fixed in 4%
paraformaldehyde for 10 min, transferred into hybridization solution (50% formamide, 4x SSC, 0.1
mg/ml heparin, 1% Denhardt’s, 0.1% CHAPS, 0.2 mg/ml yeast RNA, 10 mM EDTA, 0.1% Tween-20)
and incubated overnight in hybridization solution containing probe (1:1000). Next day, the specimens
were washed several times in post-hybridization solution (50% formamide, 4% SSC, 0.1% Tween-20)
and transferred via MABT buffer (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20) into blocking
solution (2% blocking reagent, 20% sheep serum, in MABT). Following blocking, the specimens were
incubated overnight in the blocking solution containing alkaline phosphatase-conjugated antibody
against DIG (Roche, 1:3000) at 4°C. The specimens were washed several times in MABT buffer, put
into NTMT (0.1 M Tris, 0.1 M NacCl, 0.05 M MgCl,, 0.1% Tween-20) and kept in BM Purple substrate
(Roche) until the desired signal developed.

3D model of axolotl dentition development

Axolotl larvae at stages 38, 41 and 42 were sectioned sagittally using cryomicrotome at 10 pm thickness
and processed through in situ hybridization with Pitx2 probe. Serial sections were photographed and
used for computer-assisted 3D reconstruction. Alignment, segmentation and surface rendering were
carried out in Fiji using TrakEM2 plugin for ImageJ (Cardona et al. 2012, Schneider et al. 2012,
Schindelin et al. 2012, Schindelin et al. 2015).

Alizarin red staining

Axolotl larvae were bleached in a solution containing 3% H>0» and 0.5% KOH (1:4) with the help of
cold light and stained by a saturated solution of Alizarin red (Fluka) plus 0.5% KOH (1:16) overnight.
Stained larvae were washed thoroughly by 0.5% KOH to remove excess stain and transferred slowly
through a graded series of 0.5% KOH and glycerol (4:1, 2:1, 1:1, 1:2, 1:4) into 100% glycerol.
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Image acquisition and processing

Following in situ hybridization, larvae at stages 37-44 were dissected at the level of the jaw joint to
enable whole mount visualization of teeth developing on the roof and floor of the mouth. Additionally,
mouth roof epithelia of embryos hybridized with a Shh probe were excised and photographed as flat-
mounts to prevent masking of the tooth-specific signal from the signal in the overlying neural tube.
Whole mounts processed through in situ hybridization, skeletal stainings and transplantation of GFP-
labelled oral ectoderm were photographed as Z-stacks using motorized dissection microscopes
(Olympus SZX12, Zeiss SteREO Lumar.V12). The final deep-focus images were acquired by merging
the Z-stacks using maximum projection function. Larvae processed through transplantation of GFP-
labelled oral ectoderm were further sectioned using CM3050 cryomicrotome (Leica) and individual
tooth germs were visualized using anti-calbindin antibody (Sigma) as described (Barlow et al. 1997,
Soukup et al. 2008). Z-stacks of sections were taken on the Olympus Cell® IX81 microscope and merged
as maximum projection images.
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Figure legends

Figure 1. Distribution and composition of axolotl tooth fields.

(A) Dentition of axolotl larva (TL 19 mm) is composed of several tooth fields assembled into outer
(premaxillary, dentary) and inner dental arcades (vomerine, palatine, coronoid) showing various field-
specific arrangements. Fields of the outer arcade initially form a single tooth row and those of the inner
arcade constitute tooth patches. (B, C) Separation of the mouth roof from the floor shows presence of
the oldest tooth (arrow) and the addition of new tooth germs (arrowheads) within each field. (B) In the
premaxillary field (pmx), new germs are added laterally and medially as the field stretches along the
upper jaw, and new germs are also added posteriorly. Vomerine (vom) and palatine (pal) fields develop
by addition of new germs medially from the laterally located oldest teeth. (C) In the dentary field (den),
the oldest tooth is present close to the mandibular symphysis and new germs are added laterally along
the lower jaw, thus forming the tooth row. New germs are further initiated lingually. In the coronoid
(cor) field, the oldest tooth is located labially and new germs are added lingually in a hand fan-shaped
manner. Scale bar equals 1 mm.

Figure 2. Expression patterns of Pitx2 and Shh at early stages of axolotl odontogenesis.

Expression patterns of early odontogenic markers Pitx2 and Shh on the mouth roof and floor whole
mounts show initial stages of development of axolotl dentition (in case of Shh expression the epithelium
of the mouth roof was dissected from whole mounts to circumvent masking of the tooth-restricted
epithelial signal by the strong Shh signal from the adjacent neural tube). At stages 37-41, Pitx2 labels
tooth-competent regions while Shk is restricted to individual tooth germs and into postero-medially
placed odontogenic bands (visualized as strands of Sk expression demarcated by white arrowheads).
Positions of tooth germs are visible as regions of lower Pitx2 expression. (A, E, I, M) Expression pattern
of Pitx2 on the mouth roof is initially restricted to its anterior part but becomes broader at later stages
(parentheses). (B, F, J, K) Focal expression of Sk# illustrates sequential addition of tooth germs starting
from the initiator-teeth of vomerine (vom) and palatine (pal) teeth (B, F, arrows). New tooth germs are
added postero-medially in the palatine tooth field (J, black arrowheads) and antero-medially in the
vomerine tooth field (N, black arrowheads). (C, G, K, O) Expression pattern of Pitx2 on the mouth floor
enlarges posteriorly throughout development and, at stages 40-41, the pattern separates into the
prospective dentary (den) and coronoid (cor) tooth fields (K, O, parentheses). (D, H, L, P) Focal Shh
expression on the mouth floor marks positions of initiator-teeth of the coronoid (D, H, arrows) and
dentary fields (L, P, arrows) and the addition of new tooth germs within both tooth fields (H, L, P, black
arrowheads). New tooth germs are added lingually to the initiator tooth germ in the coronoid tooth field
(H, L, P, black arrowheads) and laterally from the medially positioned initiator tooth in the dentary
tooth field (P, arrowheads). b1, first branchial arch; cor, coronoid tooth field; den, dentary tooth field;
h, hyoid arch; m, mandibular arch; pal, palatine tooth field; vom, vomerine tooth field. Scale bar equals
500 pm.

Figure 3. Expression pattern of Pitx2 at later stages of axolotl odontogenesis.

Pitx2 expression becomes gradually restricted to individual tooth germs (arrows mark initiator-tooth
germs of respective tooth fields and arrowheads mark sequentially added tooth germs). (A, C, E) Within
the mouth roof epithelium, the initial Pitx2 expression delineating individual tooth fields (black broken
lines in A) becomes focused into individual tooth germs, inter-germ regions and the forming dental
laminae of vomerine (vom) and palatine (pal) tooth fields (C and E). Pitx2 expression is further
associated with the developing premaxillary tooth field (pmx), although individual tooth germs cannot
be discerned. (B, D, F) Within the mouth floor epithelium, strong Pitx2 expression is visible in the
developing tooth germs of dentary (den) and coronoid (cor) tooth fields. cor, coronoid tooth field; den,
dentary tooth field; pal, palatine tooth field; pmx, premaxillary tooth field; vom, vomerine tooth field.
Scale bars equal 500 pm (scale bar in B is valid for A and B, scale bar in F is valid for C-F).

Figure 4. Histological analysis of tooth addition within axolotl tooth fields.

Horizontal sections (left sides shown, anterior to the top) through individual tooth fields show positions
of the respective initiator-tooth (black arrows) and the newly added successive tooth germs (black
arrowheads) at stages of early addition (A-E) and later morphogenesis (F-J), when dental laminae are
clearly discernible (demarcated by white arrowheads). (A) Premaxillary tooth field at stage of opened

-206 -



mouth (st. 43) contains three tooth germs (arrowheads) that are added laterally and medially to the
initiator-tooth (arrow). (B, C) Vomerine (vom) and palatine (pal) tooth fields at stage 42 are composed
of laterally positioned initiator-teeth (arrow) and two adjacent medially positioned tooth germs
(arrowheads). (D) Dentary tooth fields are each initiated from the initiator-tooth (arrows) developing
close to the mandibular symphysis (s) and new tooth germs (arrowheads) are added laterally along the
Meckel’s cartilage (Mc). (E) Coronoid tooth field is composed of a patch of tooth germs (arrowheads)
with the initiator-tooth present antero-laterally (arrow). (F) Premaxillary tooth field of a 14 mm larva
shows arrangement into a tooth row. New tooth germs are added lingually from the dental lamina and,
as the upper jaw grows, the premaxillary field expands by further addition of tooth germs at lateral and
medial edges of the dental lamina (white arrowheads). (G, H) Vomerine and palatine tooth fields
containing several teeth arranged into a tooth patch with new germs arising from the postero-medially
positioned dental laminae (white arrowheads). Slight difference in composition exists between these
tooth fields that can be ascribed due to the addition of first teeth antero-medially to the initiator-tooth
(black arrow) in the vomerine field (B) and postero-medially in the palatine field (C), and to the
subsequent development of new tooth germs from the medially placed dental laminae (white
arrowheads). (I) Dentary tooth field is arranged into the tooth row. New tooth germs are added from
the lingually positioned dental lamina and laterally (white arrowhead) due to expansion of the growing
Meckel’s cartilage (Mc). (J) Coronoid tooth field at a slightly older stage than that of (E) develops from
the postero-medial dental lamina (white arrowheads). Scale bars equal 100 pum.

Figure 5. Distribution and epithelial derivation of teeth in the axolotl oral cavity.

(A, D) Whole mount larvae at st. 44 dissected at the jaw joint and stained by alizarin red demonstrate
developing teeth assembled into premaxillary (pmx), vomerine (vom) and palatine (pal) tooth fields on
the mouth roof (A), and into dentary (den) and coronoid (cor) tooth fields on the mouth floor (D). (B,
C, E, F) Epithelial origin of teeth and schematic interpretation of germ-layer distribution in the axolotl
oral cavity (note that only the basal epithelial layer is depicted; the apical layer of the oral epithelium
is derived from endoderm). Black dots in C and F represent individual teeth, positions of initiator-teeth
of each tooth field are labelled with black arrows. Teeth developing at the ecto-endoderm border are
found in vomerine, palatine, dentary and coronoid tooth fields. ad, adenohypophysis; ch, choana (inner
nostril); den, dentary teeth; ECT, ectoderm; END, endoderm; pal, palatine teeth; pmx, premaxillary
teeth; cor, coronoid teeth; vom, vomerine teeth. Scale bar equals 1 mm.

Figure 6. Histological analysis of the epithelial origin of the axolotl teeth.

Histological analysis shows details of epithelial origin and modes of addition of teeth (marked by anti-
calbindin antibody) within the tooth fields. Arrows mark initiator-tooth germs in each tooth field,
arrowheads mark sequentially added tooth germs, yellow arrow/arrowhead denotes tooth developing at
the ecto-endoderm border, white arrow/arrowhead denotes tooth developing solely from either
ectodermal or endodermal epithelium. (A) Sagittal section showing lateral-most palatine tooth
developing at the ecto-endoderm border (yellow arrow) close to endoderm-derived coronoid tooth
germs (white arrowheads). (B) Horizontal section through vomerine and palatine tooth fields. Two
vomerine teeth develop in the ectodermal epithelium (white arrow and arrowhead) and one tooth germ
is of ecto-endodermal origin (yellow arrowhead). Palatine tooth field is composed of one ecto-
endodermal tooth germ laterally (yellow arrow) and two endodermal germs (white arrowheads)
medially. Note the just-arising dental laminae (broken lines) that are of endodermal origin in case of
the palatine field and ecto-endodermal origin in case of the vomerine field. (C) Horizontal section of
later stage vomerine and palatine tooth fields showing ecto-endodermal germ in each vomerine and
palatine fields (yellow arrow and arrowhead) next to other ectodermal vomerine teeth and endodermal
palatine teeth (white arrowheads). Dental laminae (broken lines) are of ecto-endodermal origin in
vomerine field and endodermal origin in palatine field. (D) Sagittal section medial to that shown in (A)
depicting ecto-endodermal coronoid tooth (yellow arrow), which develops at the level of other tooth
germs of vomerine, palatine and coronoid tooth fields (white arrow and arrowheads). (E) Horizontal
section showing ecto-endodermal teeth developing medially in the dentary tooth field (yellow arrows)
next to other ectodermal teeth of dentary and premaxillary fields and endodermal teeth of the coronoid
field (white arrowheads). den, dentary teeth; pal, palatine teeth; pmx, premaxillary teeth; cor, coronoid
teeth; s, symphysis; vom, vomerine teeth. Scale bar equals 50 pm.
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Figure 7. Relations between the germ-layer distribution and patterning of the axolotl dentition.
During the course of the axolotl mouth development, oral ectoderm and endoderm do not form a sharp
border, but instead the basal layer of oral ectoderm involutes to constitute the basal layer of the nascent
oral epithelium while the solid endoderm forms the apical layer (A-D). As a result, the ecto-endodermal
border within the basal layer of the mouth roof (black arrowhead) and floor (grey arrowhead) is different
from that within the apical layer. The broken line in A-C shows the place of the future mouth cavity.
Tooth-competent zones become established in the basal epithelial layer of the mouth roof and floor
(blue regions in E, F, J, K) and later become separated into the prospective tooth fields (blue regions in
G, H, L, M). Tooth germs arise progressively during the process of this separation. Orange circles mark
the positions of the initiator-teeth of each prospective tooth field and yellow circles denote positions of
successively added tooth germs. Yellow regions mark positions of odontogenic bands at earlier stages
(E, F, J, K) and dental laminae at later stages (G, H, L, M). Green and magenta regions show the extent
of oral ectoderm and endoderm, respectively. Only the basal epithelial layer, i.e. the tooth-forming layer
of the double-layered epithelium is depicted (the black and grey arrowheads in E and J correspond to
those in A-D). First tooth germs of vomerine (V), palatine (P) and coronoid (C) tooth fields appear prior
to those of the premaxillary (Pm) and dentary (D) tooth fields. The initiator-teeth of palatine, coronoid
and dentary tooth fields stereotypically arise at the boundary of ectoderm (green) and endoderm
(magenta) (orange circles in F, K, L), while the initiator-teeth of the premaxillary and vomerine tooth
fields arise from ectoderm (orange circles in E, G). The successive tooth germs arise from ectoderm in
case of premaxillary and dentary tooth fields, from endoderm in case of palatine and coronoid tooth
fields and from ectoderm or ecto-endoderm in case of vomerine tooth fields (F, G, H, K, L, M). These
early events in oro- and odontogenesis lead to the salamander-specific distribution of teeth on the bones
of the upper and lower jaws and on the palate (I, N). Orange teeth in I and N represent the initiator-
teeth of each tooth field. Figures I and N are schematized Figures 1B and C, respectively. den, dentary;
pal, palatine; pmx, premaxillary; cor, coronoid; vom, vomerine.

Supplementary figure 1. Expression of selected genes during axolotl odontogenesis

(A-D) Expression of Bmp2 and Bmp7 demarks positions of individual initiator-tooth germs of each
nascent tooth field (arrows) and positions of successive tooth germs (arrowheads) in a pattern similar
to that of Shh (see Fig. 2). (E, F) Expression of DIx3, on the other hand, delineates positions of tooth
fields (black broken lines) similarly to that of Pitx2 (see Fig. 2). (G, H) DIx5 transcripts are restricted
to the developing tooth germs besides their presence at other craniofacial regions. cor, coronoid field;
den, dentary field; pal, palatine field; pmx, premaxillary field; vom, vomerine field. Scale bar equals
500 pm.

Supplementary figure 2. 3D models of the developing axolotl dentition based on serial sagittal
sections hybridized with the Pitx2 probe.

The models visualize the shape and relationship of Pitx2-expressing areas aka tooth competent zones
and tooth fields. During the course of embryonic development, the initially compact tooth-competent
zones on the mouth roof and floor (st. 38) become compartmentalized into individual tooth fields. The
models were reconstructed based on the complete series of sagittal sections hybridized with a Pitx2
probe (left column, solid lines mark the basement membrane of the oropharyngeal epithelia, broken
lines mark the place of future oropharyngeal opening). Mouth roof expression is in red color, mouth
floor expression in blue color, basal epithelial layer of the oral epithelium in grey color and cyan dots
demark positions of tooth germs. ad, adenohypophysis; cor, coronoid field; den, dentary field; n, nasal
cavity; pal, palatine field; pmx, premaxillary field; vom, vomerine field. Scale bar equals 100 um.
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VII. Pospisilova A, Stundl J, Brejcha J, Metscher BD, Psenicka M, Cerny R & Soukup V (in
prep) The dentition is a highly dynamic organ system during the sterlet sturgeon ontogeny

(Acipenser ruthenus).
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Abstract

Introduction

Teeth are among the key vertebrate innovations and, implicitly, evolutionary history of dentitions is a
topic of longstanding discussions of paleontology and evo-devo research (Chen et al. 2015, Fraser et
al. 2009, Qu et al. 2013 PLoS, Qu et al. 2015, Riicklin et al. 2014, Vaskaninova et al. 2020). Many
dental features are proposed to have evolved at the stem and base of the gnathostome phylogeny
comprising differences in tooth replacement between the two extant gnathostome lineages, the
cartilaginous (chondrichthyans) and bony fishes (osteichthyans) (Chen et al. 2015). While cartilaginous
fishes usually replace teeth embedded in oral mucosa through rapid exchange in a conveyor belt-like
manner, those of bony fishes replace teeth through the resorption of tooth bases.

Among the bony fishes that represent the vast majority of extant vertebrates, several ray-finned
fish species have become models of dental research, including the zebrafish Danio rerio, the medaka
Oryzias latipes, the tetra Astyanax mexicanus or the stickleback Gasterosteus oculatus (e.g. Atukorala
& Franz-Odendaal 2014, Ellis et al. 2016, Abduweli et al. 2014, Kague et al. 2018, Aigler et al. 2013).
All these species represent derived teleosts with specialized dentitions and teeth allocated to oral and/or
pharyngeal jaws. However, to address questions regarding various aspects of the evolutionary history
of vertebrate dentitions, information from non-teleost ray-finned fish clades, such as polypteriforms
(bichirs and reedfish), acipenseriforms (sturgeons and paddlefish) and holosteans (gars and bowfin), is
indispensable. Despite the topicality, current knowledge on odontogenesis in these earliest-diverging
extant ray-finned fish taxa is insufficiently limited to only a few reports.

Dentitions of many extant ray-finned fish species are characterized by tooth replacement with
the absence of a deep epithelial invagination, the dental lamina. Instead, each new replacement tooth is
initiated directly from the outer dental epithelium of the predecessor tooth. This type of tooth
replacement occurs in bichir, paddlefish and salmon and seems to be an ancestral feature of ray-finned
fish and teleost dentitions (Vandenplas et al. 2014, Vandenplas et al. 2016, Smith et al. 2015). Apart
from this feature, dentitions of non-teleost ray-finned fish lineages display variable distribution of teeth
throughout the oropharyngeal cavity. For example, bichir develops teeth in the mouth, on the palate and
on every element of each branchial arch (Clemen et al. 1998, Wacker et al., 2001). This condition is
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conserved also in other early diverging osteichthyans such as Eusthenopteron or Latimeria (Nelson
1969, Jarvik 1996), and is supposedly ancestral to all osteichthyans (Chen et al. 2015, Fraser et al. 2009,
Smith & Coates 1998, Donoghue 2002). On the other hand, teeth of the acipenseriform sturgeon and
paddlefish are restricted to oral margins, palate, and anterior pharyngeal regions (Smith et al. 2016,
Warth et al. 2017, Jollie 1980). According to Nelson (1969), the distribution of tooth fields may invoke
retainment of a certain phylogenetic information and traits that are present in individual lineages could
bear information on the evolutionary translocation of the dentition within the oropharyngeal cavity.
Given that the main prey-processing organ system in bichir is the oral apparatus (Clemen et al. 1998)
and that, on the contrary, many teleosts process food on their pharyngeal jaws, sturgeons could,
according to this premise, exhibit a transitory state. Acipenseriforms may thus be crucial for the
understanding of the evolutionary translocation of the dental potential within the oropharynx from oral
jaw-oriented prey-seizing fishes (such as bichirs) to pharyngeal jaw-oriented prey-processing fishes
(such as modern teleosts).

The two acipenseriform orders, acipenserids and polyodontids, share many oral and dental
features, comprising the specific placement of dental fields and the eventual tooth loss. In acipenserids,
teeth are lost in a gradual manner throughout ontogeny (Bemis et al. 1997, Hilton et al. 2011), while
teeth of polyodontids are, to a large extent, overgrown by the surrounding bone (Smith et al. 2015,
Grande & Bemis 1991). In both orders, however, the eventually non-functional dentition is
compensated for by the development of other structures within the oropharyngeal apparatus. The
polyodontid paddlefish replaces the once functional dentition by prolonged gill rakers to establish
efficient filtration apparatus (Imms 1904) and the acipenserids such as Acipenser oxyrhynchus or
Scaphirhynchus platorynchus replace their dentition with evertible jaws and grinding ridges (Nelson
1969).

Prior to the eventual loss, however, the larval dentition of both polyodontids and acipenserids
is composed of several tooth fields distributed over oral, palatal and anterior pharyngeal regions (Smith
et al. 2015, Warth et al. 2017). In paddlefish, the dentary and dermopalatine tooth fields located at the
jaw margins are initiated as single rows of tooth germs among which new germs are added (Smith et
al. 2015). Similar alternate fashion of tooth addition and replacement is present also at palatopterygoid
and first infrapharyngobranchial positions on the oropharyngeal roof, and on the first and second
hypobranchial positions on the floor. In acipenserids, this arrangement seems to be preserved (Warth et
al. 2017, Bemis & Grande 1997), although a thorough description of tooth composition throughout the
sturgeon ontogeny is awaited.

To overcome the current lack of information on tooth addition and replacement at the base of
the bony fish phylogeny, we present here the sterlet as an emerging system for the study of various
aspects of odontogenesis, relevant for both the explanation of ancestral states of odontogenesis and
specializations concerning allocation of tooth fields to certain oropharyngeal regions or mechanisms of
tooth loss. We intend to provide a thorough description of odontogenesis throughout the ontogeny of
the sterlet sturgeon (Acipenser ruthenus), from the earliest stages of initiation through replacement to
loss of'teeth, in order to provide a standpoint for direct comparison between acipenserid and polyodontid
dentitions and for further studies dealing with various aspects of vertebrate odontogenesis.

Methods

Embryo collection and handling

The analyzed material includes a developmental series of the sterlet Acipenser ruthenus Linnaeus, 1758,
obtained at the Research Institute of Fish Culture and Hydrobiology, Faculty of Fisheries and Protection
of Waters of the University of South Bohemia in Ceske Budejovice, Czech Republic. Fertilized eggs
were transported and reared at the Department of Zoology, Faculty of Science, Charles University,
Prague, Czech Republic. The rearing procedures followed the guidelines of the institutional animal care
and use committee of the Charles University in Prague. Embryos were transferred to well-oxygenated
tanks and kept at 17 °C in the E2 Pen/Strep zebrafish embryo medium until the desired size was reached.
Larval and juvenile specimens at appropriate stages were anesthetized by an overdose of MS-222
(Serva) and fixed in 4% PFA. Specimens for in situ hybridization were fixed in 4% PFA overnight and
stored in 100% methanol at —20 °C until further processed. Individuals were staged according to total
length (TL, measured after the fixation).
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In situ hybridization

Partial sequences of candidate genes were amplified from cDNA using specific primers (Pitx2 forward
5’-ATGCAGCCCTACGAAGACAT-3’, reverse 5’-
ATTTAGGTGACACTATAGTGGAGTTGCAAGTGTCCCTA-3’, Shh forward 5’-
GCBATYTCDGTRATGAACCA-3’, reverse 5’-CARSRSSYTGGAGTACCAGT-3’) and cloned into
pGEM T-Easy vector (Promega) to synthesize probes for in situ hybridization. Whole-mount in situ
hybridization was performed as previously described (Minarik et al. 2017). Whole-mount
photomicrographs were taken as Z-stacks processed through maximum-projection function in the
QuickPhoto Micro software using the Olympus SZX12 motorized dissecting microscope.

Alizarin red staining

Visualization of mineralized tissues of the majority of the presented specimens was performed using
the bone staining protocol described in Rizzato et al. (2020). Besides these, the 286 mm TL specimen
long-term fixed in formalin was washed by the tap water and prepared using dermestid beetles for two
days under observation. Following preparation, the mineralized tissue was visualized by classical
Alizarin red staining. Alizarin red brightfield or epifluorescent images (Connolly & Yelick 2010) were
taken as Z-stacks using Zeiss SteREO Lumar.V12 dissecting microscope and processed through
maximum-projection function in ZEN software.

Paraffin histology

Specimens were rinsed in distilled water and then placed in neutral 12.5% EDTA
(ethylenediaminetetraacetic acid), pH 7.0 to soften the skeletal tissues before sectioning.
Decalcification took place over 24 h for smaller fish and 4 days for larger fish. Subsequently, the
specimens were rinsed in distilled water, dehydrated in a graded series of ethanol and cleared in xylene.
Specimens were then embedded in paraffin and sectioned using a microtome (Leica RM2155) at the
thickness of 10-12 um. Sagittal sections were stained with Mayer's Hematoxylin & Eosin or against
TRAP (see below).

Demonstration of hard tissue resorption

Hard tissue resorption was identified on whole-mount and sectioned samples using staining against
TRAP (tartrate-resistant acid phosphatase) adapted from the published protocol (Witten & Villwock
1997). First, specimens were rehydrated and washed in distilled water. The specimens were then
incubated at 37°C in the dark in a TRAP substrate detection solution composed of (i) 0.2 M acetate
buffer (0.2 M acetic acid and 0.2 M sodium acetate) with 100 mM sodium tartrate dibasic dihydrate,
(i1) 6% substrate solution (2 mM naphthol-AS-TR-phosphate in N,N-dimethylformamide) and (iii) Fast
Red TR Salt (60 mg/100 ml). Incubation lasted one hour in case of sections and three hours in case of
whole-mount specimens. After TRAP staining, the slides were washed in tap water and briefly
counterstained with Mayer's Hematoxylin. The whole-mount specimens were washed in distilled water
and subsequently bleached in 3% hydrogen peroxide in 0.5% KOH [1:4]. Samples were transferred into
100% glycerol and photographed.

MicroCT visualization

Selected larvae were mounted in 1% agar in 1000 pl pipette tip and scanned using MicroXCT (X-Radia)
at the Department of Theoretical Biology, University of Vienna. Images were reconstructed in
XMReconstructor (X-Radia) and analyzed in Amira (FEI Software).

Results

Sterlet dentition consists of several tooth fields distributed over the oropharyngeal cavity

Teeth of the sterlet dentition are allocated to several tooth fields distributed within the oropharyngeal
cavity (Fig. 1A, B). At the jaw margins, teeth are present on the anterior portion of the dermopalatine
bone dorsally and on the symphyseal portion of the dentary bone ventrally. Both dermopalatine and
dentary tooth fields are composed of several teeth arranged into a single tooth row (monostichous
arrangement, Fig. 1C, F). On the palate, a single tooth field is present on the antero-median portion
(pars autopalatina) of the palatopterygoid bone and consists of several functional tooth rows
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(polystichous arrangement, Fig. 1D). At anterior pharyngeal positions, tooth fields are associated with
pharyngeal cartilages, namely first infrapharyngobranchial dorsally and first and second hypobranchials
ventrally, and form polystichous patches of teeth interconnected with a bone of attachment (Fig. 1E,
G). Individual tooth fields represent dynamic organ systems that pass through several developmental
states. The teeth on the jaw margins become functional only for a limited time period and are not
replaced after shedding. In contrast, other dentate fields undergo periods of initiation, addition of new
tooth germs, active tooth cycling characterized by resorption and shedding of the oldest teeth and their
simultaneous replacement, followed by the cessation of tooth replacement and the complete loss of the
respective field. Replacement teeth at all positions develop from the superficial epithelium without the
presence of the dental lamina (Fig. 1H-L). The newly formed tooth germ develops in the adjacent
epithelium with the tooth cone lying parallel to the oropharyngeal epithelium (Fig. 1G, H, M, N, white
arrowhead). Replacement occurs typically from behind, although in case of the palatopterygoid field,
replacement teeth are added labially (Fig. 1J). To better understand aspects of development of the sterlet
dentition, we divided the ontogeny of the tooth fields into several periods.

Expression of odontogenic genes denotes positions of tooth fields and initiating tooth germs

To describe the earliest events and the sequence of appearance of tooth fields during the sterlet
odontogenesis, we followed expression of pitx2 and shh, two genes generally expressed in the future
dental epithelium and responsible for the differentiation of the oral epithelium towards a dental fate
(Dassule et al. 2000, Cobourne et al. 2004, Jackman et al. 2010, Yu et al. 2020). Concordantly with the
situation found in axolotl (Soukup et al. in prep), pitx2 in the sterlet is expressed broadly at positions of
future tooth fields and only later becomes expressed focally in the developing tooth germs. sh#, on the
other hand, shows focal tooth germ-specific expression at much earlier stages.

The first pitx2 expression is present just before hatching (Fig. S1A) as diffuse bands
surrounding the future mouth opening. These bands are allocated to the prospective upper and lower
jaws from stage 35 to stage 37 and represent odontogenic bands of the dermopalatine and dentary tooth
fields (Fig. S1B-D). Concordantly, the first si/4 expression is observed in the prospective mouth area in
the form of bands running along the future jaw margins (Fig. S1E-G), and starting from stage 38 (TL
10 mm), shh becomes expressed focally in the developing dermopalatine and dentary tooth germs (Fig.
S1H). After dissecting the embryonic heads at the level of the jaw joint, the pitx2 expression associated
with the prospective dermopalatine and dentary tooth fields at TL 10 mm (Fig. 2A, F) becomes
supplemented with the pitx2 expression domains of the palatopterygoid and hypobranchial 1 tooth fields
at TL 11 mm (Fig. 2B, G) and the infrapharyngobranchial tooth field at TL 12 mm (Fig. 2C). During
this time period, shh shows focal expression in individual tooth germs that co-localizes with the broader
pitx2 expression domains and no focal si/h expression is present outside of the pitx2 expression domains.
Sometimes, focal loci of lower expression are found within the pitx2 domains that correspond to the
focal presence of shh transcripts and the positions of tooth germs. The order of appearance of individual
tooth germs (determined by the focal sik expression) follows the order of appearance of the tooth field-
related pitx2 expression domains (Fig. 2K-M, P-R). Namely, individual tooth loci appear first in the
dermopalatine and dentary fields at 10 mm (Fig. 2K, P), hypobranchial 1 at TL 11 mm (Fig. 2Q) and
palatopterygoid and infrapharyngobranchial at 12 mm (Fig. 2M). New tooth germs are then added
adjacent to the initiator-tooth in medial and lateral directions (Fig. 2K-T, black arrows and arrowheads)
thus forming first tooth rows in each tooth field. At the same time, these initial tooth rows are
surrounded by new shh expressing bands (Fig. 2N, S, asterisks) that become compartmentalized into
foci of shh expression (Fig. 20, T, asterisks). These foci will give rise to taste bud rows encircling each
of the prospective tooth fields.

Skeletal preparations show establishment of the fully functional dentition
A series of skeletal preparations shows that the initial mineralization of the marginal teeth
(dermopalatine and dentary teeth) commences at about TL 13 mm (Fig. 3A, A') and those of the more
posterior teeth (palatopterygoid, infrapharyngobranchial and hypobranchial 1) slightly later at TL 14
mm (Fig. 3C, D). First teeth on hypobranchial 2 become visible even much later, no earlier than at TL
23 mm (Fig. 3H).

In the larvae, dermopalatine teeth are arranged into a single row that opposes the single-rowed
teeth on the dentary (Fig. 3B). Typically, four to six teeth are present in each dentary and dermopalatine
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element. The sequence of mineralization of teeth in the dentary field begins with the position 2 followed
by positions 1 and 3 (Fig. 3A, arrow and arrowheads) and subsequent positions 4, 5 and 6 later on. At
the same time, first signs of mineralization are visible also in the dermopalatine field (Fig. 3A, arrows).
In a slightly older embryo, these tooth fields show further addition of tooth germs laterally to form tooth
rows along the jaw length (Fig. 3A’). Interestingly, the sequence of tooth mineralization is rather
random in the dermopalatine tooth field. At around TL 14 mm, the teeth become ankylosed to the
ossifying dermopalatine and dentary bones (Fig. 3B-D). After setting up the definite number of teeth in
these tooth fields, no further germs are added either at the ends of the tooth rows, or among individual
teeth and, unlike in Polyodon (Smith et al. 2016), no replacement teeth are initiated.

The palatopterygoid bones become ossified at roughly the same time as the dermopalatine and
dentary, and the first mineralization of tooth germs occurs also in the more posterior regions
(palatopterygoid, infrapharyngobranchial and hypobranchial 1) (Fig. 3C, D). Three teeth are present in
each of these posterior tooth fields. The first three mineralized teeth of the palatopterygoid field are
arranged into a row (Fig. 3C). Soon after that, however, addition of new germs changes the arrangement
from a tooth row into a tooth patch consisting of two to three functional tooth rows (polystichous
arrangement) (Fig. 3E). The labial presence of mineralized tips with unmineralized bases shows that
new tooth germs of the palatopterygoid field are added from the anterior (Fig. 3E, black arrowhead),
unlike all the other tooth fields (see later).

At pharyngeal regions (infrapharyngobranchial, hypobranchial 1 and 2) the teeth are joined
among each other with their bones of attachment and form patches with multiple functional tooth rows.
At TL 14 mm, the infrapharyngobranchial and hypobranchial 1 fields are composed of three tooth germs
arranged into a triangle with the most developmentally advanced tooth, i.e. the initiator-tooth of the
tooth field, placed anteriorly (Fig. 3C, D). During further development, the sequential addition of new
teeth from posterior leads to a multi-rowed arrangement of these fields (Fig. 3E-H). Namely, new tooth
germs are added slightly posterior and in between the already formed teeth leading to the alternate
arrangement of tooth rows of the resulting tooth patch (Fig. 3H). During the initial sequential tooth
addition, the newly formed teeth can form their own bone of attachment that is initially isolated from,
and not joined to the rest of, the mineralized patch (Fig. 3E) and that will become joined to the rest of
the field at later stages.

Of the posterior tooth fields, the hypobranchial 2 is the last field to appear during the sterlet
ontogeny. It emerges as a single mineralized tooth germ at the time when the infrapharyngobranchial
and hypobranchial 1 fields already show a multi-rowed arrangement (TL 24 mm, Fig. 3H).
Interestingly, the time of appearance of the hypobranchial 2 field further correlates with the time when
the hypobranchial 1 initiator-tooth is already shed, i.e. this field undergoes tooth cycling (Fig. 3H,
arrow), and when the functional dermopalatine and dentary teeth start being shed (see below). This
means that a simultaneous presence of all tooth fields in the sterlet oropharyngeal cavity spans only a
short time window.

Marginal dentition is lost through the resorption of tooth bases

The sterlet dentition is a system where, at a certain time point, some tooth fields are functional while
others are not necessarily present. The fully formed tooth fields at the jaw margins are represented by
a row of four to six teeth per jaw quadrant that, unlike the more posterior tooth fields, do not undergo
active tooth cycling. Tooth shedding in the dermopalatine and dentary fields is visible from TL 24 mm
(Fig. 4E black arrowhead and 4G white arrowhead) and the teeth are completely lost by TL 35 mm
(compare Figs. 4G, K, Suppl. tab. 1).

To follow the process of marginal tooth loss in detail, we analyzed hard tissue remodelling and
matrix resorption by tracking the odontoclast activity using staining for the activity of the tartrate-
resistant acid phosphatase (TRAP). The earliest detected TRAP signal is located in the labial portions
of the bases of the dermopalatine and dentary teeth at TL 23 mm (Fig. 5C) and becomes widespread
throughout these tooth fields by TL 28 mm (Fig. 5G, H).

Further, microCT visualizations show that the tooth loss results from breaking off of the tooth
tip (Fig. 5B, white arrow), followed by the demineralization of the tooth base and the eventual shedding
of the tooth. Traces of tooth sockets on dermopalatine and dentary bones represent the only remnants
of lost teeth and since then the jaw bone surfaces exhibit a wrinkled appearance (Fig. 4G, K and 5A,
B).
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Interestingly, the loss of the dermopalatine and dentary teeth is associated with the progressive
appearance of the hypobranchial 2 field (from TL 23 mm). This concurrence likely reflects a posterior
functional translocation of the dentition from the jaw margins to the anterior pharyngeal regions.

Posterior tooth fields undergo active tooth cycling

The palatopterygoid and all pharyngeal tooth fields show active tooth cycling via rapid replacement of
the shed teeth. New teeth are added posteriorly in the infrapharyngobranchial, hypobranchial 1 and
hypobranchial 2 fields (Fig. 4B, D, L white arrowheads) and anteriorly in the palatopterygoid field (Fig.
4A white arrowheads). The used teeth are shed on the opposite side of the respective field (Fig. 4, black
arrowheads). Concordantly, the hard tissue resorption associated with tooth shedding (as estimated from
the presence of the TRAP activity) occurs at the bases of the anterior teeth of the infrapharyngobranchial
and hypobranchial 1 fields and posterior teeth of the palatopterygoid field (Fig. 5D-F). The TRAP
activity is observed from TL 23 mm (Fig. 5C-F) but becomes widespread and pronounced within the
tooth fields later on (Fig. 5G, H). The TRAP activity thus denotes remodelling of the tooth fields during
the period of active tooth cycling.

In association with the tooth cycling period, the shape of the tooth fields changes over time.
For example, within the palatopterygoid field, the addition of new tooth germs (Fig. 4I, white
arrowhead) leads to a medially extended portion of this field (Fig. 6D, white arrowhead). Furthermore,
the pharyngeal fields initially forming medio-laterally narrow tooth clusters transform into wide
crescent-shaped tooth bands consisting of three to four tooth rows (cf. Fig. 4B, D with 4F, H and 4J,
L). This shape change and the medio-lateral prolongation of these bands is generated by successive and
continuous addition of new germs at the edges of the developing tooth fields that go hand-in-hand with
the shedding of the old teeth (Fig 6B, C, E, E’, F, F’). In case of the infrapharyngobranchial field, the
continuous addition of new teeth in a medial direction eventually leads to the unification of the left and
right tooth patches into a single band that spans the whole width of the roof of the pharyngeal cavity
(Fig. 7B, B)).

During tooth replacement, new teeth usually join the rest of the tooth patch by their bones of
attachment, although, sometimes a single tooth or a cluster of fully developed teeth form apart from the
rest of the tooth patch (Fig. 4J, L). These teeth are, however, joined later by further secretion of the
bone of attachment of a newly added tooth in between the unjoined parts.

During active tooth cycling, tiny remnants of alizarin red-stained hard tissue appear anterior to
the pharyngeal tooth fields. Most notably visible in the hypobranchial 1 field (Fig. 4L, 6C, 7C, 7E”’,
asterisks), these remnants likely represent leftovers of the non-resorbed hard tissue material after the
extensive TRAP activity, which is associated with shedding of old teeth (Fig. 5G, H).

The situation of active tooth cycling in the hypobranchial 2 field is rather ambiguous. This field
is the last appearing within the sterlet ontogeny (at TL 23-24 mm, Fig. 3H, white arrowhead) and tooth
shedding starts soon after the very initiation of this field. Namely, the first tooth of this field is shed at
the time when the field consists of only three mineralized teeth (Fig. 4H, black arrowhead). Throughout
the ontogeny, the rapid shedding of the formed teeth continues in this field and impedes counting of the
functional tooth rows and, further, the teeth of this field are often separated by the local lack of the bone
of attachment (Fig. 4L, 6C, F, F’). At later stages, the median portion of this tooth field bends laterally
and new tooth germs are thus added posteriorly, medially and anteriorly (Fig. 6F°, white arrowheads).

Cessation of tooth replacement is followed by the loss of teeth
Teeth at all positions in the sterlet oropharyngeal cavity eventually become lost throughout the
ontogeny, a feature associated with changes in lifestyle and emancipation of suction feeding. The
marginal tooth fields become lost by TL 35 mm, whereas the palatopterygoid and pharyngeal tooth
fields are lost at much later stages as a result of the cessation of tooth replacement. Cessation of tooth
replacement of these tooth fields occurs when the addition of new teeth is considerably slowed down
or completely stopped while, simultaneously, shedding of teeth continues. This feature then leads to the
overall reduction and eventual loss of the tooth fields. We observed cessation of tooth replacement in
the palatopterygoid and pharyngeal tooth fields roughly from TL 68 mm but the slowing down of tooth
replacement occurs continuously already prior to this stage.

In the palatopterygoid field, the yet functional teeth show connection to the underlying bone,
however, they are not joined among each other with their bones of attachment (Fig. 7A, arrowhead). At
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places, where the teeth are shed, the degradation of the attachment material leaves holes and
indentations in the palatopterygoid bone (Fig. 7A, A’, arrowhead). The remnants of the palatopterygoid
field are present also at juvenile stages, i.e. we could find a single tooth cluster on one palatopterygoid
bone at TL 286 mm (Fig. 7D, D’).

The reduction of pharyngeal fields is exhibited by the pronounced degradation of the bone of
attachment in case of the infrapharyngobranchial field or by the progressive lack of its mineralization
in case of the hypobranchial 1 and 2 fields. Here, remnants of mineralized bones of attachment are still
present in the lateral parts of the fields, otherwise mineralization is present only in the tooth apices (Fig.
7C, C’ arrowhead). These parts contain the highest number of functional tooth rows and thus the oldest
teeth. Mineralization, at least partial, of tooth bases of the oldest teeth continues until TL 286 mm (Fig.
7E, E’, E”). Interestingly, TL 105 mm is the last examined stage to display presence of all multi-rowed
tooth fields and, among them, only palatopterygoid and hypobranchial 1 fields are found in TL 286 mm
stage (Fig. 7D, E).

Discussion

Conclusion

Acipenserid dentition encompasses various aspects of dental developmental biology including early
initiation and addition of new teeth within a dentate field, together with later-occurring simultaneous
resorption, and eventual loss of the whole dentition. These phenomena occur sequentially (or
simultaneously) showing dynamic modifications of the dentition throughout the life cycle and making
the sterlet an amenable model for various aspects of the dental research. Thanks to its phylogenetic
position as a member of non-teleost ray-finned fishes, aspects of dental biology may have direct
consequences for explaining the evolution of dental character states present in the teleosts. At the same
time, non-teleost ray-finned fishes proved to be helpful in addressing various developmental questions
across broad vertebrate phylogeny (Minarik et al. 2017, Stundl et al. 2019, Stund]l et al. forthcoming),
and in this sense, the sterlet may be informative also in case of general evolution of vertebrate dentitions.
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Figure legends:

Fig. 1: Distribution and composition of the sterlet dentition.

(A, B) Schematic illustration of the sterlet oropharyngeal roof and floor with a depiction of individual
tooth fields. (C-E) Alizarin red-stained tooth fields of the oropharyngeal roof, i. e. dermopalatine (C),
palatopterygoid (D) and infrapharyngobranchial (E), and sagittal histological sections (anterior to the
left) through these fields (F-H). (I-K) Alizarin red-stained tooth fields of the oropharyngeal floor, i. e.
dentary (I), hypobranchial 1 (J), and hypobranchial 2 (K) and sagittal histological sections (anterior to
the left) through these fields (F-H). White arrowheads mark positions of new tooth germs. den, dentary;
dpl, dermopalatine; hbl, hypobranchial 1; hb2, hypobranchial 2; iph, infrapharyngobranchial; ppt,
palatopterygoid.

Fig. 2: Expression patterns of Pitx2 and Shh at early stages of development of the sterlet dentition.
Expression patterns of early odontogenic markers Pitx2 (A-J) and Shh (K-T) on the oropharyngeal roof
(A-E; K-O) and floor (F-J; P-T) show initial stages of development of the sterlet dentition. (A-E)
Expression pattern of Pitx2 on the oropharyngeal roof labels tooth competent regions, which
ontogenetically appear in the sequence dermopalatine, palatopterygoid and infrapharyngobranchial
tooth fields. (F-J) On the oropharyngeal floor, the Pitx2 expression is first present in the dentary and
later in the hypobranchial 1 tooth fields. The Pitx2 expression on both the roof and the floor initially
labels broad tooth-competent regions and later becomes focally restricted to individual tooth germs
(black arrows and arrowheads). (K-T) Focal expression of SiA marks positions of newly-forming tooth
germs. (K-O) On the oropharyngeal roof, Shh-expressing teeth first appear in the dermopalatine field
and next in the palatopterygoid and infrapharyngobranchial fields. (P-T) On the oropharyngeal floor,
Shh transcripts are first detected in the dentary and next in the hypobranchial 1 tooth fields. Subsequent
ontogenetic stages show addition of new Shh-expressing tooth germs (black arrowheads) in the vicinity
of the first forming tooth germ, i.e. the initiator-tooth (black arrows), in each respective tooth field.
Individual tooth fields are further surrounded by Shh-expressing bands that become progressively
compartmentalized to give rise to rows of taste buds (asterisks). den, dentary; dpl, dermopalatine; hbl,
hypobranchial 1; iph, infrapharyngobranchial; ppt, palatopterygoid.

Fig. 3. Establishment of the fully functional dentition.

(A) The first detectable mineralization of teeth is present in the dentary field at TL 13 mm (stage 41),
where the tooth at position 2 shows the highest degree of matrix deposition (white arrow) and is
followed by teeth at positions 1 and 3 (white arrowheads). (A', B) Newly mineralized teeth are added
laterally (white arrowheads) and become attached to the ossifying dermopalatine and dentary bones (B;
black arrowheads). (C, D) Distribution of tooth fields after separation of the oropharyngeal roof and
floor shows spatial relations between the first three tooth germs arranged into a row in the
palatopterygoid field and into a V-shape in the infrapharyngobranchial and hypobranchial 1 fields at 14
mm. (E, F) Later stage (TL 17 mm) shows a multi-rowed arrangement of the palatopterygoid,
infrapharygobranchial and hypobranchial 1 fields. New teeth are added anteriorly in the palatopterygoid
tooth field and posteriorly in the infrapharyngobranchial and hypobranchial tooth fields (white
arrowheads). (G) Multi-rowed arrangement of the infrapharyngobranchial tooth field is present at the
time of first mineralization of the parasphenoid bone (TL 18 mm). (H) The first mineralized
hypobranchial 2 tooth is present at TL 24 mm juveniles (white arrowhead). Note the first evidence of
tooth shedding in the hypobranchial 1 tooth field (black arrowhead). White arrows mark the first
forming tooth, i.e. the initiator-tooth, and white arrowheads mark successional teeth in each tooth field.
den, dentary; dpl, dermopalatine; ppt, palatopterygoid; iph, infrapharyngobranchial; hb1, hypobranchial
1; hb2, hypobranchial 2 tooth fields. Scale bars equal 500 pm.

Fig. 4: Full dentition and active tooth cycling.

(A-D) The sterlet dentition at TL 22 mm is characterized by the functional single-rowed dermopalatine
and dentary tooth fields and multi-rowed palatopterygoid, infrapharyngobranchial and hypobranchial 1
tooth fields. In multi-rowed tooth fields, new teeth are added anteriorly in the palatopterygoid and
posteriorly in the infrapharyngobranchial and hypobranchial 1 tooth fields (white arrowheads). (E-H)
At TL 25 mm, the dermopalatine and dentary teeth start shedding (E, G, black arrowheads), while not
being replaced; shedding of oldest teeth is observed also posteriorly in the palatopterygoid and
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anteriorly in the infrapharyngobranchial, hypobranchial 1 and hypobranchial 2 tooth fields (E, F, H,
black arrowheads). Note that in hypobranchial 2 field, the first tooth is shed at the time this tooth field
consists of only three teeth (H, black arrowhead). (I-L) At TL 38 mm, the dermopalatine and dentary
teeth are lost altogether (I, K, black arrowheads), while the palatopterygoid, infrapharyngobranchial,
hypobranchial 1 and hypobranchial 2 fields renew their teeth through the simultaneous addition (white
arrowheads) on one side and shedding on the opposite side (black arrowheads) of the respective field
(I, J, L). Note the conspicuous resorption associated with tooth shedding in the palatopterygoid,
hypobranchial 1 and hypobranchial 2 fields (J, black arrowheads) and the bony remnants resulting from
this resorption (L, asterisks). den, dentary; dpl, dermopalatine; ppt, palatopterygoid; iph,
infrapharyngobranchial; hbl, hypobranchial 1; hb2, hypobranchial 2 tooth fields. Note the posterior
rotation of teeth before their shedding at the edge of the palatopterygoid (E, I, black arrows). Scale bars
equal 500 um.

Fig. 5: Sterlet teeth are lost through the resorption of tooth bases

(A, B) Oral jaws visualized by micro computed tomography showing fully developed dentition with
teeth inserted in the bone sockets at TL 22 mm (A). Remnants of the sockets are preserved (B, black
arrowhead) immediately after tooth shedding (white arrow marks the tooth base with a broken tooth
apex). (C-F) TRAP staining on histological sections confirms initiation of hard tissue resorption
associated with tooth shedding in all the up-to-now formed tooth fields at stage 23 mm TL (black
arrowheads). (G, H) Whole-mount TRAP staining shows hard tissue resorption during tooth shedding
in the whole dermopalatine and dentary fields, in the posterior portion of the palatopterygoid field and
in the anterior portion of the infrapharyngobranchial, hypobranchial 1 and hypobranchial 2 fields. den,
dentary; dpl, dermopalatine; ppt, palatopterygoid; iph, infrapharyngobranchial; hb1, hypobranchial 1;
hb2, hypobranchial 2 tooth fields.

Fig. 6: Remodeling of the actively cycling tooth fields

The dentition of the TL 46 mm (A-C) and TL 68 mm (D-F') sterlet juveniles exhibits structural
remodeling. In the palatopterygoid tooth field, local addition of new teeth (A, white arrowheads) leads
to the antero-medial convergence of the left and right fields (D, black arrowhead). At these positions,
the teeth are not joined among each other by their bones of attachment (D, black arrowhead). In the
infrapharyngobranchial field, the continued addition of new tooth germs results in the medio-lateral
prolongation and a strand-shaped appearance of this field (B, E, E’). At TL 46 mm, the hypobranchial
1 and hypobranchial 2 tooth fields become crescent-shaped (C) and at TL 68 mm, the medial portion
of the hypobranchial 2 tooth field bends, so that new tooth germs are added not only posteriorly, but
also medially and anteriorly (F, F’, white arrowheads). Remnants of hard tissue resorption during tooth
shedding are found anterior to the hypobranchial 1 field (C, asterisks). den, dentary; dpl, dermopalatine;
ppt, palatopterygoid; iph, infrapharyngobranchial; hbl, hypobranchial 1; hb2, hypobranchial 2 tooth
fields. Scale bars equal 500 um.

Fig. 7: Cessation of tooth replacement and the loss of teeth

The number of teeth in the palatopterygoid field is substantially reduced at TL 105 mm (A), the teeth
are not interconnected by their bones of attachment (A, black arrowhead) and the palatopterygoid itself
is degraded leaving holes and indentations in the bone (A', black arrowhead). The median addition of
new teeth causes unification of the left and right infrapharyngobranchial fields into a single band
spanning the whole width of the oropharyngeal roof (B), despite the continued hard tissue resorption in
this field (B’). The number of tooth rows in the hypobranchial 1 and hypobranchial 2 fields is
reduced, the bone of attachment is degraded to a large extent (C), leaving only remnants of the bone of
attachment in the lateral portions of these fields (C', black arrowhead). At TL 286 mm, the
palatopterygoid field is reduced to only a small laterally placed isolated tooth patch (D, D).
Infrapharyngobranchial and hypobranchial 2 fields are absent. Teeth in the hypobranchial 2 field show
reduced mineralization (E, E’) and only the tooth cones and portions of the tooth bases are mineralized
(E’”). Remnants of hard tissue resorption during tooth shedding are found anterior to the hypobranchial
1 field (C, E”’, asterisks). bb, basibranchial; cb, ceratobranchial; dpl, dermopalatine; hb, hypobranchial;
hh, hypohyal; iph, infrapharyngobranchial tooth field; ppt, palatopterygoid. Scale bars equal 500 pum,
unless otherwise specified.
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Fig. 8: Summary of the sterlet dentition ontogeny

(A) Schematized cross section through the sterlet head depicting the positions of tooth fields. (B)
Dermopalatine and dentary tooth fields show a single-rowed arrangement without tooth replacement.
(C) Palatopterygoid, infrapharyngobranchial, hypobranchial 1 and hypobranchial 2 tooth fields show a
multi-rowed arrangement with tooth replacement. Stages of tooth development schematized in the color
circles (B, C) were characterized for each tooth field in selected specimens defined by their total length
(TL). The source data for the graphs in (B) and (C) are from the supplementary table 1. den, dentary;
dpl, dermopalatine; ppt, palatopterygoid; iph, infrapharyngobranchial; hbl, hypobranchial 1; hb2,
hypobranchial 2 tooth fields.

Suppl. fig. 1: Expression of early odontogenic genes in the oral region of the sterlet larva

The early odontogenic markers Pitx2 (A-D) and Shh (E-H) are expressed as diffuse bands in the oral
region prior to and after hatching and represent the prospective places of the developing dermopalatine
and dentary tooth fields (A, B, E-G, black arrowheads). The symphyseal regions are devoid of the
presence of Pitx2 and Shh transcripts (C, D, G, black arrows). At stage 38, the Shh expression pattern
changes into focal spots representing individual tooth germs (H).

Suppl. table 1: Stages of tooth development in individual tooth fields during the sterlet ontogeny
Stages of tooth development across tooth fields and ontogenetic stages show dynamic composition of
the sterlet dentition. Character states: 0 = no teeth (no mineralized teeth present), 1 = development
(matrix deposition present in the developing teeth), 2 = eruption (teeth are erupted, replacement teeth
may or may not be present, no signs of tooth shedding), 3 = shedding and addition (simultaneous
presence of newly developing, functional and shedding teeth), 4 = shedding (presence of functional and
shedding teeth, no newly developing teeth detected or significantly reduced), 5 = no teeth (teeth are lost
altogether).
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0 =no teeth
1 =development
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