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Zusammenfassung  
 

Calzifizierte Strukturen von Wirbeltieren sind am Aufbau verschiedener Gewebe, wie z.B. 

Knochen, Zähnen, Schuppen und die Otolithen des Innenohres, beteiligt. Der zugrunde 

liegende Biomineralisationsprozess unterscheidet sich in verschiedenen Parametern von der 

z.B. aus der Geologie bekannten abiotischen Mineralisation. Die Unterschiede resultieren 

aus Proteinen, welche den Einbau und die Aggragation von anorganischen Substanzen 

direkt kontrollieren. 

Im Gegensatz zu Knochen, welcher zellulär aufgebaut ist und aus Calciumphosphat besteht, 

sind die Innenohrotolithen von Fischen komplett azellulär aufgebaut und bestehen aus 

Calciumcarbonat. Diese Innenohrsteine dienen als Gegengewichte, welche zur auditiven wie 

auch zur vestibulären Wahrnehmung genutzt werden.  

Die Otolithen sind ein geeignetes Modellsystem zur weiteren Untersuchung von 

Biomineralisationsvorgängen, da deren Mineralisierung in einem geschlossenen Milieu (dem 

Innenohr) stattfindet und diese einfach und ohne Gewebsverunreinigungen zu präparieren 

sind. 

Das Innenohr ist innerhalb der Vertebratenreihe hoch konserviert, von Fischen bis hin zum 

Menschen. Es ist ein komplexes Labyrinth welches verschiedene Sinnesorgane, wie die 

semizirkulären Kanäle mit den sensorischen Cristae (Wahrnehmung von 

Rotationsbeschleunigungen) und die otolithischen Organe (Schwerkraftperzeption und 

Hören), beinhaltet. Die otolithischen Organe (Utriculus, Sacculus und Lagena) sind bei 

Fischen als sackähnliche Strukturen ausgebildet, wobei der Utriculus primär der vestibulären 

und der Sacculus, wie auch die Lagena, zur auditiven Wahrnehmung dienen. 

Über die Bildung der Otolithen von Fischen und den Otoconien von Säugern bestehen nur 

fragmentarische Erkenntnisse, jedoch wurden einige der an ihrer Biomineralisation 

beteiligten Protein identifiziert. Diese Proteine machen nur 0,1 - 10% des Gewichtes eines 

Otolithen aus, jedoch spielen sie verschiedene bedeutende Rollen in deren Mineralisierung. 

Diese Proteine bilden eine Matrix, welche den Biomineralisationsvorgang direkt steuert, z.B. 

Regulation der Kristallgröße und die Selektion des Kristallpolymorphes. 

Das Ziel der vorliegenden Arbeit war die Analyse der Regulation, Synthese und Deposition 

der Otolithenmatrixproteine des Cichliden Oreochromis mossambicus in Abhängigkeit von 

Schwerkraft bedingten Effekten. Des Weiteren war die Beteiligung der 

Otolithenmatrixproteine an anderen Mineralisationsprozessen, wie z.B. der von Knochen, 

Zähnen und Schuppen, von Interesse.  
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Die vorliegende Arbeit erbrachte im Wesentlichen die folgenden Ergebnisse: 

 

1. Identifizierung von Otolithenmatrixproteinen im Innenohr von sub-adulten Cichliden 

(Oreochromis mossambicus) durch eine verbesserte Proteinaufreinigungstechnik 

 

In verschiedenen Experimenten wurde die Zusammensetzung der Proteinmatrix der 

Otolithen mit Hilfe von Massenspektrometrie in einem „shotgun“ Ansatz analysiert. Hierzu 

wurde eine verbesserte Proteinaufreinigungstechnik entwickelt, mit deren Hilfe eine 

Kontamination durch Körperflüssigkeiten ausgeschlossen werden konnte. 

Mit Hilfe dieser Technik wurden acht bekannten Matrixproteine (OMP-1, Otolin-1, 

Neuroserpin, SPARC und Otoconin) nachgewiesen, sowie drei bis dahin unidentifizierte 

(alpha tectorin, Otogelin und Transferrin).  

Weiterführend konnte das Vorkommen der aus anderen Fischarten bekannten Matrixproteine 

Starmaker und Pre-cerebellin like Protein in Cichliden ausgeschlossen werden. Hierbei 

konnte gezeigt werden, dass das Fehlen von Starmaker mit den hauptsächlich aus Kalzit 

bestehenden Otolithen von Oreochromis mossambicus korreliert.  

Des Weiteren konnte gezeigt werden, das Pre-cerebellin like Protein während der 

kompletten Otolithenentwicklung im Innenohr von Cichliden nicht vorkommt. 

Ein weiterer Schwerpunkt lag zunächst bei der Herkunft des Matrixproteins Neuroserpin, 

welches im Hypothalamus nachgewiesen werden konnte.  

Aufgrund der erzielten Ergebnisse scheinen einige der bis dahin bekannten Matrixproteine 

nicht generell in allen Fischarten für die Otolithenbildung benötigt zu werden. Zudem werden 

weiterführende funktionelle Studien über die Rolle der neu identifizierten 

Otolithenmatrixproteine während der Otolithenmineralisation benötigt. 

 

 

2. Genese des Innenohres während der embryonalen und larvalen Entwicklung in Cichliden 

(Oreochromis mossambicus), charakterisiert durch die Expression von 

Otolithenmatrixproteinen und morphologischen Markern 

 

Es wird angenommen, dass es sich bei der Bildung von Otolithen und Otoconien um einen 

schrittweisen Prozess handelt. Dieser Prozess ist in Fischen generell in eine frühe 

Aggregation der Otolithenprimordien (ausgehend von Vorgängerpartikeln) und in einen über 

die Lebensspanne des Fisches andauernden kontinuierlichen Wachstumsprozess unterteilt. 

In der vorliegenden Dissertation war der komplexe Übergang zwischen diesen zwei Schritten 

von besonderem Interesse. Hierzu wurden die Entwicklungsprofile der 

Otolithenmatrixproteine (OMP-1, Otolin-1, Neuroserpin, SPARC Otoconin, alpha Tectorin, 
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Otogelin and Transferrin) und verschiedener morphologischen Marker der Innenohr- und 

Otolithenentwicklung erstellt. Diese Analyse beinhaltete die komplette embryonale und 

larvale Entwicklung von Oreochromis mossambicus. Hierbei konnte in verschiedenen 

Experimenten nachgewiesen werden, dass es sich bei der Bildung der Otolithen um einen 

hoch regulierten temporalen und spatialen Prozess handelt, welcher sich fast über die 

komplette embryonale und larvalen Fischentwicklung erstreckt. Basierend auf den erzielten 

Ergebnissen wurden acht Phasen der Otolithen Differenzierung definiert, vom Primodium 

zum vollständig strukturierten Otolithen. 

 

 

3. Spatiale Expression der Otolithenmatrixproteine Otolith matrix protein-1 und Otolin-1 in 

normal und kinetotisch schwimmenden Fischen 

 

Es konnte wiederholt gezeigt werden, dass einige Fische eines bestimmten Kollektives 

Bewegungskrankheiten (Kinetosen) beim Übergang von 1g zu Schwerelosigkeit, oder von 

Hypergravitation (Zentrifuge) zu 1g, zeigen.  

Es wird angenommen, dass die Anfälligkeit für Kinetosen mit irregulärem Otolithenwachstum 

korreliert, welches z.B. zu asymetrischen oder abnorm geformten Otolithen führt. Die 

Otolithen bestehen hauptsächlich aus Calciumcarbonat und einer Proteinmatrix, welche eine 

bedeutende Rolle in deren Mineralisierung spielt.  

Hierbei sind die Hauptbestandteile der Otolithen-Proteinmatrix, OMP-1 und Otolin-1 sowie 

ihre Beteiligung an der Ausprägung der Otolithenmorphologie und damit im Zusammenhang 

mit der Anfälligkeit für Kinetosen, von besonderer Bedeutung. 

In einer Serie von Hypergravitationsexperimenten wurde die räumliche Verteilung von OMP-

1 und Otolin-1 im Utriculus und Sacculus von sich kinetotisch und normal verhaltenden 

Fischen durch in-situ Hybridisierung auf Cryostatschnitten untersucht. 

Im Utriculus wurde OMP-1 in den centripetalen (medial) and centrifugalen (lateral) Regionen, 

den sogenannten „meshwork areas“ nachgewiesen. Im Sacculus hingegen kommt OMP-1 in 

den dorsalen und ventralen „meshwork areas“ vor, wobei diese Gebiete mit den peripheren 

Gebieten des Sulcus acusticus der Sagitta korreliert werden konnten. 

Durch Quantifizierung der OMP-1 positiven Gebiete konnte gezeigt werden, dass sich die 

Expression im Utriculus im zentrifugalen Aspekt in normal schwimmenden Versuchstieren 

breiter und weiter posterior ausdehnt als in Tieren die sich kinetotisch verhalten. Im Sacculus 

konnten keine Unterschiede nachgewiesen werden. 

Der Unterschied in den OMP-1 positiven Ragionen des Utriculus zwischen normal und 

kinetotisch verhaltenden Tieren deutet auf eine unterschiedliche Otolithenmorphologie und 

somit eine unterschiedliche Geometrie der Maculakontaktseite des Otolithen hin. Da der 
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Utriculus primär der Schwerkraftwahrnehmung dient könnte eine abnorm Morphologie des 

Lapillus, basierend auf der OMP-1 Expression, zu kinetotischem Verhalten führen. 

 

 

4. Expression von SPARC uns dem Osteopontin-like Protein während der Entwicklung von 

Oreochromis mossambicus 

 

Die Knochen von Vertebraten bestehen hauptsächlich aus Calciumhydroxyapatit und einer 

Proteinmatrix. In der vorliegenden Arbeit waren die nicht-Kollagenen Hauptbestandteile der 

Knochenmatrix, das Osteopontin orthologe Protein von Fischen (Osteopontin-like Protein; 

OP-L) und SPARC, von besonderem Interesse. Über die spezifische Expression von OP-L 

existieren gegenwärtig nur fragmentarische Kenntnisse, somit wurde zum ersten mal die 

spezifische Expression von OP-L im Cichliden Oreochromis mossambicus während der 

kompletten larvalen Entwicklung detailliert analysiert. Hierbei konnte der Nachweis erbracht 

werden, dass OP-L ausschließlich in ossifizierenden Geweben vorkommt, wie in den sich 

entwickelnden Knochen und Zähnen. Im Gegensatz hierzu wurde in Säugern Osteopontin 

neben den calzifizierten auch in verschiedenen uncalzifizierten Geweben nachgewiesen.  

Aufgrund des Vorkommens von OP-L in ossifizierten Geweben, war das Auftreten von OP-L 

und SPARC wärend der Skelettentwicklung des cranialen und postranialen Skelettes, in der 

vorliegenden Arbeit von besonderer Bedeutung. 

In verschiedenen Experimenten konnte gezeigt werden, dass es einen fundamentalen 

Unterschied, bezüglich des Auftretens von SPARC in der Chondrogenese des 

Splanchnocraniums, verglichen mit der Genese der anderen knorpeligen Skelettelemente, 

gibt. SPARC ist an der Kaskade welche zur Differenzierung des Splanchnocraniums, dem 

ältesten Teils des Skelettes, führt beteiligt. Im Gegensatz hierzu konnte SPARC in der frühen 

Entwicklung des Chondrocraniums und des Achsenskelettes nicht nachgewiesen werden. 

Dieses Ergebnis resultiert möglicherweise aus dem unterschiedlichen evolutionären 

Hintergrundes des Splanchnocraniums. 

Des Weiteren konnte gezeigt werden, dass während der Genese der Schädelknochen die 

beginnende Calzifizierung hauptsächlich mit dem ersten Auftreten von OP-L und SPARC 

korreliert. Dieses Ergebnis weist auf ein gleichzeitiges Vorkommen der ersten 

Calziumdeposition und der Bereitstellung der Knochenmatrixproteine während der 

Osteogenese hin. 
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5. Das anosteocytische Knochensynzytium von Fischen: eine neue intrazellulläre 

Ossifikation, nachgewiesen durch moleklarbiologische, histologische und 

enzymhistochemische Methoden. 

 

Die Knochen der meisten Fische sind im Allgemeinen als azellulär oder anosteozytisch 

bekannt. Dies bedeutet, dass innerhalb des Knochengewebes (Osseus) keine Osteozyten 

vorkommen. Es wird angenommen, dass sich während der Knochenentwicklung die 

Osteoblasten, welche die Grundsubstanz und das Kollagen sekretieren, von der 

mineralisierenden Front (Prä-Knochenmatrix) zurückziehen und so nicht als Osteozyten (wie 

z.B. bei Säugern) eingeschlossen werden. Es wurde generell angenommen, dass dies der 

einzige Unterschied zu den Knochen von Säugern darstellt. Typische Osteoblasten mit 

alkalischer Phosphataseaktivität jedoch kommen in Fischen nur an der Oberfläche 

auswachsender Knochenteile vor und diejenigen Zellen, welche für das weitere 

Knochenwachstum verantwortlich sind, wurden bisher nicht identifiziert. 

In der vorliegenden Arbeit konnte gezeigt werden, dass das anosteozytische 

Knochengewebe selbst mRNA enthält und ein zytoplasmatischen Charakter hat. Des 

Weiteren legen die erzielten Ergebnisse nahe, dass die Bildung des Osseus möglicherweise 

innerhalb eines Synzytium stattfindet. 

Basierend auf den erzielten Ergebnissen, wie dem Vorkommen von mRNA innerhalb des 

anosteocytischen Osseus, der Carboanhydraseaktivität, welche mit einem veränderten 

Knochenmineralsystem einhergeht, sowie zusätzlich das partielle Vorkommen einer 

Plasmamembran zwischen den spindelförmigen Osteozyten und dem Osseus, wurde ein 

neues Modell für die Intrazelluläre Knochenbildung bei höheren Fischen entwickelt. 

 

 

 

 

 

 

 

 

 



Abstract   

Abstract   

 

Vertebrate calcified structures are involved in the construction of several tissues e.g. bones, 

teeth, scales and inner ear otoliths. The underlying biomineralization process largely differs 

from parameters of non-biological mineralization issues as they occur e.g. in geology. These 

differences are mainly based on proteins, which control the incorporation and aggregation of 

inorganic substances.  

In contrast to bones, which are composed cellular and consist of calcium phosphate, the 

completely acellular inner ear otoliths and otoconia are built out of calcium carbonate. The 

fish otoliths serve as counter-mass in the sensory organs of hearing and balance. These ear 

stones are an appropriated system to investigate the process of biomineralization, because 

their mineralization takes part in the closed environment of the inner ear and they are easy to 

remove without any other tissue residues.  

The inner ear is highly conserved among the vertebrates, from fish up to humans. The 

vertebrate inner ear is a complex labyrinth containing multiple sensory organs, the 

semicircular canals with the rotation-sensing cristae and the otolithic organs. The otolithic 

organs (utricule, saccule and lagena) of teleosts are saccular structures. The fish utricule 

serve primary vestibular function in contrast to the saccule and lagena, which serve auditory 

functions.  

Little is known about the formation of otoliths and otoconia but several proteins involved in 

their biomineralization are identified. These proteins serve only 0.1-10% in the weight of 

otoliths, but they accomplish several important function during the biomineralization process. 

These proteins build a matrix, which directly controls the biomineralization e.g. regulation of 

the crystals strength and the selection of the crystal polymorph.  

Several proteins of fish otoliths, and in their orthologous structures in mammals, the 

otoconia, are identified like otoconin, otolith matrix protein-1 (OMP-1), otolin-1, starmaker, 

SPARC, myosin light chain 9, neuroserpin and osteopontin, but their function during otolith or 

otoconia mineralization is only partly known.  

 

The aim of this study is the analysis of the regulation, synthesis and deposition of otolith 

matrix proteins in the cichlid fish Oreochromis mossambicus, with special attention on 

gravitational effects. Moreover, the function of the otolith matrix proteins, if they occur in 

other mineralization processes, like in bones and teeth, is also of interest.   
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The present dissertation adduced mainly the following results:  

 

1. Occurrence of otolith matrix proteins in the inner ear of sub-adult cichlid fish (Oreochromis 

mossambicus) was detected with an enhanced protein purification technique  

 

In a set of experiments, the composition of this proteinous matrix was analyzed by mass 

spectrometry in a shotgun approach. Therefore an enhanced protein purification technique 

was developed that can exclude any contamination of proteins from body fluids. In the use of 

that method eight proteins were identified, the common otolith matrix proteins OMP-1, otolin-

1, neuroserpin, SPARC and otoconin, and three previously unidentified alpha tectorin, 

otogelin and transferrin. Moreover, it was able to exclude the occurrence of two matrix 

proteins (starmaker and pre-cerebellin like protein) known from other fish species.  

In further analysis it was shown, that the absence of the otolith matrix protein starmaker 

corresponds to calcitic otoliths and that even pre-cerebellin like protein did not occur during 

the whole otolith development in the inner ear.  

Moreover, the source of another matrix protein, neuroserpin, which was identified in the 

hypothalamus was also focused on.  

In consequence, generally some known otolith proteins seem to be not required in all fish 

species and further functional studies of the new identified proteins during otolith 

development are required.    

 

 

2. Formation of the inner ear during embryonic and larval development of a cichlid fish 

(Oreochromis mossambicus) characterized otolith matrix protein expression and 

morphological markers  

 

The formation of otoconia and otoliths is discussed to be a stepwise process and it is in fish 

generally divided in an aggregation of the otolith primordia from precursor particles and in a 

growth process continuing throughout life. In the present dissertation, the complex transition 

between these two steps was investigated. Therefore the developmental profiles of the 

otolith matrix proteins (OMP-1, otolin-1, neuroserpin, SPARC otoconin, alpha tectorin, 

otogelin and transferrin) was analyzed during the complete embryonic and larval 

development of the cichlid fish Oreochromis mossambicus, parallel to the morphology of 

inner ear and especially otoliths.  

In a set of experiments, it was able to prove that the formation of otoliths is a highly regulated 

temporal and spatial process, which takes part during the complete fish embryonal and larval 

development.  
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Based on the data eight phases of otolith differentiation were defined, from the primordia to 

definitively structured otolith.  

 

 

3. Spatial expression of otolith matrix protein-1 and otolin-1 in normally and kinetotically 

swimming fish  

 

Repeatedly it has been shown that some fish of a given batch reveal motion sickness (a 

kinetosis) following the transition from 1g to microgravity or from hypergravity (centrifuge) to 

1g. It was suggested that the susceptibility to kinetosis is correlated with an irregular inner 

ear otolith growth (e.g. leading to asymmetric otoliths or to an abnormally otolith 

morphology).  

Otoliths are mainly composed of calcium carbonate and matrix proteins, which play an 

important role in the process of otolith mineralization. Concerning the morphology of otoliths 

– thus possibly leading to the susceptibility to kinetosis - the expression of the major otolith 

proteins OMP-1 and otolin-1 was of special interest. 

In a series of hypergravity experiments, the spatial distribution of OMP-1 and otolin-1 in the 

utricule and saccule of kinetotically and normally behaving fish was analyzed by means of in-

situ hybridization on transverse cryostat sections. 

In the utricule, OMP-1 was mainly observed in centripetal (medial) and centrifugal (lateral) 

macula, the regions of the meshwork areas. In the saccule, OMP-1 was expressed within a 

dorsal and a ventral narrow band of the meshwork area opposite to the periphery of the 

otoliths sulcus acusticus. 

Quantifying the OMP-1 positive areas, it was investigated that the expression in the utricule 

reached farther posterior in the centrifugal aspect and was considerably broader in the 

centripetal portion of the utricle in normally swimming fish as compared to kinetotic animals. 

Differences in the saccule were not observed for both genes. 

The difference in the utricular OMP-1 expression pattern between normally and kinetotically 

swimming fish indicates a different otolith morphology and thus a different geometry of the 

otoliths resting on the corresponding sensory maculae. As the utricle is the endorgan 

responsible for sensing gravity, an aberrant morphology of the utricular otoliths, based on 

OMP-1, thus might lead to kinetotic behavior.    
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4. Developmental expression of SPARC and the osteopontin-like protein in the cichlid fish 

Oreochromis mossambicus.  

 

Bones are mainly composed of calciumhydroxyapatite and a proteinous matrix. In this 

dissertation the non-collagenous bone matrix proteins - the fish osteopontin orthologous 

protein (osteopontin-like protein; OP-L) and SPARC - were of special interest. The current 

knowledge about the expression of OP-L is fragmentary. Therefore, first the expression 

pattern of OP-L in the cichlid fish Oreochromis mossambicus was analyzed in detail during 

its larval development. OP-L expression was only identified in those tissues that underwent 

ossification in the developing bones and teeth, in contrast to the mammalian osteopontin, 

which was found, beside the calcified tissues, also in several soft tissues. Therefore, it was 

focused on the developmental appearance of SPARC and OP-L in the whole cranial and 

post cranial development. 

In a set of experiments, it was able to show, that there is a fundamental difference in the 

formation of the cartilages of splanchnocranium and all other cartilages, concerning the 

SPARC expression. SPARC functions in the cascade, regulating cartilage differentiation of 

the splanchnocranium, the eldest part of the fish skeleton, whereas it was not detected in 

that of the chondrocranium and axial skeleton. These findings are probably based on the 

different evolutionary background of the splanchnocranium. 

Moreover, it was able to show that during osteogenesis initial expression of the bone matrix 

proteins OP-L and SPARC coincidentally appear with the initial calcium carbonate 

deposition. This result indicates a co-occurrence of the initial calcium deposition and the 

appropriation of bone matrix proteins during osteogenesis.   

 

 

5. The anosteocytic bone syncytium in fish: A new intracellular ossification detected by 

molecular biological, histological and enzyme-histochemical methods  

 

The bones of most fish are referred as „acellular“ or anosteocytic bone and no osteocytes 

occur within this osseus. It was assumed, that during the development the osteoblasts, which 

secrete collagen and ground substance, recede from the mineralizing front (preosseous 

matrix) and never become trapped as osteocytes in mammals do. Therefore it was assumed, 

that this is the only difference to mammalians. Typical osteoblasts with an alkaline 

phosphatase activity in fish only occur at the outer surface of the outgrowing bone parts. 

Therefore, the cells that might be responsible for the further growth of the anosteocytic 

bones, up to now have not been investigated. In this dissertation it was shown, that the 

osseus of the anosteocytic bone itself comprised mRNA and shows a cytoplasmic character. 
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Furthermore, the results suggest that the formation of the osseus may possibly take part 

intracellular in a syncytium. 

Based on the findings concerning the occurrence RNA and carbonic anhydrase activity, 

which accompany with a change in the bone mineral system and additionally with a fractional 

occurrence of a plasma membrane between the spindle shaped osteocytes and the osseus, 

a new model for the intracellular bone formation in teleost fish was developed. 
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List of abbreviations 
 

A: actinotrichium 

ab: antibody 

ac: auditory capsule  

acp: anterior cupula 

af: anal fin 

ag: angulary 

ar: articulary 

ascc: anterior semicircular canal 

ast: asterisk 

at: articulary 

atr: atrium 

 

ba: branchial arch 

boc: basiooccipital 

bp: basal plate 

br: branchiostegal ray 

BSS: bear-shaped sulcus 

bs: basisphenoid  

 

ca: calcium 

calc: calculated 

cc: crus cumunis 

cDNA: complementary deoxyribonucleic acid 

cf: caudal fin 

ch: ceratohyale 

cl: cleithrum 

CNS: central nervous system 

cp: cupula organ 

 

DDW: double demineralized water 

dep: deposition confirmed  

df: dorsal fin 

DMSO: dimethylsulfoxyde 

dn: dentary 

DNA: deoxyribonucleic acid 

dpf: days post ferilisation 

 

e: eye 

ect: ectopterygoid 

emPAI: exponentially modified protein 

abundance index 

ep: ethmoid plate 

epb: epiphyseal bar 

es: endolymphatic space 

expt: expected 

  

f: frontal bone 

frag: fragment 

 

g: gravity 

 

hc: head chorda 

hm: hyomandibulary 

hr: hour 

hscc: horizontal semicircular canal 

hu: hypuralia 

hym: hypobranchial muscle  

 

iop: interopercular bone 

 

kDa: kilo dalton 

 

lag: lagena 

lap: lapillus 

 

m: miss 

MA: meshwork area 

MAcf: centrifugal meshwork area 

MAcp: centripetal meshwork area 

MAd: dorsal meshwork area  

MAv: ventral meshwork area  

mc: meckelian cartilage 

Mcl: macula 
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Mr: mass without charge 

ms: mass spectrometry 

Msa: macula sacculi 

Mtl: macula transversalis lateralis 

Mut macula utriculi 

mx: maxilary 

MYL9: myosin light chain 9 

 

nc: notochord 

ns: nasal septum 

nts: n-terminal protein sequencing 

nv: nervus verstibularis 

 

oa: occipital arch 

OC: osteocalcin 

om: otolithic memebrane 

OMM-64: otolith matrix macromolecule - 64  

OMP-1: otolith matrix protein - 1 

op: opercular bone 

OP-L: osteopontin-like protein 

os: osseus 

ot: otolith 

 

PBS: phosphate buffered saline 

PCLP: pre-cerebellin like protein 

pcp: posterior cupula 

PCR: polymerase chain reaction 

pf: pectoral fin 
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1 Introduction  
 

1.1 Evolution of metazoan mineralized tissues 
 

 

Mineralized tissues are found in all major divisions of the animal trees (Figure 1, 2) in 

different ranges of grades, organizations, body plans and functions. Three principal 

biominerals (silica, calcium carbonate, and calcium phosphate) occur in organisms. These 

biominerals play several important functions such as support of the body, storage of calcium, 

defense from enemies, and detoxification of some toxic elements (Knoll, 2003). The most 

mineralized tissues in metazoans consist of calcium carbonate, like the shells of mollusks or 

the skeleton of echinodermata. Calcium phosphate skeletons are prominent only in 

brachiopods and vertebrates and siliceous skeletons are found primarily in sponge spicules 

(Nagasawa, 2004). 

The ‘new animal phylogeny’ reveals that many of the groups known to biomineralize are 

intercalated among relatives that do not (Murdock and Donoghue, 2011). Two competing 

hypotheses were set up to explain this distribution: either mineralized animal skeletons 

evolved once or independently in each case. It is not easy to distinguish between these 

hypotheses: either a single origin with 13 losses (or changes in mineral system) or 14 

independent gains. If changes between mineral systems (e.g. between calcium carbonate 

and calcium phosphate) occur, they can be achieved relatively simply. This was due to the 

fact that the same biochemical machinery can function in both mineral systems (Knoll, 2003). 

From these findings a single origin is marginally favored, but this seems to be too simplistic. 

Rather it has been suggested that, at least between calcium carbonate polymorphs, once a 

lineage has adapted to using a particular system, changes are rare (Porter, 2010). Molecular 

biological analysis of biomineralization indicates otherwise: orthologous genes have been co-

opted and diversified in parallel among vertebrates and echinoderms (Livingston et al., 

2006), mollusks and bilaterians (Jackson et al., 2010). However, since mineralized skeletons 

of extant organisms, and the molecular machinery involved in producing them, have 

undergone a significant amount of evolutionary change since their divergences, they may not 

be representative of the ancestral condition (Murdock and Donoghue, 2011). 

The earliest record of animal skeletons are the calcareous fossils of the 660-Ma Trezona 

Formation (Maloof et al., 2010) followed, in the latest Ediacaran period, by the weakly 

mineralized Cloudina, Namacalathus and similar forms (Grotzinger et al., 2000). They have 

been allied with various cnidarian, poriferan and annelid groups. In the Early Cambrian, the 

diversity and abundance of shelly fossils dramatically increased, and the ‘small shelly faunas’ 

dominated the fossil record until the end of the Middle Cambrian (Porter, 2004). So the first 

appearances of mineralized skeletons co-occurred within a geologically short interval from 
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Figure 1: Distribution of biomineralization across a phylum level animal tree. Terminal branches are coded to 
reflect known fossil or extant representatives with known mineralized tissues; red dashes are for silica, blue 
dashes for calcium carbonate and green dashes for calcium phosphate (Murdock and Donoghue, 2011). 

 
 

 
 
Figure 2: Summary of the origin of animal skeletons showing the skeletal mineralogy, stratigraphic distribution, 
phylogenetic relationships and divergence time estimates for animals with a Cambrian fossil. Branches are coded 
to represent the known fossil record and mineral system of skeletons from each phylum; red dashes are for silica, 
blue dashes for calcium carbonate and green dashes for calcium phosphate. The tree topology is as in figure 1. 
Nodes denoted with a circle have divergence time estimates, those denoted with a star are minimum estimates 
based on the fossil record and unmarked nodes have unknown divergence times. A = Atdabanian; B/T = 
Botomian/Toyonian; N-D = Nemakit- Daldynian; T = Tommotian (Murdock and Donoghue, 2011). 
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the latest Ediacaran to the Middle Cambrian (Figure 2). It is apparent; therefore, that 

biomineralization in animals post-dates the divergence of the major bilaterian clades, 

consistent with a parallel evolution of mineralized animal skeletons (Murdock and Donoghue, 

2011). 

The jawed vertebrates, which possess calcium phosphate skeletons, have divergences 

intercalated by the jawless vertebrates, cephalochordates, tunicates and hemichordates, all 

of which primitively lack skeletal tissues (Murdock and Donoghue, 2011).  

Evidence for the origin of vertebrate mineralized tissues also exists from the Middle and 

Upper Cambrian (Smith et al., 2001), such as the chonodont (jawless fish) Furnishina and 

the controversial Anatolepis, including potential examples of enamel, dentin and dermal bone 

(Donoghue and Sansom, 2002; Murdock and Donoghue, 2011). Moreover, the possible early 

occurrence of the mineralized inner ear stones in the chonodont species Clydagnathus 

windsoensis was revealed by Aldridge and Donoghue (1998). 

The primitive vertebrate skeleton originated as a cartilaginous endoskeleton associated with 

the pharynx. It is known that these structures were mineralized in the chonodonts, as part of 

the pharyngeal feeding apparatus. In contrast to these jawless vertebrastes, the first true 

mineralized vertebrate skeleton evolved in ostracoderms, a group of stem gnathostomes, as 

a dermal skeleton (Donoghue and Sansom, 2002; Murdock and Donoghue, 2011). 

In vertebrates, generally two biominerals occur: calcium phosphate and calcium carbonate. 

Both biominerals even occur in the different mineralized tissues of modern vertebrates, like 

cichlid fish (Figure 3; Weigele et al., 2012). Here, calcium phosphate was present in the 

dermal and enchondral bones (including scales) and teeth’s dentin and enemal, whereas the 

fish inner ear otoliths (and the orthologous otoconia) consist of calcium carbonate. 

 
 

 

 
Figure 3: Calcified tissues of Oreochromis mossambicus in selected developmental stages. (A) The bony 
skeleton. (B) The three inner ear stones (otoliths), lapillus (lap), sagitta (sag) and asterisk (ast). (C) Early 
pharyngeal teeth in stage 14 (arrowheads; Weigele et al., 2011). Scale bars = 200µm. 
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1.2 Fundamentals of biomineralization  

 
Biomineralization is a process strictly controlled by organisms ranging from microorganisms 

to higher vertebrates and plants. Biominerals were characterized throughout the appearance 

of matrix macromolecules such as proteins and polysaccharides. Although these matrix 

macromolecules are present in minute amounts (Nagasawa, 2004).  

A further important generalization that can be made with respect to matrix-mediated 

mineralization is that the mineralization takes place within defined and restricted 

compartments or spaces. In essence, this compartmentation of mineral deposition is crucial 

to the entire process, as it demands that the construction of the compartment or space take 

place first. That mechanism exists for regulation of the flux of organic components and the 

mineral ions into the localized space. This is different to the non-biological mineralization, 

where the absorption of mineral ions from solution onto a preformed surface with subsequent 

mineral crystal growth limited only by the further uptake of ions from solution (Veis, 2003). 

In „matrix-mediated“ mineralization the physical size, the volume and the shape of the 

crystals are limited. Varieties of means are used to construct compartment boundaries, but 

the compartments do not have to be completely sealed. The compartment walls may contain 

pores, and channels with limited access may serve as well as sites for mineral deposition 

(Veis, 2003). These compartments are in the majority of eukaryote matrix-mediated 

mineralization extra cellular, whereas in algae deposition of biominerals may occur either 

intra- or extra (inter)-cellular (Veis, 2003).  

 

 

1.2.1 Matrix proteins in metazoan biomineralized tissues  

 

Each biomineral and mineralized tissue contains tens of different matrix proteins, which 

control the incorporation and aggregation of inorganic substances. These proteins build a 

matrix, which directly controls the biomineralization like the strength of the crystals and the 

selection of the crystal polymorph. Several proteins have been identified but their function 

during the biomineralization was only partly known and so the mechanism of 

biomineralization is not yet well understood (Nagasawa, 2004). Therefore, this work focused 

on the proteins involved in the mineralization of vertebrate calcified structures, using the 

inner ear otoliths as model tissue. 

Up to now various matrix proteins have been identified in various biominerals, like bones, 

teeth, coccoliths, otoliths, exoskeleton of crustaceans, seashells, eggshells and bacterial 

magnetite (an overview is given in Nagasawa, 2004). The identified proteins are not unique 

to the different mineralized tissue, but can be found in other tissues as well (Veis, 2003; Arias 

et al., 2007; Wilt and Ettensohn, 2007; Weiner, 2008). A common feature of all mineralizing 
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proteinous matrixes is that they are acidic. It was supposed that these matrixes concentrate 

calcium ions, interact specifically with crystal surfaces to induce oriented nucleation, 

intercalate into the crystal lattice itself, and determine the mineral phase or function as a 

framework of biominerals (Weiner and Addadi, 1991). There is however one group of 

glycoproteins that is unique to many mineralized tissues. These proteins are rich in acidic 

amino acids, usually aspartic acid (Marin and Luquet, 2007; Weiner, 1979). Only a few of 

these proteins have been sequenced, as there are many technical problems in purification 

and characterization of such highly charged molecules (Weiner, 2008). One of the first, which 

was identified, is phosphophorin, extracted from vertebrate teeth (Veis and Perry, 1967). 

Up to now, various proteins have been identified in the different vertebrate calcified tissues 

(bones, teeth, inner ear otoliths and otoconia). Among collagens, in the proteinous matrix of 

bones the proteins bone sialoprotein (Herring, 1972), SPARC (Termine et al., 1981a), 

osteopontin (Franzén and Heinegård, 1985), thrombospondin (Lawler and Hynes, 1986), 

alpha fetuin (Lee et al., 1987), matrix Gla protein (Price et al., 1987), decorin (Fisher et al., 

1989), fibromodulin (Hedbom and Heinegård, 1989), fibronectin (Burton-Wurster and Lust, 

1989) and bone acidic glycoprotein-75 (Gorski et al., 1990) were identified. Moreover in the 

matrix of teeth´s enamel and dentine, the occurrence of the proteins dentin phosphophorin 

(Veis and Perry, 1967) , enamel matrix serine proteinase (Fukae et al., 1977), dentin 

phosphoprotein (Takagi and Sasaki., 1988), serum albumin (Limeback et al.,1989), tuft 

protein (Robinson et al., 1989), SPARC (Salonen et al., 1990), dentin matrix protein - 1 

(George et al., 1993), enemalin (Fukae et al., 1993), amelin also known as ameloblastin or 

sheathlin (Cerny et al., 1996), ameloblastin (Krebsbach et al., 1996), enamelysin (Bartlett et 

al., 1996), metalloproteinase enamelysin (Bartlett et al., 1996), osteopontin, osteocalcin 

(McKee et al., 1996), dentin sialoprotein, dentin sialophosphoprotein (MacDougall et al., 

1997), tuftelin (Deutsch, 1998) and kallikrein-4 (Simmler et al., 2009) was proven. The 

detailed constitution of the proteinous matrix of the inner ear stones (otoliths and otoconia) is 

demonstrated below.  

These investigations gave evidence that, the constitution of the matrix proteins in the 

different calcified tissues was not identical, therefore the most proteins seem to serve 

specific and probably different functions during each mineralization process.  

Besides the various specific proteins of the calcifying matrixes, the only proteins which are 

always present in the proteinous matrixes of bones, teeth, inner ear otoliths and otoconia, 

are osteopontin and SPARC (or the SPARC orthologous protein; SPARC-like protein 1 in 

otoconia). However, the presence of the osteopontin orthologous (osteopontin like-protein) in 

fish otoliths was not yet demonstrated. Additionally an otolithic protein (starmaker) shows 

similarities to dentin sialophosphoprotein (Söllner et al., 2003), but a similar protein was not 

described in bone. 
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Based on current data it could be assumed that the constitution of the otolith proteinous 

matrix, which was of special interest in this study, differs mostly from those of the bones and 

teeth. However, the only proteins, which might be present all calcified tissues might be 

osteopontin and SPARC. Therefore, the possible occurrence and involvement of these 

proteins in the other calcified tissues (bones, teeth and scales), was of interest (details see 

below).  

 

 

1.4 Otoliths and otoconia mineralized tissues in the inner ear of 

vertebrates 

 

The ear stones are a suited model system to investigate the process of biomineralization. 

Their biomineralization takes part, in contrast to bones, in closed environment; the inner ear 

and they are easy to remove without any other tissue residues. Furthermore, the fish inner 

ear is also easy accessible for further manipulations, which directly influence the otolith 

biomineralization, like injection of pharmacological substances (Faucher et al., 2009). 

Therefore, this work mainly focused on the proteinous matrix of the inner ear otoliths of 

Oreochromis mossambicus. 

 

The inner ear is highly conserved among the vertebrates, from fish to humans. The 

vertebrate inner ear is a complex labyrinth containing multiple sensory organs (e.g. Baird, 

1974; Popper et al., 1992). The pars superior (dorsal part of the ear) is similar among all 

vertebrates and consists of a central utricule, with its gravity-sensing macula, and the 

semicircular canals, whose ampulary connections to the utricule contain rotation-sensing 

cristae. The morphology of the pars inferior (ventral part of the ear) is more specific to each 

class of vertebrate, but it typically consists of saccular and lagenar pouches, whose maculae 

serve vestibular roles, auditory roles, or both functions (Bever and Fekete 2002). 

The otolithic organs (utricule, saccule and lagena) of teleosts are saccular structures; the 

utricule is located dorso-antero-lateral of the saccule and posterior the lagena (Figure 4). In 

mammals, the lagena had developed to the cochlea, which serves primary auditory function. 

The fish utricule serve primary vestibular function (Platt, 1983; Riley and Moormann, 2000) in 

contrast to the saccule and lagena, which serve auditory function (Platt, 1983; Popper and 

Fay, 1993). 

Each otolithic organ (Figure 4) has a sensory epithelia (macula) that consist of sensory hair- 

and supporting cells. Onto each macula a mineralized mass, the statolith, is located and the 

macula is separated from the overlying statolith by a thin extra cellular membrane, the 

otolithic membrane (Dunkelberger et al., 1980). 
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The maculae are generally subdivided in two parts, an inner sensory part and the flanking 

meshwork area (Figure 4). Subsequent of the meshwork areas the transitional epithelia are 

located, followed up by the squamous epithelium at the opposite side of the macula (Mayer-

Gostan et al., 1997; Davis et al., 1995b; Takagi and Takahashi, 1999). Based on these 

subdivisions, it could be assumed that the matrix proteins of Oreochromis mossambicus 

might be provided for the otolith mineralization in different parts of the inner ear. 

 

The statoliths of fish are compactly organized and termed otolith. The otolith of the utricule is 

termed lapillus, these of the saccule sagitta and the otolith of the lagena asterisk. However, 

the statolith is not compactly organized in all vertebrates. For example, in mammals and 

amphibians the “statolith” consists of minute particles embedded in a gelatinous membrane. 

A single minute particle is termed otoconia, and all particles together demonstrate the 

statolith.  

Otoconia and fish otoliths are mainly composed of calcium carbonate and in lower amount of 

a proteinous matrix. In teleost fish the mostly evolutionary occurring calcium carbonate 

polymorph is aragonite (Mugiya et al., 1981). However, in some cases also vateritic, calcitic 

or mixed crystallinic otoliths occur (Carlstrom, 1963; Campana, 1983; Brothers, 1984; 

Gauldie, 1993). In focus of this study was also the selected crystal polymorph of the otoliths 

of Oreochromis mossambicus, especially if it might be due to a change in the otolith matrix 

proteins (compared to other fish species). 

 

 

 
Figure 4: Constitution of the fish inner ear and otolithic organs. Short cuts; acp: anterior cupula, ascc: anterior 
semicircular canal, cc: crus cumunis, posterioris, es: endolymphatic space, hscc: horizontal semicircular canal, 
MA: meshworkarea, Mcl: macula, nv: nervus vestibularis, om: otolithic membrane, ot: otolith, pcp: posterior 
cupula, pscc: posterior semicircular canal, sac: saccule, shc: sensory hair cell, suc: supporting cell sqe: 
squamous epithelia, te: transitional epithelia, utr: utricule. Source: Zoological Institute, University of Stuttgart-
Hohenheim. 

 

 



Introduction  8 

1.5 Proteins in the biomineralization of inner ear otoliths and otoconia 

 

The proteinous matrix of otoliths play most important roles in the crystallization, growth and 

orientation of the single crystals, although it serve only 0.1-10% in weight of otoliths (Addadi 

und Weiner, 1985; Wheeler und Sikes, 1984; Belcher et al., 1996; Söllner et al., 2003). 

Several proteins of fish otoliths, and in their orthologous structures in mammals, the 

otoconia, are identified in the use of several different detection methods (Table 1, 2), but their 

function during the otolith biomineralization is only partly known. 

Several otolith matrix proteins were well established in the literature: OMP-1 (otolith matrix 

protein-1; Murayama et al., 2000), otolin-1 (Murayama et al., 2002) and starmaker (Söllner et 

al., 2003) in fish otoliths, otoconin-22 in the otoconia of amphibians (Pote et al., 1993; Yaoi et 

al., 2001, 2003, 2004), otoconin-90/95 (Wang et al., 1998; Verpy et al., 1999) and 

osteopontin in mammals (Takermura et al., 1994; Sakemaki, 2000), SPARC-like 1 (Mothe 

and Brown, 2001) and additionally calbindin d28k in the otoconia of birds (Balsamo et al., 

2000 ) and reptiles (Piscopo et al., 2003, 2004). Moreover, the presence of calbindin d28k 

was demonstrated in the otoconia of Suncus murinus (Karita et al., 1999), but it was not 

reported for other mammals. 

In recent years, additionally to the previous known matrix proteins, the otoconin orthologous 

(otoc1; Petko et al., 2008), SPARC, neuroserpin and pre-cerebellin like protein (Kang et al., 

2008) were identified in fish otoliths and otolin-1 (Zhao et al., 2007; Deans et al., 2010), 

alpha fetuin (Thalmann et al., 2006; Zhao et al., 2007), countertrypin, myosin light chain 9 

and laminin alpha 3 (Thalmann et al., 2006) within the otoconia of mammals. 

Based on literature, the proteins otolin-1, OMP-1, starmaker, SPARC, otoconin, 

neuroserpin, pre-cerebellin like protein, osteopontin and myosin light chain 9 are the 

most important factors, which are regulating the otolith mineralization. However, the proteins 

calbindin d28k, alpha fetuin, countertrypin and laminin alpha 3 might be mostly required for 

the otoconia mineralization and they are therefore not essential for the otolith mineralization.  

 

Otolin-1, also referred to as saccular collagen, is a collagenous glycoprotein that contains a 

c1q domain. It was identified several fish species (Davis et al., 1995; 1997; Murayama et al. 

2002, 2004, 2005; Nemoto et al., 2007) and mouse (Zhao et al., 2007; Deans et al., 2010).  

Otolin-1 may function as a connector between otolith and sensory macula and it was 

involved in the correct positioning of fish otoliths and the anchoring to the sensory macula 

(Murayama et al., 2005). Moreover, it is thought to have the ability to aggregate with other 

otolin-1 molecules and so it was assumed that it builds up the framework of the otoliths 

(Murayama et al., 2005).  
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Otolith matrix protein-1 (OMP-1) contains a ferrotransferrin-domain and it is the major 

calcium binding protein in fish otoliths. It was identified in trout (Oncorhynchus mykiss) and 

zebrafish (Murayama et al. 2000, 2004, 2005). 

 

 

Table 1: Identified otoconia matrix proteins.        

      

Matrix protein Function Functional domains Species Dep. References 

      

Mammals      

Osteopontin Ca-binding osteopontin domain Rattus norvegicus ab Takemura et al., 1994 

    Mus musculus ab/ms Sakagami, 2000; 
Thalmann et al., 2006 

      

Otoconin-90 Ca-binding phospholipase A2 
domain 

Mus musculus ms/nts Wang et al., 1998; 
Thalmann et al., 2006, 

Zhao et al., 2007 

   Cavia porcellus nts Wang et al., 1998 

Otoconin-95   Mus musculus ab/w/ms Verpy et al., 1999; 
Thalmann et al., 2006; 

Zhao et al., 2007 

      

Calbindin d28k  Ca-binding EF-hand domain Suncus murinus  Karita et al., 1999 

      

SPARC-like 1 Ca-binding acidic region, 
folistatin-like domain, 

EF-hand domain 

Mus musculus ms Mothe and Brown, 2001; 
Thalmann et al., 2006 

      

Alpha fetuin inhibitor of 
phosphate 
calcification 

cystatin like domain Mus musculus ms Thalmann et al., 2006; 
Zhao et al., 2007; 

      

Countertrypin inhibitor of 
phosphate 
calcification 

two cystatin like 
domains 

Mus musculus ms Thalmann et al., 2006 

      

Laminin alpha 3 laminin domains Mus musculus ms Thalmann et al., 2006 

      

MYL9* regulatory,  
Ca-binding 

EF-hand domain Mus musculus ms Thalmann et al., 2006 

      

Otolin-1  c1q domain Mus musculus ab/w Zhao et al., 2007 
Deans et al., 2010 

      

Birds      

Calbindin d28k Ca-binding EF-hand domain Gallus gallus ab Balsamo et al., 2000 

      

Reptiles      

Calbindin d28k Ca-binding EF-hand domain Podarcis sicula ab/w Piscopo et al., 2003, 2004 

      

Amphibs      

Otoconin-22 Ca-binding phospholipase A2 
domain 

Xenopus leavis 
Rana catesbeiana 

ms 
 ab/w 

Pote et al., 1993 
Yaoi et al., 2001, 2004 

Ab: antibody staining on sections; Dep.: deposition confirmed by; ms: mass spectrometry; nts: n-terminal protein sequencing; w: western blot; *: myosin light chain 9 
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Table 2: Identified otolith matrix proteins.        

      
Matrix protein Function Functional domains Species Dep. References 

      
Otolin-1

1
 Lepomis macrochirus - Davis et al, 1995, 1997 

 Oncorhynchus keta ab/w Murayama et al., 2002 

 Oncorhynchus mykiss ab/w Murayama et al., 2004 

 Danio rerio ab Murayama et al., 2005 

 

anchoring of 
the otolith 

collagen like domain, 
 c1q domain 

Oryzias latipes - Nemoto et al., 2007 

      

OMP-1 Ca-binding ferrotransferrin domain Oncorhynchus mykiss ab/w Murayama et al., 2000, 2004 

   Danio rerio ab Murayama et al., 2005 

      

Starmaker Ca-  Danio rerio ab Söllner et al., 2003 

OMM-64
2
 poymorph  Oncorhynchus mykiss w/ab Those et al., 2008 

starmaker-like
2
 selection  Oryzias latipes - Bajoghli et al., 2009 

      

SPARC Ca-binding acidic region, Oryzias latipes - Nemoto et al., 2007 

  folistatin-like domain, trout* ms Kang et al., 2008 

  EF-hand domain catfish* ms Kang et al., 2008 

   Danio rerio ab Kang et al., 2008 

    

Otoc1 Ca-binding phospholipase A2 
domain 

Danio rerio - Petko et al., 2008 

      

Neuroserpin protease inhibitor serine protease 
inhibitor domain 

trout* ms Kang et al., 2008 

      

PCLP capping otolin-1’s 
c1q domain 

c1q domain trout* ms Kang et al., 2008 

ab: antibody staining on sections; Dep.: deposition confirmed by; ms: mass spectrometry; w: western blot; 
1
: also reffered as saccular collagen; 

2
: starmaker orthologous;  

*: species not noted; -: deposition not confirmed 
 
 

 

 

Starmaker is a member of the secretory calcium-binding phosphoprotein family. It was 

identified in the zebrafish (Söllner et al. 2003) and the orthologous starmaker-like protein in 

medaka (Bajoghli et al., 2009) and otolith matrix macromolecule-64 (OMM-64) in trout 

(Tohse et al. 2008). Starmaker and possibly its orthologous are directly involved in the 

crystallization-process of fish otoliths and absence by morpholino-knockdown leads to a 

change in the crystal polymorph from aragonite to calcite (Söllner et al., 2003).  

 

SPARC (secreted protein acidic and rich in cysteine) is a major constituent of bone and 

dentin. It was also detected in mouse otoconia (SPARC-like protein 1; Thalmann et al., 2006) 

and in fish otoliths (Kang et al., 2008) and is a secreted calcium binding glycoprotein, which 

belongs to the matricellular protein family (Yan and Sage, 1999). SPARC is a multifunctional 

protein with high affinity to cations and calcium hydroxyapatite, it supports the extra cellular 

matrixes and regulates numerous growth factors (Brekken and Sage, 2001) and is directly 

involved in the otolith formation (Kang et al., 2008). 
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Otoconin is the major protein of otoconia and was identified in mammals (otoconin-90 and 

95; Wang et al.1998; Verpy et al. 1999; Thalmann et al., 2006; Zhao et al. 2007), amphibs 

(otoconin-22; Oote et al., 1993; Yaoi et al., 2001, 2004) and also it’s orthologous in zebrafish 

(otoc1; Petko et al. 2008). Otoconin (otoc1) in fish contains two non-functional phospolipase-

A2-domains with calcium binding activity (Petko et al., 2008). It was assumed that otoc1 

introduces the first step of the otolith formation the so-called „otolith seeding“ process (Petko 

et al., 2008).  

 

Neuroserpin is a secreted serine protease inhibitor that may regulate local protease activity 

during framework assembly and as a modulator of proteolytic cascades (Miranda and Lomas 

2006). It was assumed that neuroserpin and SPARC could interact together and are 

regulating protease activity together during otolith formation (Kang et al., 2008). 

 

Pre-cerebellin like protein (PCLP) contains a secretory signal peptide and a globular c1q 

domain. It was assumed that PCLP could be associated with otolin-1 via their c1q domains 

and reduces the connectivity of the internal hubs or cap the hubs of otolin-1 at surfaces 

(Kang et al., 2008). Moreover, the binding ability of PCLP to otolin-1 was demonstrated by 

Deans et al. (2010). 

 

Osteopontin is a secretory calcium-binding phosphoprotein prominent in bone and dentin, 

which was detected in the otoconia of in mammals (Sakagami 2000; Thalmann et al. 2006; 

Zhao et al. 2008). It was assumed, that osteopontin functions in the inner ear in the 

accumulation of otoconia (Sakagami et al., 1994). However, the fish osteopontin orthologous 

protein (osteopontin-like protein, OP-L; Bobe and Goetz, 2001; Fonseca et al., 2007) was not 

yet identified in fish otoliths. 

 

Myosin light chain 9 (MYL9) was detected in mice otoconia, but the detailed function during 

otoconia assembly is currently unknown. MYL9 contains two EF-hand domains that bind 

calcium and it has primary regulatory function (Thalmann et al., 2006). 

 

Various calcium binding, structural, protease inhibiting and regulatory matrix proteins were 

identified in fish otoliths and otoconia. However, based on the current data some proteins are 

general present in otoliths and otoconia like SPARC, otoconin and otolin-1 (Table 1, 2), but 

the majority seems to be unique for otoliths or otoconia or they are possibly not detected in 

those tissues. 

To confirm the occurrence of the matrix proteins in Oreochromis mossambicus and possibly 

detect new ones, a mass spectrometric analysis in a shotgun approach was chosen on 
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extracted total otolith protein matrix. As the analysis by mass spectrometry is very sensitive it 

was necessary to develop a new method for the complete removal of any residual proteins 

on the otolith surface. This was due to the fact that alll previous described methods (Asano 

and Mugiya, 1993; Murayama et al., 2000, 2002, 2004; Borelli et al., 2003b; Dauphin and 

Dufour, 2003; Tomás et al., 2004; Falini et al., 2005; Kang et al., 2008; Those et al., 2008) 

could not ensure any contamination of proteins caused from the tissue residues, the 

endolymph and several body fluids (details see Chapter 3.1.2). Moreover, all currently 

applied methods could not ensure a removal of proteins localized within the otolithic 

membrane. This membrane enhances collagenous proteins (Davis et al., 1997; Khan and 

Drescher, 1990), which are hardly soluble and might remain onto the surface of the otoliths.  

Therefore, the purification and extraction method for the mass spectrometrical detection of 

the otolith matrix proteins was improved in this study, to ascertain the occurrence of the 

proteins within the otoliths. 

Moreover, previous investigators focused onto saccule with the sagitta as model tissue to 

determinate the matrix proteins of the fish otoliths (Davis et al., 1995, 1997; Murayama et al., 

2002, 2004; Those et al., 2008). Therefore, a further aim of this study was to clarify if the 

same proteins occur in the proteinous matrix of the other otoliths (lapillus and asterisk).  

 

 

1.6 Formation of otoliths and otoconia  

 

The formation of otoconia and otoliths is discussed to be a stepwise process (Hughes et al., 

2006). In fish, it should be divided in an initial formation of the otic cavity and aggregation of 

the otolith primordia and subsequently in a growth process continuing throughout the life of 

the fish. In this first phase, free-floating protein particles are aggregating in the otic cavity and 

form the otolith core (Riley et al., 1997). Following that initial process, the otoliths are known 

to grow continuously during the life span of the fish by daily accretions of extra cellular matrix 

proteins and calcium carbonate layers (Borelli et al., 2003a; Hughes et al., 2006). However, 

little is known about the formation of otoliths and otoconia (Söllner and Nicolson, 2005; 

Hughes et al., 2006). First hints that this assumed two-step model was too simplistic arose 

from scanning electron microscopical investigations of developing otoliths (Schick, 2007). In 

this study, various changes in the otolith crystallization were observed, beginning with the 

formation of the otolith core, up to the fully developed otoliths at the end of cichlid fish larval 

development (Schick, 2007).  

The otolith matrix proteins are especially suitable to clarify the findings of Schick (2007) and 

to question the originally assumed two step model of otolith formation, throughout their 

important function in the otolith mineralization. During otolith formation, some of the otolith 
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matrix proteins could be required for the initial formation of the otolith core and notably for the 

daily growth. Based on those findings, several transitions in the otolith matrix protein 

expression could be assumed to explain the findings of Schick (2007). Therefore, in this 

study the expression otolith matrix proteins was analyzed during complete embryonic and 

larval formation of the inner ear to clarify if the process of the final continuously otolith 

growing occurred immediately after the appearance of the otolith primordia or if it is an 

incremental process leading to the final structure. 

 

 

1.7 SPARC and the osteopontin-like protein in bone development of 

cichlids 

 

Besides the function of the proteins SPARC and osteopontin in the mineralization of otoliths 

and otoconia, these proteins might also function in the mineralization of bones and teeth of 

cichlids (Chapter 1.2.1).  

Several proteins were identified in the proteinous matrix of vertebrate bones (Chapter 1.2.1) 

and the major non-collagenous bone matrix proteins are identified as osteopontin (OPN), 

osteonectin (SPARC) and osteocalcin (OC) in mammals. Among these, OPN is thought to 

play a major role in mammalian osteogenesis and is involved in diverse functions, such as 

formation and remodeling of calcified tissues and it is expressed by hypertrophic 

chondrocytes. OPN is a phosphorylated sialic acid rich protein (Prince and Butler, 1977) 

containing an adhesive amino acid sequence motif that can interact with several integrins 

(Liaw et al., 1995). It was originally isolated from bone marrow (Franzén and Heinegård, 

1985) and it is expressed in osteoblasts, osteocytes and also in osteoclasts (Weinreb et al., 

1990; Merry et al., 1993; Hirakawa et al., 1994; Takano-Yamamoto et al., 1994). It is 

considered that osteopontin plays major roles in formation, remodeling and resorption of 

mammalian bone tissue (Butler, 1989; Terai et al., 1990; Denhardt and Guo, 1993; McKee et 

al., 1993). It is involved in teeth development and there it was detected in cementoblasts and 

cementocytes (Bronckers et al., 1994), too. Several studies reported that osteopontin could 

also be detected in several mammalian soft tissues like the inner ear, kidney, placenta, 

gallbladder, blood, brain and testis, where it serves different functions (Nomura et al., 1988; 

Hudkins et al., 1990; Shin et al., 1999; Luedtke et al., 2002). 

In contrast to mammalian OPN the orthologous protein in fish, the osteopontin-like protein 

(OP-L), is mainly expressed in calcified tissues like bones and teeth (Laue et al., 2006; 

Kawasaki and Weiss, 2006; Fonseca et al., 2007; Kawasaki, 2009) and occurs only in a few 

soft tissues (Fonseca et al., 2007). Contrarily to these studies Bobe and Goetz (2001) 
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reported that in trout OP-L also occurs in a number of soft tissues: e.g. ovary (during 

ovulation), testis and in minor amounts in kidney, gills, brain and skin.  

Based on those contrarily reports, an aim of this study was to clarify the tissue specific 

occurrence of OP-L in cichlids, if OP-L was mainly associated with calcified tissues or if it 

additionally occurs in several soft tissues.  

SPARC is thought to be a multifunctional protein, which has a high affinity to 

calciumhydroxyapatite (Ca5(PO4)3(OH)) and promotes the crystal formation, when it is bound 

to collagen (Termine et al., 1981a,b; Brekken and Sage, 2001). It is dynamically expressed in 

skeletal and non-skeletal tissues from early development to adulthood (Estêvão et al., 2006; 

Renn et al., 2006; Rolland et al., 2008). Moreover SPARC supports the extra cellular matrix, 

mediates the activities of a wide range of growth factors (Brekken and Sage, 2001) and 

functions mainly in cell–matrix interactions (Rolland et al., 2008; Gilmour et al., 1998; 

Bradshaw et al., 2002, 2003; Brekken et al., 2003; Delany et al., 2003; Eckfeld et al., 2005) 

and it especially plays a role in the calcification of fish otoliths, bones, teeth and scales. 

In fish, SPARC is involved in the mineralization of perichondral and dermal bones (Renn et 

al., 2006; Rotllant et al., 2008; Li et al., 2009).  

Holland et al. (1987) and Salonen et al. (1990) reported that SPARC was expressed in the 

ameloblasts and odontoblasts of fully developed teeth. It was as well detected in another 

mineralized tissue, the fish scales. Here SPARC is expressed in the scale forming cells, the 

scleroblasts (Lehane et al., 1999; Renn et al., 2006; Redruello et al., 2005), which undergo 

mineralization.  

Generally, the interpretation of whole mount in-situ hybridizations for bones is difficult, 

because expression in other tissues, like especially SPARC, in the epidermis and connective 

tissues, are overlaying the label of the bones that are deeply located in the body (Li et al., 

2009).  

In general, up to now a continuous detailed expression analysis of OP-L and SPARC during 

fish embryonic and larval development is missing. Hence, this study focused on the temporal 

and tissue specific developmental profiles of the major non-collagenous bone matrix proteins 

OP-L and SPARC, with special focus on the appearance of the cichlid fish calcified tissues.  

This fish-taxon was chosen as experimental animal, because cichlids generally evolved in 

the late tertiary and the African lake cichlids in the middle of quaternary (~690.000 years; 

Meyer et al., 1990). They exhibit a remarkable morphological, behavioral, and ecologic 

diversity and are well known examples of explosive evolution and adaptive radiation (Fryer 

and Iles, 1972; Kocher, 2004). Especially the skull of cichlid fish, including the feeding 

apparatus, has a great diversity due to adaptation of feeding behaviors to various 

environments (Fryer and Iles, 1972; Liam, 1991). 
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The vertebrate skull as a composite structure is highly complex organized and is originating 

from three different phylogenetic sources, the splanchnocranium, chondrocranium and the 

dermatocranium. Up to now, a comparative developmental study concerning the appearance 

of these cranial compounds was currently lacking. Therefore, the complete skeletogenesis 

with special attention on the evolutionary background of these skull parts, was compared to 

those of several post cranial bones and was analyzed in this study. Moreover, these data 

were correlated to the initial expression of the bone matrix proteins OP-L and SPARC. 

 

 

1.8 The “anosteocytic bones” of teleost fish 

 

Fully differentiated bones of teleost fish are generally believed to be acellular. This was 

concluded from extensive surveys of bones from more than 500 species of teleosts. It was 

shown that the bone of “lower” teleost-taxa, such as osteoglossomorphs, elopomorphs and 

clupeomorphs, is often cellular, whereas in higher evolved teleosts, such as percomorphs, 

atherinomorphs and paracanthopterygians, osteocytes appear to be absent. Additionally 

certain exceptions were detected, including tuna (Thunnus), the sea breams (Acanthopagrus 

australis, Pagrus auratus and Rhnbdosargus sarba) and the zebrafish (Danio rerio; Kolliker, 

1859; Enlow and Brown, 1956; Moss, 1961a, b; 1963, 1965; Parenti, 1986; Hughes et al., 

1994; Cao et al., 2001; Witten et al., 2001).  

Anosteocytic bones were previously identified as regular bony tissue with a chemical 

composition that does not differ in general from the bones of other vertebrates (Eastore, 

1956; Moss and Freilich, 1963; Fleming, 1974; Meunier, 1989). In normal cellular bones of 

fish and mammals, the osteoblasts secrete collagen and ground substance and become 

therefore entrapped by collagen fibers and they are than termed prae-osteocytes. As the 

surrounding preosseous matrix becomes calcified, the prae-osteocytes are embedded in the 

osseous zone and are called osteocytes (Weiss and Watabe, 1979). In contrast to cellular 

bones, it was assumed that in anosteocytic bones, the osteoblasts withdraw from the bone 

surface during osteogenesis (Moss, 1961a; Orvig, 1967). Therefore, the osteoblasts were not 

entrapped in the osseus. 

The osteoblasts of fish are typically shaped and arranged at the outer surface of the 

outgrowing parts of the anosteocytic bones (Witten, 1997). It was previously shown that 

these osteoblasts show alkaline phosphatase (ALP) activity (Witten, 1997; Witten and 

Villwock, 1997) and thus they are thought to deposit calcium phosphate. However, typical 

osteoblasts are mainly absent on the outer bone surfaces and the anosteocytic bones are 

covered with a thin periostal layer (Wendelaar Bonga et al., 1983). Therefore it was 

assumed, that these cells are the bone forming osteoblasts, but these cells desiderate the 
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histological characteristics of osteoblasts (Witten, 1997). Without any further characterization 

for the biomineralization activity of these cells and in the lack of any ALP activity, these were 

termed in Witten (1997) as spindle-shaped osteoblasts. Based on the lack of any evidence 

that these cells are osteoblasts, they are called here spindle-shaped periost cells. 

Based on literature, it is still unclear, which cells are responsible for the further growth of the 

osseus, the rarely occurring typical osteoblasts or the spindle-shaped periost cells. The 

typical osteoblasts with ALP activity only occur at outgrowing bone parts and they therefore 

might not to be responsible for the further growth of the bones. However, the mostly 

occurring spindle-shaped periost cells lack the for osteoblasts typical ALP activity. Therefore, 

the osteoblasts in anosteocytic bones, which are responsible for the growth, were further 

characterized in this work. 

 

 

1.9 Otolith matrix proteins as critical factor for otolith asymmetries and 

the susceptibility for kinetetotic behavior 

 

It is known, that irregularly formed otoliths occur and may cause kinetotic behavior. Therefore 

it was questioned how far biomineralization processes were predisposed to induce these 

changed behavior under changed gravity conditions and in which way this predisposition 

could be shifted on the basis of susceptibility for kinetotic behavior.  

Malfunctions in the process of otolith formation, like investigated in the use of morpholino 

knockdowns of the otolith matrix proteins OMP-1, otolin-1 (Murayama et al., 2005), 

starmaker (Söllner et al., 2003) and SPARC (Kang et al., 2008; Rolland et al., 2008), exhibit 

besides several developmental defects a behavioral phenotype. The behavior of these fish 

include circular movements, like looping and/or rolling motion, which is similar to the behavior 

of the most otolith mutants (Whitfield et al., 1996) and some sensory hair cell mutants 

(Nicolson et al., 1998), the so called „circler mutants“. Looping and/or rolling motion is typical 

for fish with vestibular defects and is really similar to the „kinetotic behavior“, observed in 

some fish under weightlessness conditions. This finding implicates that the circler mutants 

had a limited ability, or were not able, to sense gravity.  

 

Weightlessness (microgravity, low-g) and altered gravitational environments (∆-g) effects the 

swimming behavior of aquatic organisms: In the transition to normal 1g Earth’s gravity after 

several days of hypergravity stimulation (Rahmann et al., 1996: Anken et al., 1998b; Beier, 

1999) as also in the transition from Earth’s gravity to weightlessness during parabolic flights 

(Baumgarten et al., 1972; DeJong et al., 1996; Rahmann et al., 1996; Hilbig et al., 2002a, b, 
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2003) or during space flights (v. Baumgarten et al., 1975; Hilbig et al., 1996) could lead in 

fish to kinetotic behavior, like spinning movements and looping responses. 

In vertebrates, including humans, ∆-g environments such as weightlessness can induce 

malfunctions of the inner ears leading to severe sensory-motor disorders (intersensory-

conflict-theory; Oman, 1991) including space motion sickness (SMS), a kinetosis (compare 

on this topic also Coats and Norfleet, 1998; Dai et al., 1998; Parker, 1998; Reschke et al., 

1998; Grigorova and Kornilova, 1996; Mori et al., 1996; Takeda et al., 1996; Anken and 

Rahmann, 2001). Generally, it is believed that motion sickness is caused by a mismatch 

between expected and sensed gravity direction, since microgravity acts on the statolithic 

organs, which respond to linear acceleration. It has been argued that bilateral asymmetry is a 

common feature at all levels of organization and that, for postural control, vestibular afferents 

ought to be not too asymmetric (based on asymmetric inner ear otoliths) in order to stay in 

the range of the central nervous vestibular compensation of bilaterally different inputs (Anken 

et al., 1998a, b, 2000; Darlington et al., 1992). 

Since fish often exhibit a kinetotic behavior (especially so-called spinning movements and 

looping responses; v. Baumgarten et al., 1972; DeJong et al., 1996; Hilbig et al., 2002) after 

the transfer from Earth’s gravity to low-g, they can be used as model systems for higher 

vertebrates. Indeed, several experiments employing especially fish and other aquatic 

vertebrates as well as humans yielded results speaking in favor of the so-called (otolith) 

asymmetry-hypothesis as the main source for susceptibility of kinetosis (Diamond and 

Markham, 1992; Anken et al., 1998a; Hilbig et al., 2002a, b). The asymmetry of lapilli was 

also shown to be higher in fish, which swam kinetotically during the microgravity phase of 

parabolic flights as compared to normally swimming siblings (Hilbig et al., 2003).  

Fish do also reveal kinetotic behavior after transition from long-term hypergravity (centrifuge) 

to 1g, which is also based on a higher otolith asymmetry (of lapilli) in spinning animals. This 

was due to otolith size (Anken et al., 1998a) and as well to the calcium incorporation (Beier 

et al., 2002a). 

The growth of otoliths (throughout the deposition of calcium carbonate) was carried out on 

the left side compared to the right side only in a small amount equally; as well it is neuronal 

controlled (Anken et al., 2002). In most cases, a more or less pronounced lateralization was 

observed (otolith asymmetry; e.g. Anken et al., 1995). These asymmetries are based on 

crystalline-structural changers or changes in the ion composition. 

Based on the asymmetry hypothesis of v. Baumgarten and Thümmler (1979) bilateral otolith 

asymmetries are jointly responsible for kinetosis, like space motion sickness. In this, the 

otolith asymmetry is neuronal compensated under normal Earth’s gravity. A further 

compensation under microgravity conditions, on the neuronal level, might lead to a 

secondary asymmetry on the level of the central nervous system. This leads to a 
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disagreement between vestibular and visual information and causes in an intersensory 

conflict, which initiates kinetosis. 

 

The growth of otoliths was sustainably affected by changed gravity conditions, which leads to 

an adjustment of the otolith asymmetries to the changed gravitational environments. 

Especially hypergravity environments diminish otolith asymmetries, based on the 

neurovestibular compensation (Anken et al., 1998a, b, 2002; Beier, 1999). It could be 

assumed that those findings were probably based on an induced change in the expression of 

the otolith matrix proteins, throughout their important function in otolith growth and 

mineralization. Therefore, an aim of this study was to prove that hypothesis. For this 

purpose, the expression of specific otolith matrix proteins was analyzed in the inner ear after 

development under changed gravity conditions.  

 

Moreover, in this study the relationship between the type of behavior and the expression of 

the two major otolith matrix proteins, OMP-1 and otolin-1, was of interest. Especially possible 

changes in these important proteins, due to kinetotic behavior, were in the focus of this 

study. Therefore, a possible influence of OMP-1 and otolin-1 on the biomineralization 

process of otoliths in kinetotic fish, as compared with normal ones was investigated. 

For this purpose, the first time short-term hypergravity exposure was used to evoke kinetosis, 

after transition back to normal Earth’s gravity (1g). Therefore, a further aim of this 

dissertation was to verify this new method, based on the otolith asymmetries, which trigger 

kinetosis.  
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Aim of this study  
 

The biomineralization is a process strictly controlled by organisms ranging from 

microorganisms to higher vertebrates and plants. In contrast to the non-biological 

mineralization, known from geology, the biomineralization is controlled throughout the 

involvement of matrix macromolecules, such as polysaccharides and proteins. Especially the 

proteins build a matrix, which directly controls the biomineralization like the strength of the 

crystals and the selection of the crystal polymorph. 

Several proteins have been identified in biomineralized tissues, but their function during 

biomineralization was only partly known and the mechanism of biomineralization is not yet 

well understood. Therefore, this study focused on these matrix proteins involved in the 

mineralization of the inner ear otoliths, using the cichlid fish Oreochromis mossambicus as 

model animal. Moreover, some of these proteins also play roles in other mineralization 

processes, like these of bones and teeth. Therefore, these calcified tissues were also of 

interest in this study.  

The otoliths of fish are mainly composed of calcium carbonate, which mainly exist as 

aragonite, embedded in a proteinous matrix. This proteinous matrix serve 0.1-10% of the 

otoliths weight, but plays several important functions in the control of the their mineralization. 

Based on literature, the proteins otolin-1, OMP-1, starmaker, SPARC, otoconin, neuroserpin, 

pre-cerebellin like protein, osteopontin and myosin light chain 9 turned out as the most 

important factors, which are regulating the otolith mineralization and they are therefore of 

special interest in this dissertation. 

However, little is known about the formation of otoliths and the first part of this work focused 

on the identification, regulation, synthesis and deposition of otolith matrix proteins in the 

cichlid fish Oreochromis mossambicus during development. 

 

In a first set of experiments the properties proteinous matrix of the inner ear otoliths of 

Oreochromis mossambicus was analyzed: 

 I. To confirm the occurrence of the matrix proteins in Oreochromis mossambicus and 

 possibly detect new ones, a mass spectrometric analysis in a shotgun approach was 

 chosen on extracted total otolith protein matrix. As the analysis by mass spectrometry is 

 very sensitive it was necessary to develop a new method for the complete removal of any 

 residual proteins on the otolith surface, because all previous described methods could 

 not ensure that. 

 II. In teleost fish the mostly phylogenetically selected calcium carbonate polymorph is 

 aragonite. However, in some cases also vateritic, calcitic or mixed crystallinic otoliths 

 occur. Therefore, the selected otolith crystal polymorph of the otoliths of Oreochromis 

 mossambicus was also of interest in this study, especially if a change in the otolith matrix 
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 proteins (compared to other fish species) might be responsible for the crystal polymorph 

 selection in fish.  

 III. The fish otolithic organs were subdivided in several histological distinguishable parts. 

 Based on those subdivisions, it could be assumed that the matrix proteins of 

 Oreochromis mossambicus might be provided for the otolith mineralization in different 

 parts of the inner ear. Therefore, the source of the identified otolith matrix proteins was 

 researched in this study. 

 IV. Moreover, previous investigators focused onto the saccule with the otolith sagitta as a

 model to determinate the matrix proteins of the fish otoliths. Therefore, a further aim of 

 this study was to clarify if the same proteins occur in the proteinous matrix of the other 

 otoliths (lapillus and asterisk).  

 

The second set of experiments focused, continuative to the identification, onto the formation 

of the cichlid fish otoliths:  

 V. The formation of otoliths was thought to be a stepwise process, which might be 

 generally divided in an early aggregation of the otolith primordia, followed by a 

 continuously growth process over the whole fish lifespan. However, previous 

 investigations on the otolith development in Oreochromis mossambicus by Schick (2007) 

 indicated that this two-step model was too simplistic. Therefore, the originally assumed 

 two steps of otolith formation, were questioned in this study, based on the otolith matrix 

 proteins and their important function in the otolith mineralization. For this purpose, the 

 expression of otolith matrix proteins was analyzed during complete embryonic and larval 

 formation of the inner ear. Thus it should be clarified if the process of the final 

 continuously otolith growing occurred immediately after the appearance of the otolith 

 primordia, or if it is an incremental process leading to the final structure.  

 

The third set of experiments of this study focused onto the development of the cichlid fish 

skeleton. In this part the involvement of the matrix proteins OP-L and SPARC, which might 

function in the bones was of interest:  

 VI. Contrarily reports were given, concerning the tissue specific occurrence of OP-L in 

 fish calcified and non-calcified tissues. Therefore, a further purpose of this study was to 

 clarify the tissue specific occurrence of OP-L in cichlids, if it was mainly associated with 

 calcified tissues or if it additionally occurs in several soft tissues. 

 VII. Furthermore, a continuous detailed expression analysis of the major non-

 collagenous bone matrix proteins OP-L and SPARC during fish embryonic and larval 

 development is missing. Therefore, this study focused on the temporal and tissue specific 
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 developmental profiles of OP-L and SPARC in correlation to the appearance of the 

 cichlid fish calcified tissues. 

 VIII. Especially the cichlid fish skull, which includes the feeding apparatus, has a great 

 diversity in this fish taxon, due to adaptation of feeding behaviors to various 

 environments. 

The vertebrate skull as a composite structure is highly complex organized. The different 

skull parts are originating from three different phylogenetic sources, the 

splanchnocranium, chondrocranium and the dermatocranium. However, a comparative 

developmental study concerning the appearance of these cranial compounds was 

currently lacking. Therefore, a further aim of this dissertation was the analysis of the 

complete skeletogenesis in subject to the evolutionary background of these skull parts, 

compared to those of several postcranial bones. Moreover, these data were correlated to 

the initial expression of the bone matrix proteins OP-L and SPARC. 

 

The fourth set of experiments focused on the specialized anosteocytic bones of cichlid fish: 

 IX. Fully differentiated bones of teleosts fish are generally believed to be acellular or 

 anosteocytic, whereat osteocytes are absent within the osseus. In anosteocytic bones 

 typical osteoblasts with alkaline phosphatase activity are mainly absent at the bone 

 surfaces. However, the bones were covered by specialized thin spindle-shaped periost 

 cells. Based on literature, it was still unclear, which cells are responsible for the 

 further growth of the osseus, the rarely occurring typical osteoblasts or the spindle-

 shaped periost cells. Therefore, the osteoblasts in anosteocytic bones, which were 

 responsible for the growth of the osseus, were characterized in this study 

 

In the sixth set of experiments of this dissertation, it was questioned in which way 

biomineralization processes were predisposed under changed gravity conditions. Moreover, 

and in which way this predisposition could be shifted on the basis of susceptibility for 

kinetotic behavior was studied: 

 X. The growth of otoliths was sustainably affected by changed gravity conditions, which 

 leads to an adjustment of the otolith asymmetries to the changed gravitational 

 environments. Hypergravity environments diminish otolith asymmetries on the basis of 

 neurovestibular compensation. It could be assumed that those findings were probably 

 based on an induced change in otolith matrix proteins expression, throughout their 

 important function in otolith growth and mineralization. Therefore, an aim of this study 

 was to prove that hypothesis on the basis of the otolith matrix protein expression during 

 cichlid fish inner ear development.  
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 XI. The investigation of a hypothetical relationship of the otolith matrix proteins in 

 formation of otolith asymmetries and therefore in the susceptibility for kinetotic 

 behavior, was of interest. Especially the two matrix proteins OMP-1 and otolin-1, as 

 major otolith protein compounds, might be critical for the susceptibility for 

 kinetosis. In this study, a possible influence of OMP-1 and otolin-1 on the 

 biomineralization process of otoliths in kinetotic fish, as compared with normal ones, 

 was investigated. 

 XII. For this purpose, the first time short-term hypergravity exposure was used to 

 evoke  kinetosis, after transition back to normal Earth’s gravity (1g). Therefore, a 

 further aim of  this dissertation was to verify this new method, based on the otolith 

 asymmetries, which trigger kinetosis.  
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2 Results  
 

2.1 Proteins in the mineralization of otoliths in the cichlid fish 

Oreochromis mossambicus   

 

2.1.1 Occurrence and identification of the otolith matrix proteins in cichlids 

 

2.1.1.1 SDS-Page of otolith matrix proteins stained by colloidal coomassie blue 

 

In accordance to other investigators (Davis et al., 1995, 1997; Murayama et al., 2002, 2004; 

Those et al., 2008), the saccule was chosen as model tissue to determinate the matrix 

proteins of the cichlid fish otoliths.  

By SDS-page of the otolith proteinous matrix, seven distinguishable bounds were detected 

(Figure 5). The number of bounds fits to the number of by mass spectrometry identified 

proteins. In all cases SDS-pages of otolith matrixes display a high background, which 

appeared in general also in other publications (Asano and Mugya, 1993; Murayama et al., 

2000, 2001, 2004; Dauphin and Dufour, 2003; Borelli et al., 2003; Tomás et al., 2004; Falini 

et al., 2005; Kang et al., 2008; Those et al., 2008). By the nano-LC-ESI-MS/MS it was able 

to give evidence that this background is caused by the proteins otolith matrix protein-1 

(OMP-1) and otolin-1 (details see below) and possibly by different protein agglutination with 

other proteins from the otolith matrix. 

 

 

  
Figure 5: SDS-PAGE of total otolith matrix proteins isolated 

from Oreochromis mossambicus otoliths. Sample and 
control were stained with colloidal coomassie blue. (A) By 
mass spectrometry analyzed sample, arrowheads indicate 
seven distinguishable bands. (B) Control without TCA 
decalcification (kDa: kilo Dalton). 
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2.1.1.2 Identification of common otolith matrix proteins in the cichlid fish otoliths  

 

In the course of a systematic screening for otolith matrix proteins in the cichlid fish, five of 

the known otolith matrix proteins OMP-1, otolin-1, neuroserpin, SPARC, and otoconin were 

identified by mass spectrometry with statistically significant database matches (threshold 

>0.05; Table 3).  

 

Table 3: Otolith matrix proteins detected in other fish species confirmed by mass spectrometry.  

        

Protein  Frag
1
 Species  Genbank

2
 Mass  Score

3
  Queries

4
 emPAI 

        

OMP-1 11 Tetraodon nigroviridis gi|47229931 33563 715 20 1.6 

  Oncorhynchus mykiss gi|185134407 41572 611 17 0.9 

        

Otolin-1 11 Lepomis macrochirus 
gi|687606 

gi|1169004 
44417 514 30 0.07 

  Tetraodon nigroviridis gi|47228273 37033 251 15 0.09 

        

Neuroserpin 10 Danio rerio gi|192453532 47128 334 8 0.22 

  Salmo salar gi|213511114 46006 177 4 0.07 

        

SPARC 7 
Danio rerio               

Sparus aurata    
Hippoglossus hippoglossus 

gi|46561992 
gi|47826372 

gi|115279792 
34285 114 4 0.17 

  Oryzias latipes gi|157278491 34761 102 4 0.26 

        

Otoconin 1 Tetraodon nigroviridis gi|47209354 18455 32 1 0.16 
1
 Total number of specific protein fragments detected; 

3 
Combined scores of all observed mass spectra; 

2
 NCBI Genbank accession number; 

4
 Total number of MS/MS spectra 

 

 

Additionally, the particular localization of the otolith matrix protein OMP-1, otolin-1, otoconin, 

SPARC and neuroserpin was determined through their expression pattern by performing in-

situ hybridizations on cryostat sections (Figure 6). It was discovered that OMP-1 is 

expressed in two distinct patches dorsal and ventral beside the sensory hair cell region of 

the epithelia. The expression of otolin-1 is restricted to a small cell population ventral of the 

sensory hair cell region in the saccule. These cells also show strong staining for OMP-1 

compared to the dorsal OMP-1 expression patch. In juvenile fish (stage 21), the expression 

of SPARC occurs only in the anterior saccule. However, the formerly known proteins 

otoconin, neuroserpin and pre-cerebellin like protein are not expressed in the whole inner 

ear of juvenile fish. 
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Figure 6: Expression of otolith matrix proteins on transversal cryostate sections of the saccule. (A) Expression of 

OMP-1 besides the sensory hair cell region (arrowheads). (B) Expression of otolin-1 in the ventral saccule 
(arrowhead). (C) Expression of SPARC in the anterior saccule (arrowhead). Asterisk: melanocytes. Scale bars = 
50µm. 
 

 

2.1.1.3 First new identified otolith matrix proteins in the otoliths of cichlids 

 

The proteins alpha tectorin, otogelin and transferrin were identified for the first time in the ear 

stones (otoliths) fish with statistically significant database matches (threshold >0.05; Table 

4). 

The first of these new identified proteins was alpha tectorin, 26 fragments were identified 

by Mascot and PEAKS/MS-BLAST with significant threshold to the orthologous of the 

atlantic salmon (Salmon salar), the green spotted puffer (Tetraodon nigroviridis) and the 

zebrafish (Table5). 

The second detected protein, otogelin, is an inner ear specific glycoprotein, which is related 

to the epithelial secreted mucins (Legan et al., 1997). Mascot and PEAKS/MS-BLAST 

identified 26 fragments with significant threshold to zebrafish and the green spotted puffer 

orthologous (Table 6). 

The third protein, transferrin is a member of the transferrin subfamily. It was identified by 

Mascot and PEAKS/MS-BLAST with 14 fragments and a significant threshold to the nile 

tilapia (Oreochromis niloticus), blue tilapia (Oreochromis aureus), lesser sand-eel 

(Ammodytes marinus) and yellowfin shiner (Notropis lutipinnis) orthologous (Table 7). 

 

 

 

 

 

 

 

 

 



Results  26 

Table 4: New otolith matrix proteins identified and confirmed by mass spectrometry. 

       

Protein Frag
1
 Species Genbank

2
 Mass Score

3
 Queries

4
 emPAI 

        

Alpha tectorin 26 Salmo salar gi|160550126 238200 555 23 0.23 

  Danio rerio gi|189519590 248321 527 23 0.21 

        

Otogelin 26 Danio rerio gi|18953142 281457 351 8 0.07 

  Tetraodon nigroviridis gi|47224147 96741 261 7 0.18 

        

Transferrin 14 Oreochromis niloticus gi|89475215 77048 183 20 0.23 

  Oreochromis aureus gi|15387705 18395 129 13 0.4 
1
 Total number of specific protein fragments detected; 

3 
Combined scores of all observed mass spectra; 

2
 NCBI Genbank accession number; 

4
 Total number of MS/MS spectra 

 

 

Table 5: Selected fragments of alpha tectorin detected by mass spectrometry.  

         

Qu
1
 Observed Mr(expt) Mr(calc) M

2
 Score Expect R

3
 Peptide 

         

322 495.2666 988.5187 988.5189 0 53 0.00016 1 R.EGEVVLSTR.D 

351 505.2766 1008.5387 1008.5393 0 50 9.3e-005 1 K.LFQLGFER.E 

559 565.2867 1128.5589 1128.5597 0 60 9.9e-006 1 K.HAQMEVSISK.C 

684 615.2645 1228.5144 1228.5151 0 43 0.00012 1 R.NCLYNMCVR.E 

767 647.8958 1293.7769 1293.7769 0 53 2.4e-005 1 K.TLPVQLQLGAVR.V 

842 454.5507 1360.6303 1360.6306 0 53 4e-005 1 R.SQHCVASGGGVFR.T 

1005 528.9625 1583.8657 1583.8671 1 35 0.0046 1 R.GKPAVSALELAQSWK.T 

1046 829.8217 1657.6289 1657.6284 0 74 4.3e-008 1 R.DTFCQVGCGDSCPR.C 

1063 574.2776 1719.8109 1719.8073 0 29 0.016 1 R.LPASCSFVLSTNCHK.L 

1069 869.3987 1736.7829 1736.782 0 84 2.7e-008 1 K.DNTIGMAENGVSLTCR.F 
1 
Query; 

2
Miss; 

3
Rank       

 

 

Table 6: Selected fragments of otogelin detected by mass spectrometry.  

         

Qu
1
 Observed Mr(expt) Mr(calc) M

2
 Score Expect R

3
 Peptide 

         

526 367.1905 1098.5498 1098.5505 0 27 0.014 1 R.RHNFCPLR.C 

570 567.7930 1133.5715 1133.5717 0 49 0.00017 1 R.EDQFLVEVR.G 

797 656.7771 1311.5396 1311.5401 0 62 1.7e-006 1 R.ADSPYCVTEDR.C 

841 681.2805 1360.5465 1360.5461 0 44 4.8e-005 1 K.DCYESGIVCMK.Y 

867 699.3218 1396.6291 1396.6293 0 77 1.8e-007 1 R.SNAPVTVYSCDGK.C 

885 714.2770 1426.5394 1426.5388 0 55 3e-006 1 K.NCLTDTCNCNR.G 

923 744.3162 1486.6179 1486.6181 0 42 0.00019 1 K.EYQPCVSTCTSR.T 

1100 894.4269 1786.8393 1786.8382 0 77 3.5e-007 1 K.LVIGYSALSCCPEYR.C 

1136 616.9648 1847.8727 1847.8737 0 75 3.8e-007 1 K.CPSATIFNFNINSHAR.F 

1151 953.9414 1905.8681 1905.8679 0 68 1.1e-006 1 K.CPSASIYNYNINTYAR.F 
1 
Query; 

2
Miss; 

3
Rank       
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Table 7: Selected fragments of transferrin detected by mass spectrometry.  

         

Qu
1
 Observed Mr(expt) Mr(calc) M

2
 Score Expect R

3
 Peptide 

         

119 410.7140 819.4135 819.4126 0 49 0.0042 1 R.APIDNYK.A 

121 411.6969 821.3793 821.3775 0 29 0.51 1 K.LCELCK.G 

451 493.2750 984.5354 984.5352 0 54 0.0011 1 R.ILQEQQAR.F 

473 534.2505 1066.4865 1066.4872 0 51 3.7e-005 1 K.YYGYAGAFR.C 

734 634.3031 1266.5916 1266.5914 0 54 5.8e-005 1 R.SSDYQLICPGK.G 

805 675.8398 1349.6650 1349.6650 0 73 7.4e-007 1 R.CLVEGGGDVAFVK.H 

993 711.3599 1420.7053 1421.2417 2 39 0.043 2 K.GSSVMWSBLKGKK.S 

1147 898.8970 1795.7794 1795.7797 0 71 4.1e-007 1 R.TYEQFLGEAYMDAMK.A 

1148 599.9877 1796.9412 1796.9421 1 32 0.0092 1 R.KDPQLADLIWQSLDR.V 

1276 704.6725 2110.9956 2110.9960 0 47 0.00026 1 R.VQTDHSFNLFSSEAYAPAK.N 
1 
Query; 

2
Miss; 

3
Rank       

 

 

2.1.2 Absence of starmaker in relationship to the otolith crystal polymorph selected 

 

Surprisingly, it was not possible to give evidence for the occurrence of the known otolith 

matrix proteins starmaker as described in zebrafish, its orthologous protein OMM-64 in 

Salmon salar and of the Starmaker-like protein in medaka. These proteins show similarities 

to human-dentin (Söllner et al., 2003), but no fragments matching these proteins were 

detected. Starmaker and possibly its orthologous are directly involved in the calcium 

carbonate crystallization and select the crystal polymorph aragonite, whereas a lack of 

starmaker leads to calcitic otoliths (Söllner et al., 2003). For the determination of the crystal 

polymorph of otoliths the two known chemical methods common in mineralogy are used 

(Meigen, 1901; Leitmeier and Feigel, 1934; Sterzel and Chorinsky, 1967). One is based on 

the reaction with cobalt nitrate and in the other mangan-(II)-sulfate and silver sulfate. With 

the first method, no residues of aragonite and only the brownish staining of calcite were 

observed (Figure 7A). With the second method, which is more sensitive, single crystals on 

the otolith surface are identified as aragonite (Figure 7B, C), whereas the major (unstained) 

parts of the otolith are composed of calcite. From these findings it was concluded, that the 

otoliths of Oreochromis mossambicus are composed of different crystal polymorphs. The 

occurrence of vaterite in the otoliths cannot be excluded, applying these methods. 

Consequently, it was concluded that these two crystal polymorphs occurred in the otoliths of 

Oreochromis mossambicus, although an aragonite selecting starmaker orthologous is 

absent. 
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Figure 7: Chemical determination of the otolith calcium polymorph. (A) Brownish staining of calcite after cobalt 

nitrate treatment. (B) Distribution of single aragonite crystals within the mainly calcitic otoliths. (C) Detail of otolith 
surface with diminutive aragonite crystals. (A, B) Scale bars = 100µm, (C) scale bars = 25µm. 

 

 

2.1.3 Absence of pre-cerebellin like protein (PCLP) in the inner ear of cichlids   

 

Moreover, not any fragment matching the pre-cerebellin like protein in the nano-LC-ESI-

MS/MS analysis was identified, as it was previously reported in Kang et al. (2008). To verify 

the data for the non-existence of PCLP in the otoliths of Oreochromis mossambicus a 

complete mRNA was sequenced by 5´and 3`RACEs and its particular expression during 

development was determined by in-situ hybridization. The 709bp long mRNA sequence is 

coding for a 191 amino acid long protein. The amino acid sequences of PCLP are highly 

similar to that of Danio rerio, Mus musculus and Xenopus leavis (Figure 8) and is in 

consequence highly conserved within the vertebrates. Therefore, it should have been 

detected by mass spectrometry, if it occurs. 

Based on the finding that it was not possible to detect PCLP neither by mass spectrometry 

nor by in-situ hybridization (Chapter 2.2.1.2) in the inner ear of sub-adult fish, the 

investigations were extended to the developmental expression of this protein with special 

attention on the embryonic and larval inner ear (Figure 9A-C). PCLP is initially expressed in 

developmental stage 10 in Oreochromis mossambicus. In this stage, the expression was 

restricted to the epiphysis and the expression disappears later in developmental stage 13 in 

this tissue. In developmental stage 12 expression of PCLP additionally arose in the medulla 

oblongata and disappeared later in development in stage 15. With the disappearance of 

PCLP in the epiphysis in stage 13, expression in another neuronal tissue, the posterior 

glomerulos nucleus of the mesencephalon arose. This expression persists during the whole 

larval development. In all developmental stages investigated PCLP is not expressed in the 

whole inner ear including the sensory otolithic maculae. These finding consists with the 

previous analysis indicating that PCLP was not detected within the otoliths.  
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Figure 8: Alignment of the amino acid sequences of pre-cerebellin like protein and cerebellin from four 

representative vertebrates. Amino acids that are identical in at least three of four proteins are marked in black, 
amino aids are identical in at least two of four proteins are marked in gray and miss-matches are marked in 
white. The aligned sequences were subsequently embellished using the multalin program (Corpet, 1988). 
GenBank accession number of the sequences used follows Danio rerio (CAX12713.1), Xenopus tropicalis 
(NP_001072308.1) and Mus musculus (NP062600.2). 

 

 

 
 
Figure 9: Expression of pre-cerebellin like protein (A-C) and neuroserpin (D-E) within the central nervous system 

stained by whole mount- (A, D) and in-situ hybridization on transversal sections (B, C, E, F) of selected 
developmental stages. (A) Initial expression of pre-cerebellin like protein in developmental stage 9 in the 
epiphysis (arrowhead). (B) Expression of pre-cerebellin like protein in the medulla oblongata (arrowheads) and 
(C) in the posterior glomerulos nucleus of the mesencephalon in stage 14 (arrowheads). (D) Initial expression of 
pre-cerebellin like protein in developmental stage 10 in the midbrain. (E) Expression of neuroserpin the tectum 
opticum (upper arrowhead), hypothalamus (lower arrowhead) and (F) cerebellum in developmental stage 13. 
Scale bars= 300µm. 
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2.1.4 Neuroserpin, a matrix protein even not expressed in the developing inner ear 

 

By the nano-LC-ESI-MS/MS data it was able to give evidence that neuroserpin is a member 

of the otolith matrix proteins in Oreochromis mossambicus. However, expression of 

neuroserpin was not detected by in-situ hybridization in the inner ear of sub-adult fish.  

As the occurrence of neuroserpin in fish is only partially known the investigations were 

extended to early developmental stages, including the whole embryonic and larval 

development was performed (Figure 9D-F). 

During development, neuroserpin is initially expressed in early stage 9 within the midbrain. 

Later in stage 12, it is also expressed in the tectum opticum, the hypothalamus and the 

cerebellum. The regional expression of neuroserpin mainly disappears in developmental 

stage 14 and its occurrence is restricted to certain scattered cells within most parts of the 

central nervous system. However, only in the hypothalamus the expression transiently 

persists, disappears however in stage 16 and likewise in the other parts of the CNS appears 

in scattered cells. These neuroserpin expressing cells, which are spread over the whole 

central nervous systems, are concentrated in the stratum periventriculare of the tectum 

opticum and are known to be neurosecretory. However, during all developmental stages 

investigated, neuroserpin is not expressed in any part of the inner ear. Therefore, a 

neurosecretory origin of neuroserpin within fish otoliths was assumed (Chapter 3.2.1).  

 

 

2.2 Expression of matrix proteins during cichlid fish inner ear and otolith 

development  

 
In the next step, the expression of the identified otolith matrix proteins (OMP-1, SPARC, 

otoconin, alpha tectorin, otogelin and transferrin and otolin-1) was analyzed during cichlid 

fish development. In addition, also the expression pattern of myosin light chain 9 (a known 

matrix protein of mammalian otoconia; Thalmann et al., 2006) in the developing fish inner 

ear was of interest. 

 
 
2.2.1 Structural analyzes of the otolithic organs and their histological differentiation 

and nomenclature 

 

In the following expression analysis, the otolith matrix proteins show a spatial and inner ear 

tissue specific expression patter. Therefore first histological overviews of the otolithic organs 

in Oreochromis mossambicus were given. 
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In Oreochromis mossambicus the epithelia of the three otolithic organs, namely utricule, 

saccule and lagena are generally divided into three mayor regions, the sensory epithelium 

(macula), the transitional epithelium and the squamous epithelium (Figure 10A, I). 

The otolithic maculae of Oreochromis mossambicus are in general subdivided in two parts, 

the sensory part (SP) and the flanking meshwork areas (MA; Figure 10B, H). In utricle and 

saccule, the nuclei of the cells in the SP were stratified in two layers in an apical and basal 

zone (Figure 10B, F, H, K). It was assumed that the hair cell nuclei were lined in the apical 

zone and the supporting cell nuclei in the basal zone (e.g. Takagi and Takahashi, 1999, 

Davis et al., 1995b, Beier et al., 2008). However, in the analysis nuclei of supporting cells 

were detected within the apical zone (Figure 10F, L). These supporting cells (termed 

supporting cell type II) are elongated and their cellular bodies reach the endolymphatic 

space.  

In contrast to the supporting cell type II, the cellular bodies of the supporting cells with the 

nuclei in the basal zone (termed supporting cell type I) did not reach the endolymphatic 

space. (Figure 10F, K, L) These supporting cells type I may rather demonstrate basal cells, 

known from many other different epithelia. 

The SP is in general flanked by the meshwork areas (MA; Figure 10B, H), where the 

ionocytes are located (Mayer-Gostan et al., 1997). In the utricule, the median MA is termed 

as meshwork area centripetal (MAcp) and the outer meshwork area is termed as meshwork 

area centrifugal (MAcf; Figure 10B, E, G), following Beier et al. (2008). Histological and 

molecular biological also a clear separation of the MAcf and MAcp could be detected (details 

see below) and the most remarkable histological difference is that the MAcf is distinctly small 

or absent in the median-posterior part of the utricule (Figure 10B, G). In the saccule, the 

meshwork areas are separated into the dorsal meshwork area (MAd; Figure 10J) and the 

ventral meshwork area (MAv; Figure 10M). In the MAv, special cells with elongated nuclei 

are located, which are expressing otolin-1 (details see below). For the lagena, nomenclature 

of the saccule was adopted. 

Subsequent of the meshwork areas are the transitional epithelia located (Figure 10B, D, H, 

N). The transitional epithelia are characterized by relatively wide intercellular spaces and 

cubic mitochondrion-rich cells were dispersed (Takagi and Takahashi, 1999). Following up, 

the transitional epithelia became gradually thinner and form, at the opposite side of the 

sensory epithelium, the squamous epithelium composed of flattened cells with elongated 

nuclei (Figure 10C). Comparable results were obtained in the inner ear of other teleosts 

species, including the rainbow trout (Oncorhynchus mykiss), the turbot (Scophthalmus 

maximus) and bluegill sunfish (Lepomis macrochirus) (Mayer-Gostan et al., 1997; Davis et 

al., 1995b; Takagi and Takahashi, 1999). 
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Figure 10: Structure and histology of the macula organs depicted by fuchsine stained transversal semi-thin 

sections (3µm; Bäuerle, 2001; Bäuerle et al., 2004). (A) Overview of the utricule including the macula utriculi 
(Mut), the transitional epithelium (te) and the squamous epithelium (sqe). (B) Overview of the macula utriculi 
(Mut) including the centrifugal meshwork area (MAcf), centripetal meshwork area (MAcp) and the sensory part of 
the macula (SP) also the transitional epithelium (te) is visible. (C) Detail of the squamous epithelium, composed 
of flattened cells with elongated nuclei (arrowheads). (D) Detail of the utricular transitional epithelium with cubic 
mitochondrion-rich cells (arrowheads). (E) Detail of the centripetal meshwork area, arrowheads indicate the 
ionocytes, also the supporting cells type I (sucI) and type II (sucII) are marked. (F) Detail, sensory part of the 
macula utriculi, arrowhead indicates nuclei of the supporting cells type II within the apical zone of the macula. 
Also the supporting cells type I (sucI) of the basal zone is visible. (G) Detail small centrifugal meshwork area, 
arrowheads indicate two ionocytes, sucI: supporting cells type I. (H) Overview of the macula sacculi (Msa), 
including the dorsal meshwork area (MAd), ventral meshwork area (MAv) and the sensory part of the macula 
(SP) and the transitional epithelium (te). (I) Overview of the saccule, containing the macula sacculi (Msa), the 
transitional epithelium (te) and the squamous epithelium (sqe). One semicircular canal (scc) is visible. (J) Detail 
of the dorsal meshwork area with elongated supporting cells type II (arrowheads). (K dorsal and L ventral) 
Details, sensory part of the macula sacculi composed of sensory hair cells (shc), supporting cell type I (sucI) and 
supporting cells type II (arrowheads). (M) Detail of the ventral meshwork area with elongated nuclei of the otolin-
1 expressing cells (arrowheads). (N) Detail of the transitional epithelium located in the ventral saccule, composed 
of cubic cells (arrowheads). (A, I) Scale bars = 100µm, (B, H) Scale bars = 50µm, (C-G, J-N), Scale bars = 20µm. 

 

 

2.2.2 Temporal otolith matrix protein expression during cichlid fish development 

 

The embryonic and larval inner ear development (up to developmental stage 25) of 

Oreochromis mossambicus is characterized by variations in the expression of the matrix 

proteins and distinct morphological changes, resulting in the definition of eight distinct 

developmental phases (0-7). These phases are correlated to specific otolith matrix proteins, 
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morphological differentiations of the inner ear and general developmental markers (Figure 

11). The different otolith matrix proteins show a highly dynamic spatial and temporal 

expression pattern during development, concerning the differentiation of the inner ear 

tissues, including the sensory maculae, semicircular canals and cupula organs. 

 

 
 
Figure 11: Phases of otolithic organ formation, considering inner ear- and general aspects of cichlid fish 

development. During embryonic and larval development of the fish inner ear seven phases of eight different 
otolith matrix proteins (OMP-1, SPARC, otoconin, alpha tectorin, otogelin, transferrin, myosin light chain 9 and 
otolin-1) were dedicated: 0; formation of the otic cavity and primary otolith agglutination, 1; formation of otolith 
primordia, 2; initial calcification of otoliths, 3; transition phase, 4; definitive morphological orientation of inner ear 
organs, 5; otolithic organ growth phase 1, 6; final inner ear patterning and 7; further growth of otolith organs. 
Staging follows Anken et al. (1993). 

 

 

2.2.2.1 Phase 0: Formation of the otic cavity and primary otolith agglutination - 

developmental stage 7 

 

The first step of inner ear formation, the appearance of the otic placode (Haddon and Lewis, 

1996), takes part in Oreochromis mossambicus early in stage 7. The otic placode is rapidly 

converted into the hollow otic vesicle (Figure 12A). First the epithelia of the otic vesicle is 

relatively undifferentiated, expect the appearance of the tether cells at the anterior and 

posterior part (Figure 12K). The kinocilia of the tether cells (Figure 12K) bind accumulating 

free-floating protein particles - the so-called „seeding particles“, which build up the otolith 

primordia (Figure 12B). This process demonstrates the initial step of otolith formation (Riley 
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et al., 1997) supported by a second group of ciliated cells. The beating cilias support the 

primordia formation (data not shown) as observed in other fish species (Yu et al., 2009).  

 

Otolith marker gene expressions. This phase is characterized by an initial uniformly 

distributed expression of the otolith matrix proteins OMP-1, SPARC and otoconin over the 

entire otic cavity. 

 

 
 
Figure 12: Inner ear development of alive embryos and larvae, in selected developmental stages, lateral view 

anterior to the left, (A-J) overview of otic cavity, (K-P) details, (A-F, I) dark field and (G, H, J-P) phase contrast 
observations. (A) Early undifferentiated otic cavity without otoliths. (B) First appearance of the otolith primordia, 
the anterior lapillus (lap) and the posterior sagitta (sag). (C) Differentiation of the prae macula (prae macula 
utriculi), attachment the otolith primordia (lapillus and sagitta) to the macula. (D) Differentiation of the macula 
organs and beginning dispartment of the primordial macula into the primordial macula utriculi and prae macula 
transversalis lateralis (region indicated by arrowhead). (E) Formation of the cupula organs by proliferation and 
differentiation in the anterior and posterior end of the otic cavity (arrowheads, note the swelling). (F) Further 
differentiation of the cupula organs (white arrowheads) and extension of the posterior swelling in the dorsal otic 
cavity (black arrowhead). (G) First protrusions of the semicircular canals (black arrowhead), white arrowheads 
indicate the differentiating cupula organs. (H) Inward poking protrusions of the semicircular canals (white 
arrowheads). (I) Concluding phase of otic cavity formation (abbr. see J). (J) Completely developed inner ear 
including the semicircular canals (anterior semicircular canal, horizontal semicircular canal and posterior 
semicircular canal), arrowheads indicate the cupula organs. (K-P) Different structural details of the otic cavity: (K) 
Tether cell (black arrowhead) with the corresponding cilia (white arrowhead). (L) Primordial utricule, first sensory 
hair cell (black arrowhead) with the corresponding cilia (white arrowhead) attaching the otolith. (M) Primordial 
macula utriculi, a differentiating sensory hair cell (black arrowhead), the cilia (white arrowhead) is not attached to 
the otolith. (N) Primordial utricule, four elongated cilia (white arrowheads) attach the otolith primordia onto the 
macula. (O) Primordial utricule, a sensory hair cell (black arrowhead) with the corresponding cilia (white 
arrowhead) that extend into the otolithic membrane between the otolith and the primordial macula utriculi. (P) 
Primordial macula sacculi, two sensory hair cells with their kinocilia (black arrowheads) and stereo cilia (white 
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arrowheads) are visible. (A-J) Scale bars = 100µm, (K-P) scale bars = 25µm. Short cuts; assc: anterior 
semicircular canal, hssc: horizontal semicircular canal, lap: lapillus, pssc: posterior semicircular canal, pMsa: 
primordial macula sacculi, pMut: primordial macula utriculi, sag: sagitta, st: developmental stage. 

 

 

2.2.2.2 Phase 1: Formation of otolith primordia - developmental stage 8 

 

Inner ear development. In developmental stage 8, after the tether cell stage, the otolith 

primordia of the lapillus and the sagitta were first detected in the anterior and posterior otic 

cavity (Figure 12C). In this phase, the ventral parts of the anterior and posterior otic cavity 

are swelling. This marks the first differentiation of the anterior (pMut) and posterior prae-

macula (pMsa) of this structure, later differentiating into utricle and saccule. This swelling 

goes along with the development of the first sensory hair cells, which attach the otolith 

primordia to the developing maculae (Figure 12L, M). 

 

Otolith marker gene expressions. Here, as described in phase 0, the otic cavity is 

characterized by a uniformly distributed expression of OMP-1 (Figure 13), SPARC (Figure 

14A) and otoconin (Figure 15A). Additionally, transferrin appeared in the late phase 1 over 

the anterior and posterior otic cavity (Figure 16A).  

 

Structural characteristics of the otoliths. The otolith primordia of the lapilli and sagitta are 

composed of several granular subunits, highly variable in size and shape. Several 

agglutinated proteinous particles are visible on the surface of the otolith primordia (Figure 

17A, K). 
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Figure 13: Expression of OMP-1 during cichlid fish development, stained by whole mount in-situ hybridization in 

lateral view (A-D) and in-situ hybridization on transversal cryostat sections of the inner ear (E-P), in selected 
developmental stages. (E, F, I, J, M, N) development of the macula utriculi, (G, H, K, L, O) development of 
macula sacculi, (P) developing macula lagena. (A, B) Lateral view of the otic cavity, OMP-1 expression stained 
the cells of whole otic cavity, with no spatial restriction in st8 (A) and st9 (B). (C, D) Staining of OMP-1 expression 
disappeared in the dorsal part of the otic cavity and became restricted to the ventral otic cavity (C), including the 
otolithic organs (D). (E, F) Sections of the primordial utricule. (E) Staining of OMP-1 expression in the entire 
primordial macula utriculi and primordial macula transversalis lateralis. (F) The expression in the primordial 
macula transversalis lateralis disappeared in st11. (G, H) In the primordial saccule, staining of OMP-1 expression 
focused on the primordial meshwork areas and is absent in the primordial sensory part, in between. (I, M) 
Sections of the anterior macula utriculi, staining of OMP-1 occurs in the centrifugal and centripetal meshwork 
area and is absent in the sensory part in between. (J, N) In the median-posterior utricule (st12), the OMP-1 
staining focused to the meshwork area. (N) In st13, OMP-1 expression extends from the MAcp over the SP. (K, 
L, O) Transversal sections of the saccule, (K) staining of meshwork areas and sensory part of the epithelia. (L) 
During semicircular canal formation, staining of OMP-1 arose in the ventral crus cumunis (arrowheads). (O) In 
st13 expression of OMP-1 in the meshwork areas, the transitional epithelium and squamous epithelium, whereas 
expression in the sensory part of the macula sacculi disappeared. (P) Section of the developing lagena, OMP-1 
expression occurs in the dorsal and ventral meshwork area. (A-D) Scale bars = 100µm, (E-P) scale bars = 50µm. 
Short cuts; *: artifact, cc: crus cumunis, MAcf: centrifugal meshwork area, MAcp: centripetal meshwork area, 
MAd: dorsal meshwork area, MAv: ventral meshwork area, pMAcf: primordial centrifugal meshwork area, pMAcp: 
primordial centripetal meshwork area, pMAd: primordial dorsal meshwork area, pMAv: primordial ventral 
meshwork area, pMsa: primordial macula sacculi, pMut: primordial macula utriculi, pSP: primordial sensory part, 
SP: sensory part, sqe: squamous epithelium, st: developmental stage, te: transitional epithelium. 
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Figure 14: Expression of SPARC during cichlid fish development stained by whole mount (A, B) and in-situ 

hybridization on transversal cryostat sections of the inner ear (C-L), in selected developmental stages. (A, B) 
Lateral view of the otic cavity, SPARC expression stained the cells of whole otic cavity, however (C, D) the 
developing maculae and the dorsal otic cavity (arrowheads) were stained stronger. Here later the development of 
the semicircular canals start. (E, F) During semicircular canal formation, SPARC expression occurs in the 
invaginating protrusions (arrowheads) and in the sensory maculae (Mut, Mtl, Msa). (G, H) SPARC staining 
appeared in the epithelia of the semicircular canals, (arrowheads indicate the epithelia of the crus cumunis, G) 
and cupula organs (arrowhead, H). (I, J) SPARC staining is still present in the macula utriculi (I) and macula 
sacculi (J). (K, L) Sections of the SPARC positive cupula organs (K, arrowhead) and SPARC appearance in the 
macula transversalis lateralis (L, arrowhead) in st23. (A-D) Scale bars = 100µm, (E-L) scale bars = 50µm. Short 
cuts; Msa: macula sacculi, Mut: macula utriculi, pMsa: primordial macula sacculi, pMut: primordial macula utriculi, 
st: developmental stage, te: transitional epithelium. 

 

 
 
Figure 15: Expression of otoconin during cichlid fish development stained by whole mount (A-C) and in-situ 

hybridization on transversal cryostat sections of the inner ear (D-F), in selected developmental stages. (A-B) 
Lateral view of the otic cavity, staining of otoconin expression in the entire otic cavity with no spatial restrictions. 
(C) Lateral view of the inner ear including semicircular canals, expression of otoconin was found the sensory 
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macula utriculi, macula transversalis lateralis, macula sacculi and the cupula organs. (D-F) Sections of the 
otoconin positive macula utriculi (D), macula transversalis lateralis (E) and macula sacculi (F). (A-C) Scale bars = 
100µm, (D-F) scale bars = 50µm. Short cuts; *: artificial staining in the semicircular canals cp: cupula organ, 
MAcf: centrifugal meshwork area, MAcp: centripetal meshwork area, MAd: dorsal meshwork area, MAv: ventral 
meshwork area, Msa: macula sacculi, Mtl: macula transversalis lateralis, Mut: macula utriculi, SP: sensory part, 
st: developmental stage. 
 
 

 
 

Figure 16: Expression of transferrin during cichlid fish development stained by whole mount (A-D) and in-situ 

hybridization on transversal cryostat sections of the inner ear (E-L), in selected developmental stages. (A, B) 
Lateral view of the otic cavity, weak staining of transferrin expression in the entire otic cavity. (C-H)Transferrin 
staining in different substructures of the otic cavity. (C, D) In the primordial maculae (pMut, pMsa; C) and 
maculae of the utricle and saccule (D). (E, F) In the primordial utricule, (E) and primordial saccule (F), and in the 
dorsal otic cavity (arrowheads), where later the semicircular canals will arise. (G) In the macula transversalis 
lateralis, and in the invaginating protrusions (arrowhead) of the semicircular canals. (H) Following semicircular 
canal formation, transferrin was observed in epithelia of the semicircular canals and the underlying connective 
tissue (arrowheads). (I - L) First restrictions of transferrin stainings to the centrifugal centripetal meshwork area of 
the utricule (I) and to the ventral meshwork area of the saccule (J) became apparent. These restrictions were 
completed in the respective tissues of the utricle (K) and the saccule (L) in st20. (A-D) Scale bars = 100µm, (E-L) 
scale bars = 50µm. Short cuts MAcf: centrifugal meshwork area, MAcp: centripetal meshwork area, MAd: dorsal 
meshwork area, MAv: ventral meshwork area, Msa: macula sacculi, Mtl: macula transversalis lateralis, Mut: 
macula utriculi, pMAcf: primordial centrifugal meshwork area, pMAcp: primordial centripetal meshwork area, 
pMAd: primordial dorsal meshwork area, pMAv: primordial ventral meshwork area, pMsa: primordial macula 
sacculi, pMut: primordial macula utriculi, scc: semicircular canals, sp: sensory part, sqe: squamous epithelium, st: 
developmental stage, te: transitional epithelium, y: yolk. 
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Figure 17: SEM observations of the developing otoliths (Schick, 2007); (A-J) sagittae, (K-T) lapilli and (U-W) 

asteriski. (A, K) Otolith primordia of the sagitta (A) and lapillus (K) composed of several granular subunits, st8. (B, 
L) The otolith surface appeared smooth and generate granules and slots (arrowheads) st9. (C, M) Cauliflower-
shaped otoliths st10. (D, N) Otoliths appear with a rounded and smooth surface st11. (E, F, O, P) Otoliths with 
rough surface and disordered crystalline macro prisms st13 and st14. (G, Q) The surface of the otolith is still 
slightly rough and additionally several rounded micro prisms appeared. First occurrence of the sulcus acusticus 
area (SA) at the macula contact site of the sagitta (G) and of the rostro-lateral sulcus area (RS) at the macula 
contact site of the lapillus (Q). (H-J) View of the macula contact side of the sagitta, with the sulcus acusticus area 
(SA) st15 to 24. (Q-T) Ventral view of the rostro-lateral sulcus area (RS) st15 to 24. (U) Rough surface of asterisk 
primordia, st18. (V) Appearance of the bear-shaped sulcus area (BSS) of the asterisk. The forming of the rostro-
lateral sulcus area (RS) progresses during further development (W). Scale bars = 20µm, *: artifacts. 

 

 
 
 
 
 
 
 
 
 
 



Results  40 

2.2.2.3 Phase 2: Initial calcification of otoliths - developmental stage 9 
 

Inner ear development. This phase is characterized by the initial calcium carbonate 

deposition onto the otolith primordia (Figure 18A). The swelling of the epithelia further 

increases (Figure 12D) and up to four hair cells are attaching the otoliths (Figure 12N, O, P) 

in this phase. The anterior macula (pMut) starts to split into two parts, which are going to 

develop into the primordial macula utriculi and to the primordial macula transversalis lateralis 

(Figure 12D). 

 

Otolith marker gene expression in the initiation process of the maculae. This highly 

dynamic differentiation process is characterized by the initial expression of a second group 

of matrix proteins (MYL9, alpha tectorin and otogelin; Figure 19A, 20A, 21A), in addition to 

the still occurring proteins (OMP-1, SPARC, otoconin and transferrin; Figure 13B, 14B, 15B, 

16B). 

The expression profiles of MYL9, otogelin and transferrin initially focused on the ventral and 

dorsal parts of the otic cavity and especially in the developing otolithic macula organs (pMut, 

pMsa). Additionally alpha tectorin expression starts in an anterior patch and extends later 

out over the same parts that are otogelin and transferrin positive. 

 

Structural characteristics of the otoliths. The composition and structure of the otoliths 

had changed completely due to the initiation of calcification. Especially the surface of the 

differentiating lapilli and sagittae are affected (Figure 17B, L), which turn out to generate 

granules and slots, leading to a cauliflower-like shape in the next phase. 

 

 
 
Figure 18: Inner ear lateral view, whole mount calcification staining of the otoliths by alizarin-complexone in 

selected developmental stages. (A) Initial calcification of the otolith primordia (lapillus and sagitta) in st9. (B) 
During semicircular canal development, the lapillus had rotated upward to its definitive position, reached in st13. 
(C) Localization of the lapillus and sagitta in st17, the asterisk had not formed until now. (D) Initial calcification of 
the asterisk note the posterior location behind the sagitta, st21. Scale bars = 100µm. Short cuts: ast: asterisk, 
boc: basiooccipital, cl: cleithrum, e: eye, st: developmental stage lap: lapillus, sag: sagitta, op: opercular bone. 
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Figure 19: Expression of myosin light chain 9 (MYL9) in inner ear development, stained by whole mount (A, B; 

lateral view) and in-situ hybridization on transversal cryostat sections (C) of the otic cavity, in selected 
developmental stages (st). (A) Expression in the otic cavity in the primordial macula utriculi (pMut), primordial 
macula sacculi (pMsa) and in the dorsal otic cavity in st9, lateral view. (B) In st10, the expression was not 
detected by whole mount in-situ hybridization in the otic cavity, lateral view. X: artificial staining in the developing 
brain, *: myl9 expression in the developing intestine. (C) Section of the saccule, residual expression of MYL9 in 
the primordial macula sacculi (pMsa). Scale bars = 50µm. 

 

 
 
Figure 20: Expression of alpha tectorin during cichlid fish development stained by whole mount (A-D) and in-situ 

hybridization on transversal cryostat sections of the inner ear (E-H), in selected developmental stages. (A-C) 
Lateral views of otic cavities, expression in the primordial macula utriculi, primordial macula sacculi and partial in 
the dorsal otic cavity, st9 to 11. (D) Lateral view of the inner ear after semicircular canal development, expression 
in the maculae of the utricule and saccule. (E, G) Section of the primordial (E) and fully shaped (G) utricule, 
expression in the primordial sensory part (E) and (G) sensory part of the utricule. (F, H) Sections of the saccule, 
expression in the primordial sensory part and in the fully shaped sensory part (SP), staining is similar to that in 
the utricule. (A-D) Scale bars = 100µm, (E-H) scale bars = 50µm. Short cuts; MAcf: centrifugal meshwork area, 
MAcp: centripetal meshwork area, MAd: dorsal meshwork area, MAv: ventral meshwork area, Msa: macula 
sacculi, Mut: macula utriculi, pMAcf: primordial centrifugal meshwork area, pMAcp: primordial centripetal 
meshwork area, pMAd: primordial dorsal meshwork area, pMAv: primordial ventral meshwork area, pMsa: 
primordial macula sacculi, pMut: primordial macula utriculi, pSP: primordial sensory part, SP: sensory part, sqe: 
squamous epithelium, st: developmental stage, te: transitional epithelium. 
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Figure 21: Expression of otogelin during cichlid fish 

development stained by whole mount (A, B) and in-
situ hybridization on transversal cryostat sections of 
the developing inner ear (C-F), in selected 
developmental stages. (A, B) Lateral view of the otic 
cavity, expression in the primordial macula utriculi 
(pSP), primordial macula sacculi and partial in the 
dorsal otic cavity. (C, E) Sections of the developing 
(C) and completely developed (E) utricule, staining 
in the primordial sensory part in st10 (C) and 
sensory part in st14 (E). (D, F) Sections of the 
saccule, otogelin expression in the primordial 
sensory part and later on in the sensory part. (A, B) 
Scale bars = 100µm, (C-F) scale bars = 50µm. 
Short cuts; MAcf: centrifugal meshwork area, MAcp: 
centripetal meshwork area, MAd: dorsal meshwork 
area, MAv: ventral meshwork area, Msa: macula 
sacculi, Mut: macula utriculi, pMAcf: primordial 
centrifugal meshwork area, pMAcp: primordial 
centripetal meshwork area, pMAd: primordial dorsal 
meshwork area, pMAv: primordial ventral meshwork 
area, pMsa: primordial macula sacculi, pMut: 
primordial macula utriculi, pSP: primordial sensory 
part, SP: sensory part, st: developmental stage, te: 
transitional epithelium. 

 

 

2.2.2.4 Phase 3: Transition phase - developmental stage 10 - 12 early 
 

Inner ear development. In stage 10 the primordial macula utriculi and primordial macula 

transversalis lateralis are clearly split (Figure 13E). The first time during development, a 

swelling in the anterior and posterior part of the otic cavity appears which indicate the first 

differentiation of the cupula organs (Figure 12E). 

In developmental stage 11, the posterior swelling extends dorsally and the first protrusions 

of the semicircular canals are detected (Figure 12F, G). In the sensory maculae, the number 

of hair cells further increases. 

 

Primordial macula utriculi. In this phase, there is obviously a differentiation in the 

expression pattern concerning the localization between the different matrix proteins. The 

localization of OMP-1 expression undergoes radical changes from a partial entire staining 

(stage 9) to a ventral one (stage 10 onwards; Figure 13C). 

Staining of OMP-1 is at the developmental stage 10 observed in the whole developing 

macula utriculi (Figure 13E, F). Later in stage 11 - 12, the staining focused in the anterior 

utricule to the meshwork areas (MAcf, MAcp; Figure 13I). Whereas in the median-posterior 

part, where the prae-macula had split into the primordial utricular macula and primordial 
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macula transversalis, staining also appeared in the sensory part (SP) and is absent in the 

MAcf (Figure 13J).  

However, SPARC and otoconin are still expressed in the whole otic cavity and especially 

stronger staining was observed in the macula organs (Figure 14C, 15C).  

Alpha tectorin expression stained by in whole mount (Figure 20B, C) and in-situ hybridization 

cryostat section (Figure 20E) as well as otogelin (Figure 21B, C) show a similar expression 

pattern with a restriction to the primordial sensory parts of the macula. 

In addition, transferrin expression (Figure 16C, E) is similar to that of SPARC and otoconin. 

Contrary to all other matrix proteins, MYL9 had disappeared in the inner ear (whole mount) 

in stage 10 and is now visible in the small intestine only (Figure 19B).  

 

Primordial macula sacculi. The change in the OMP-1 expression pattern continues and it 

is focused now in the saccule to the primordial meshwork areas (pMAd, pMAv; Figure 

13G,H). Contrarily the initial sensory hair cells (pSP) are OMP-1 negative.  

However, these strictly diverse localizations disappear rapidly in stage 11, possibly based on 

migrating or differentiating supporting cells within the pSP (Figure 14K). 

The expression of SPARC (Figure 14D) and otoconin (Figure 15C) is similar to that 

observed in the developing utricule, however in the sensory macula a stronger staining is 

obvious. The localizations of alpha tectorin (Figure 20B, C, F) and otogelin (Figure 21B, D) 

are restricted to the primordial sensory part (pSP) of the macula. As observed in the 

primordial macula utriculi transferrin (Figure 16C, F) is expressed over all epithelial 

structures.  

Whole mount staining of MYL9 disappears in the inner ear (Figure 19B) in developmental 

stage 10. By means of the more sensitive in-situ hybridization on cryostat sections, residual 

MYL9 expression was detected within the developing macula sacculi in the early stage 10 

(Figure 19C). 

 

Macula transversalis lateralis. The staining of SPARC (Figure 14D), otoconin and 

transferrin (Figure 16C) is obvious and also OMP-1 expression is still visible in 

developmental stage 10 (Figure 13E), but disappeared in stage 11 (Figure 13F). In contrast 

to these proteins alpha tectorin, otogelin and MYL9 were not detected. 

 

Developing cupula organs and semicircular canals. In the dorsal otic cavity (primordial 

semicircular canals), the staining was restricted to SPARC, otoconin and transferrin (Figure 

14C, D, 15C, 16E, F). 
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Summarizing the otolith matrix protein expression. This phase is mainly characterized 

throughout the disappearance of MYL9 and the restriction of OMP-1 from an entire staining 

of the otic cavity to a ventral one, which is focused on the developing otolithic organs. 

Moreover, staining of alpha tectorin and otogelin expression became restricted to the 

developing sensory maculae of the primordial utricule and saccule. 

 

Structural characteristics of the otoliths. In stage 10 new material applied covered all 

slots characteristic for the earlier phase 3 (Figure 17C, M). These otolith primordia of the 

lapilli and sagittae became cauliflower-shaped with several nodular calcium carbonate 

accumulations onto the otolith surface. In stage 11, the cauliflower-shaped surface 

disappeared gradually throughout further deposition of calcium carbonate and the otoliths 

became rounded with a smooth surface (Figure 17C, N). 

 

 

2.2.2.5 Phase 4: Definitive morphological orientation of inner ear organs - 

developmental stage 12 late – 14 

 

Inner ear development. This phase is characterized by major morphological changes 

especially concerning the formation of the semicircular organs and all major parts of the 

utricule and saccule. 

In developmental stage 12 the protrusions semicircular canals poke inwards from the walls 

of the vesicle into the lumen and the protrusions meet and form the three pillars of tissue 

spanning the lumen (Figure 12H). The toroidal space surrounding each pillar becomes a 

semicircular canal. This process was observed in the semicircular canal development of 

other fish species (Waterman and Bell, 1984; Haddon and Lewis, 1996), too. In parallel the 

anterior otolith, the lapillus, is rotating upward to its definitive position (Figure 12I, J, 18B). 

Following this highly dynamic process, all major parts (utricule, saccule, the semicircular 

canals and the cupula organs) of the inner ear had reached their definite shape (Figure 12I). 

Except the third otolithic organ (lagena), which had not developed until now.  

 

Macula utriculi. Emanating from the MAcp, the expression of OMP-1 extends out over the 

SP in the median-posterior part of the utricule (Figure 13J, N). This is possibly based on the 

differentiation or migration of supporting cells in this part of the epithelia. OMP-1 is still 

absent in the SP of the anterior utricule and as well in the centrifugal meshwork area (MAcf; 

Figure 13J, N). 

The expression pattern of SPARC (Figure 14E) remains unchanged and still present in the 

whole macula.  
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The localization of the otoconin expression undergoes radical changes during semicircular 

canal development, from an entire staining of the region to a restriction to the macula (Figure 

15C, D).  

The otolith matrix proteins alpha tectorin (Figure 20D, G), otogelin (Figure 21E) and 

transferrin are still present in the utricule, but the staining of otogelin and alpha tectorin 

becomes gradually faint throughout this phase. 

 

Macula sacculi. Within the macula sacculi, the expression of OMP-1 (Figure 13L, O) 

disappeared in its sensory part (SP) and became restricted to the meshwork areas (MAd, 

MAv) in stage 13. Additionally to the meshwork areas, OMP-1 was expressed in the 

transitional epithelia (te) and in the squamous epithelia (sqe) of the saccule, whereas it is 

absent in the te and sqe of the utricule. The expression of SPARC (Figure 14F, G, J), 

otoconin (Figure 15C, F), transferrin, alpha tectorin (Figure 20D, H) and otogelin (Figure 

21F) is similar to that of the utricule. 

 

Macula transversalis lateralis. SPARC and otoconin (Figure 15E) were expressed as well 

in the in the macula and in the otolithic organs. 

 

Cupula organs and semicircular canals. After semicircular canal differentiation, OMP-1 

expression extends out into the ventral part of the crus cumunis as part of the semicircular 

canals (Figure 13L). This extension is probably based on the expression in the sqe.  

SPARC is expressed during semicircular canal development and is especially visible in the 

protrusions, which poke inwards (Figure 14E, F). After semicircular canal formation in stage 

13, staining of SPARC expression remained in the epithelia of the new developed 

semicircular canals and additionally in the newly formed sensory cupula organs (Figure 

14H).  

Transferrin (Figure 16G) is present in the epithelia of the semicircular canals and the cupula 

organs and moreover in the vestibular ganglion of the saccule, whereas it is absent in that of 

the utricule. 

 

Summarizing the otolith matrix protein expression. Otolith matrix proteins change their 

spatial distribution parallel to the differentiation of the utricle and saccule and especially with 

semicircular canal organs. The expression of SPARC is the initial marker for semicircular 

canal formation. The otoconin expression in all structures of the inner ear is followed by a 

process, which leads to a restriction in the sensory maculae, only. 
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Structural characteristics of the otoliths. In developmental stage 12, the shapes of the 

lapilli and sagittae change completely, leading to a planar and a bump side. Additionally the 

surface of both otoliths appeared rough, with disordered crystalline macro prisms (Figure 

17Q, P, E, F). The individual peculiarity of the crystalline macro prisms is highly variable and 

the macro prisms remain up to the end of this phase. 

 

 

2.2.2.6 Phase 5: Otolithic organ growth phase 1 - developmental stage 15 - 17 

 

Inner ear development. All structural compounds of the inner ear have reached their 

definitive position in the head. In general, this phase is characterized by an increase of cells 

and a further growth of the cavities and ear stones in general.  

 

Macula utriculi. The staining of OMP-1 (Figure 22A-C) in the median-posterior part of the 

utricule was partially reduced in the sensory part (SP), leading to a gradiental expression 

staining over the macula utriculi. Here a strong staining occurs in the MAcp with decay over 

the SP to the MAcf. 

Otoconin expression had disappeared completely and it was observed no more during 

complete development in the utricule. Additionally, also otogelin had disappeared, based on 

the gradually reduction, observed in the previous phase. 

In addition, the alpha tectorin staining is reduced to the limit of detection in the utricule using 

the sensitive in-situ hybridization on cryostat sections. 

SPARC and transferrin (Figure 16I) are still present and well expressed. However, the 

staining of transferrin shows a high intraindividual variability. In developmental stage 17, a 

beginning restriction of transferrin to the meshwork areas of the utricule (MAcf, MAcp) 

became apparent. 

 

Macula sacculi. Expression of OMP-1 (Figure 22E, F), SPARC and transferrin is still 

comparable to that of the previous phase. However, late in stage 17 a clearly stronger OMP-

1 staining was observed in the MAv compared to the MAd. This stronger staining occurred in 

a part of the MAv, where the otolin-1 expressing cells are located. Transferrin staining 

shows, like in the utricule, a high intraindividual variability and here, like in the utricule, a 

beginning restriction to the meshwork areas became apparent in stage 17 (Figure 16J), with 

a stronger staining in the MAv.  

In addition, otoconin and otogelin had also disappeared, like in the utricule, whereas staining 

of alpha tectorin expression remained at a low level. 
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Parallelly with the disposal of otoconin, otolin-1 expression arose in the saccule (Figure 

23B). This expression was strictly restricted to a small cell population (comp. Figure 12M, 

arrowheads) within the MAv of the saccule. However, it was not expressed in the MAd and 

SP and in the whole utricule (Figure 23A, C) during development. 

 

Macula transversalis lateralis. In this phase otoconin disappeared, as described for the 

otolithic organs. Here only expression of SPARC remained in the macula transversalis 

lateralis. 

 

Cupula organs and semicircular canals. In these parts of the inner ear no further 

expression changes were observed and SPARC, transferrin (Figure 16H) and OMP-1 

expression is still present. 

 

Summarizing the otolith matrix protein expression. This phase is mainly characterized 

by the initial expression of otolin-1 in conjunction with the decline of otoconin. Additionally 

the reduction of the otogelin expression was completed. 

 

Structural characteristics of the otoliths. The crystalline macro prisms disappear and the 

otolith surface is slightly rough and several rounded micro prisms appeared onto the surface 

(Figure 17G, H, Q, R). For the first time, the sulcus acusticus area appeared at the macula 

contact site of the sagitta and at the macula contact site of the lapilli the rostro-lateral suclus 

area in developmental stage 15. In further development the peculiar shaping of the sulcus 

areas advances and in the following stage 16 a cavity within the caudal sulcus acusticus 

area appears. 

 

 
 
Figure 22: Developmentally completed pattern of the OMP-1 expression in stage 17, stained on transversal 

cryostat sections of the inner ear. (A-C) Sections of the macula utriculi. (A) Macula of the anterior utricule, 
expression in the centrifugal and centripetal meshwork areas. (B, C) Macula of the median- posterior utricule, 
expression in the centripetal meshwork area and extends gradually out over the sensory part and is absent in the 
centrifugal meshwork area. (D) OMP-1 expression in the epithelia of the transitional region between the utricule 



Results  48 

and saccule. (E, F) Sections of the macula sacculi. (E) Macula of the anterior saccule, expression in the ventral 
meshwork areas. (F) Macula of the median saccule, expression in the dorsal and ventral meshwork areas, with 
partially extension over the transitional epithelium. Note the stronger staining in the MAv, compared to the MAd. 
(G) OMP-1 expression in the posterior inner ear, area of lagena origin. Scale bars = 50µm. Short cuts; MAcf: 
centrifugal meshwork area, MAcp: centripetal meshwork area, MAd: dorsal meshwork area, MAv: ventral 
meshwork area, pMla: primordial macula lagena, SP: sensory part, sqe: squamous epithelium, te: transitional 
epithelium. 

 

 

 

Figure 23: Expression of otolin-1 stained on transversal cryostat sections of the inner ear, in selected 
developmental stages. (A, C) Sections of the macula utriculi, otolin-1 expressions were not detected. 
(B, D) Sections of the macula sacculi, expression occurs within the ventral meshwork area, st15 
onwards. (E) Section of the lagena, otolin-1 expression was not detected. Scale bars = 50µm. Short 
cuts; MAd: dorsal meshwork area, MAv: ventral meshwork area, Mla: macula lagena, Mut: macula 
utriculi, SP: sensory part, sqe: squamous epithelium, te: transitional epithelium. 

 

 

2.2.2.7 Phase 6: Final inner ear patterning - developmental stage 18 - 20 

 

Inner ear development. The third otolithic organ, the lagena is differentiating within this 

phase. The first primordia of the asterisk appear in developmental stage 18 and sensory 

macula lagena had fully developed in stage 20. 

 

Macula utriculi. Here staining of SPARC in the inner ear disappears gradually in the macula 

utriculi and is finally absent in stage 20. In addition, transferrin mainly disappears and 

becomes restricted to the MAcp and is absent in the SP and MAcf (Figure 16K). However, 

no further changes in the expression of OMP-1 and alpha tectorin were observed. 

 
 

Macula sacculi. In this phase, the otolin-1 expression extends within the MAv in the 

anterior-posterior-axis, whereas it was not expressed in the MAd (Figure23D). The 

expression extends posterior to a length about 144 µm in stage 20. In these new extended 
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regions, otolin-1 expression was stained in a clearly smaller amount than in the originally 

anterior otolin-1 expressing cells. In addition, the otolin-1 expressing cells obviously show 

strengthened staining of OMP-1 expression.  

SPARC and transferrin expression also disappears, like in the saccule. Thereby, slightly 

staining of transferrin expression remained in the MAv, whereas it is absent in the MAd 

(Figure 16L). In addition, the expression of OMP-1 is still comparable to the previous phase. 

 

Lagena. The first expression of OMP-1 in the posterior inner ear, where later in 

development the lagena is forming, can be counted after the semicircular canals 

development (Figure 22G). However, the sensory macula lagena is initially formed between 

developmental stage 18 and 19. The sensory hair cells of the lagena are differentiating 

within the initial OMP-1 expressing cells. The expression of OMP-1 in the fully developed 

macula lagena is comparable to the saccule. Here OMP-1 expression was detected in the in 

the dorsal and ventral meshwork areas (MAd, MAv), whereas it is absent in the sensory part 

(SP; Figure 13P). The OMP-1 expression also extends out into the transitional epithelia (te), 

but is absent in the squamous epithelia (sqe).  

Additionally, slightly stained expression of alpha tectorin was detected within the SP. 

 

Macula transversalis. In contrast to the otolithic organs, SPARC remained in the macula 

transversalis lateralis (Figure 14L). 

 

Cupula organs and semicircular canals. SPARC and transferrin also disappears gradually 

in the epithelia of the semicircular canals, but SPARC remained in the sensory cupula 

organs (Figure 14K). 

 

Summarizing the otolith matrix protein expression. SPARC disappears in the otolithic 

organs and otolin-1 expression extends out. Additionally, transferrin expression was 

restricted to the meshwork areas. 

 

Structural characteristics of the otoliths. The shaping of the sulcus areas of the sagitta 

and lapilli advances (Figure 17I, S). The first asterisk primordia appeared in developmental 

stage 18 and the surface show a coarse structure in different peculiarities (Figure 17U).  
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2.2.2.8 Phase 7: Further growth of otolith organs - developmental stage 21+ 

 

Inner ear development. In developmental stage 21, the first calcium carbonate deposition 

to the asterisk appeared (Figure 18D) and so all parts of the inner ear had developed. 

 

Macula utriculi. OMP-1 expression in the utricule show different expression patterns in the 

anterior and median-posterior part. In the anterior utricule, OMP-1 is expressed in the MAcp 

and MAcf that enclose the OMP-1 negative SP, whereas in the median-posterior a clear 

lateralization of OMP-1 expression in the median macula was detected. Here the OMP-1 

expression was intensively stained in the MAcp and extends out over the SP. Over the SP 

the staining of OMP-1 expression is gradually reduced and finally absent in the MAcf, as 

observed stage 17 onwards. 

Besides OMP-1, also expression alpha tectorin and transferrin expression persist within the 

saccule. Slight staining of alpha tectorin was observed within the SP and that of transferrin in 

the MAcp. 

 

Macula sacculi. In the saccule, the OMP-1 expression is restricted to the meshwork areas 

(MAd, MAv) and is absent in the SP. The extension of the otolin-1 expression is finally 

finished and during the whole development, the expression of otolin-1 was always restricted 

to the MAv of the saccule, whereas no expression of otolin-1 was observed in the other 

otolithic organs, the utricule and the lagena. In addition, alpha tectorin and transferrin 

expression persist within the saccule. Slight staining of alpha tectorin was observed within 

the SP and that of transferrin in the ventral meshwork area (MAv). 

 

Macula lagena. The expression of OMP-1, alpha tectorin and transferrin is comparable to 

the saccule, whereas transferrin expression occurs in the MAd and MAv. 

 

Macula transversalis, cupula organs and semicircular canals. SPARC is the only otolith 

matrix protein, which expression remained in the sensory macula transversalis and cupula 

organs, whereas it had disappeared in the otolithic organs. 

 

Summarizing the otolith matrix protein expression. Expression of the otolith matrix 

proteins OMP-1, alpha tectorin, transferrin and otolin-1 remained in the otolithic organs. In 

contrast to these proteins, expression of SPARC, otoconin otogelin, MYL9 and otoconin was 

only detected in a distinct timeframe during inner ear development. These proteins are not 

expressed within the inner ear in this phase and in adulthood. 
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Structural characteristics of the otoliths. The shape of the asterisk primordia is highly 

individual variable and no uniform shape was observed, the formation the bear-shaped 

sulcus progresses (Figure 17V, W). Besides the asterisk, in the morphology of the sagitta 

and lapilli no further changes were observed (Figure 17J, T). 

 

 

2.3 Otolith specific matrix protein composition  
 

Continuative to the initial identification of the otolith matrix proteins in the saccular otolith 

(sagitta; Chapter 2.1.1), the expression data of all three otolithic organs indicate that the 

otolith matrix protein composition might be different in each otolith. Especially the saccule 

specific expression of otolin-1 indicates that this protein was not deposited to the lapillus and 

sagitta. Moreover, the expression of SPARC and otogelin disappeared before the asterisk 

had formed, so a deposition was also questionable.  

Therefore, the total otolith matrix proteins isolated from sagittae, lapilli and asteriski were 

analyzed by SDS-PAGE (Figure 24) and the proteins characterized by mass spectrometry 

(Table 8), continued on to the sagitta (Chapter 2.2.1). 

In the sagittae were seven of the otolith matrix proteins (OMP-1, SPARC, alpha tectorin, 

otogelin, transferrin, otolin-1 and neuroserpin; comp. Table 3, 4) identified with statistically 

significant database matches (threshold p>0.05), in line with the results demonstrated above 

(Chapter 2.1.1). 

In the lapilli, five otolith matrix proteins (OMP-1, SPARC, alpha tectorin, otogelin and 

neuroserpin) were identified with statistically significant database matches (threshold 

p>0.05; Table 9). 

In the asteriski, only three otolith matrix proteins (OMP-1, alpha tectorin and neuroserpin) 

were identified with statistically significant database matches (threshold p>0.05; Table 10). 

 

 

 
Figure 24: SDS-PAGE of total otolith matrix 

proteins isolated from sagittae (sag), lapilli (lap) and 
asteriski (ast), stained with colloidal coomassie blue 
and composition was analyzed by mass 
spectrometry. Based on the tiny structure of the 
otoliths, different amounts were used for isolation 
(details see Material and Methods). Short cuts; ast: 
asterisk, con: control, kDa: kilo Dalton, lap: lapillus, 
sag: sagitta. 
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Table 8: Otolith specific otolith matrix protein constitution, 

detected by mass spectrometry. 

 
Protein Sagitta Lapillus Asterisk 

 

OMP-1 X X X 

Alpha tectorin X X X 

Neuroserpin X X X 

SPARC X X - 

Otogelin X X - 

Otolin-1 X - - 

Transferrin X - - 

   X: detected; -: not detected 

 
 
 

Table 9: Otolith matrix proteins of the lapilli, detected and confirmed by mass spectrometry. 

        

Protein  Frag
1
 Species  Genbank

2
 Mass  Score

3
  Queries

4
 emPAI 

        

OMP-1 9 Tetraodon nigroviridis gi|47229931 33563 1712 63 2.87 

  Oncorhynchus mykiss gi|185134407 41572 1199 35 1.07 

        

Alpha tectorin 28 Danio rerio gi|189519590 248321 689 27 0.25 

  Salmon salar gi|160550126 238200 653 24 0.21 

        

Neuroserpin 6 Danio rerio gi|192453532 47128 261 9 0.47 

  Salmo salar gi|213511114 46006 161 4 0.22 

        

Otogelin 14 Danio rerio gi|189531422 281457 184 4 0.04 

  Tetraodon nigroviridis gi|47224147 96741 181 5 0.12 

        

SPARC 4 Oryzias latipes gi|157278491 34761 97 3 0.30 

  Sparus aurata gi|47826372 35559 93 3 0.29 

  Hippoglossus hippoglossus gi|115279792     
1
 Total number of specific protein fragments detected; 

3 
Combined scores of all observed mass spectra; 

2
 NCBI Genbank accession number; 

4
 Total number of MS/MS spectra 
 

 

Table 10: Otolith matrix proteins of asteriski, detected and confirmed by mass spectrometry. 

        

Protein  Frag
1
 Species  Genbank

2
 Mass  Score

3
  Queries

4
 emPAI 

        

OMP-1 7 Tetraodon nigroviridis gi|47229931 33563 898 22 1.21 

  Oncorhynchus mykiss gi|185134407 41572 834 22 0.78 

        

Alpha tectorin 19 Danio rerio gi|189519590 248321 357 16 0.17 

  Salmon salar gi|160550126 238200 338 15 0.18 

        

Neuroserpin 4 Danio rerio gi|192453532 47128 139 6 0.48 

  Salmo salar gi|213511114 46006 108 2 0.14 
1
 Total number of specific protein fragments detected; 

3 
Combined scores of all observed mass spectra; 

2
 NCBI Genbank accession number; 

4
 Total number of MS/MS spectra 
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2.4 Skeletogenesis of the cichlid fish Oreochromis mossambicus 

concerning the expression of the matrix proteins SPARC and the 

osteopontin-like protein  

 

The next set of experiments focused on the spatial and temporal development of the cichlid 

fish skeleton and the involvement of the matrix proteins SPARC and the osteopontin-like 

protein (OP-L). In addition to the inner ear otoliths these proteins also be involved in the 

mineralization of the cichlid fish bones and teeth (Chapter 1.7). 

 
 
 

2.4.1 Primordial appearance of the fish skeleton  

 
The first skeletal element, which appears during cichlid fish development, is the cartilage of 

the basal plate (part of the chondrocranium) late in stage 11 just before hatching. In the 

following stage 12, all main cartilages of the chondrocranium and splanchnocranium arise. 

The formation of the early cartilaginous skull is almost finished in stage 13 (Figure 25) and in 

further development the cartilage enlarges only and is later partly replaced by enchondral 

ossification (Figure 25).  

The calcification of the skeleton starts in stage 13 in bones of the dermatocranium, 

splanchnocranium, pectoral girdle (maxilary, praemaxilary, dentary, parasphenoid, opercular 

bone, branchiostegal rays, cleithrum) and the fin ray primordia of the caudal fin (Figure 25).  

Further calcification occurs particularly in the developing bones of the dermatocranium, 

splanchnocranium and pectoral girdle and as well in the bones of the chondrocranium, the 

axial skeleton and fin rays (Figure 25).  

In stage 14, the initial calcification of the vertebrae is the most remarkable developmental 

detail, followed by the formation of the urohyalia and hypuralia of the caudal fin and the fin 

rays of the pectoral fin in stage 15. In stage 17 the fin rays of the dorsal and anal fin develop 

and in stage 23 the rays of the pelvic fin (Figure 25) 

In developmental stage 17 the first sides of cartilage replacement by the enchondral 

ossification were observed, which proceeds during further development. In addition, the 

expression of OP-L (Figure 25) and SPARC appeared together with the calcification of the 

bony skeleton elements. 
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Figure 25: Primordial appearance of bone calcification (alizarin-complexone staining), cartilage (alcian blue 

staining) and OP-L expression (whole mount in situ hybridization) in selected developmental stages (st). 
Calcification column: First calcification of bones in stage 13 in the skull bones (maxilary, mx; dentary, dn; 
ceratohyale, ch), the cleithrum (cl) and fin ray primordia of the caudal fin (cf). Followed in stage 14 by the 
vertebrae (arrowheads), the hypuralia (hu) and urohyalia (uh) in stage15, the fin rays of the dorsal (df), anal (af), 
pectoral fin (pf) and the pelvic fin (plf) in stage 23. Cartilage column: In stage 13 all cartilages of the fish skull 
(splanchnocranium and chondrocranium) had appeared (meckelian cartilage, mc; cartilage of the branchial 
arches, ba; ceratohyale, ch and auditory capsule, ac) also the cartilage of the neural and haemal arches of the 
vertebrae, the scapula-coracoid (sco) and the urohyalia (uh). Followed by the cartilage of the hypuralia (hu) in 
stage 14 and the radial cartilages (rc) in stage 15. OP-L column: OP-L expression in the branchiostegal rays 
(arrowhead, details see figure 38) and caudal fin (cf) in stage 13, followed by the fin rays of the dorsal (df), 
pectoral (pf) and anal fin (af) in stage 17 and the pelvic fin (plf) in stage 23. Scale bars = 2mm. 
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2.4.2 Development of the axial skeleton and fins  

 

Axial skeleton. In the axial skeleton, the first expression of OP-L can be detected in stage 

13 in the cleithrum, a dermal part of the pectoral girdle, together with the first calcification 

(Figure 26A,B, 27). In the next stage additionally, SPARC expression follows up and the first 

mineralized bony tissue appeared (Figure 26C, 27). In further development, after fusing of 

the cleithrum and the coracoid, these bones expand posterio-median and are detected with 

the help of the OP-L expression in stage 20 between the hypobranchial muscle and the 

ventro-lateral atrium (Figure 26D).  

In the developing vertebrae, expression of OP-L and SPARC emerges in stage 14 in 

flattened osteoblast-like cells corresponding with the calcification staining (Figure 26E,F, 27). 

These cells partly cover the cartilaginous vertebrae. The next expression change in the axial 

skeleton can be detected at the end of stage 25 in the posterior vertebrae. Here the OP-L 

expression starts in the vertebral body, median of the haemal and corresponding median of 

the neural arch (Figure 31G). This expression was possibly induced throughout the share 

force in this region during swimming movement. 

 

 

Figure 26: Expression of OP-L in the development of the pectoral girdle and vertebrae. (A) Dorsal view of head 

(st 13), primordial appearance of the cleithrum (white arrowheads) stained by alizarin-complexone, pair of otoliths 
(ot) and the basal plate (bp) is visible. (B, C) Frontal sections of the occiput, lateral part. Initial expression of OP-L 
(B, arrowhead) and SPARC (C, arrowhead) in the cleithrum, and the basisphenoid (bs) and yolk (y) are shown, 
too. (D) Frontal section of the heart region, expression of OP-L cleithro-coracoid (arrowheads) extends anteriorly 
between the hypobranchial muscle (hym) and atrium (atr). (E-G) OP-L and SPARC expression in developing 
vertebrae. (E, F) Frontal sections of developing vertebrae, lateral part, primordial appearance of OP-L (E) and 
SPARC (F) in the osteoblast like cells (arrowheads). Note the position of the notochord (nc) and spinal cord (sc). 
(G) Lateral view of the tail region, expression of OP-L in the posterior vertebrae. The expression is located 
median of the haemal- (white arrowheads) and corresponding neural arch (black arrowheads). Scale bars = 
100mm, st: developmental stage. 
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Figure 27: Summary of data for the axial skeleton and fins during cichlid fish development. Grey: OP-L, green: 

SPARC, blue: cartilage (alcian blue), yellow: calcification (alizarin-complexone), red: mineralized bone tissue 
(alizarin red). 

 

 

Segmented fin rays (lepidotrichia). In the caudal fin of freshly hatched animals (stage 12) 

at the origin of the bony fin rays diffuse staining of OP-L expression occurs in the 

osteoblasts of the mesenchyme (Figure 28A). During further development (stage 13 up to 

stage 23) the OP-L and SPARC (following stage 13) expression become associated with 

both lateral sides of each single actinotrichia of the tail fin (Figure 28B,C). The expression is 

located at the osteoblasts that cover the developing actinotrichia (Figure 28D). The first 

developing actinotrichium (A1) is located in the middle of the caudal fin. All following 

actinotrichia emerge alternately dorsal and ventral of A1 and the respective successor is 

slightly shorter than the proceeding one. The OP-L and SPARC expression (Figure 28B, C) 

precedes the formation of the respective structures. The development of the actinotrichia in 

the caudal fin is completed at stage 15 (Figure 28E, F). The chronology in the other fins 

starts with the pectoral fin at stage 15 and is followed by the dorsal and anal fin (stage 16) 

and at stage 23 the ventral fin appears (Figure 25, 27).  

In these fins, the maturation of the actinotrichia is characterized by the formation of two bony 

hemisegments. These hemisegments can be stained early during the osteoblast formation 
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especially by the OP-L expression. Moreover, ossification in all actinotrichia starts at the 

respective proximal part and proceeds to the distal part and this process is accompanied by 

the expression of OP-L and SPARC. During and after completion of this process no further 

changes in the OP-L expression are observed. 

 

 

 
Figure 28: Expression of OP-L and SPARC in the development of the segmented fin rays (lepidotrichia). (A) 

Lateral view of the caudal fin in stage (st) 12, initial expression of OP-L in the mesenchyme of the fin rays (black 
arrowhead), ventro-posterior of the notochord (white arrowhead). (B, C) Lateral view of the caudal fin in stage 12, 
association of OP-L (B) and SPARC (C) with developing fin rays. The first developing actinotrichium (A1) is 
located in the middle of the caudal fin. All following actinotrichia emerge alternately dorsal and ventral of A1 (A2-
A7). (D) Transverse section of the caudal fin. The expression of OP-L is located laterally of the actinotrichia 
(white arrowhead) in the mesenchyme of the two developing hemisegments of the lepidotrichia. (E, F) Final 
pattern of the caudal fin in developmental stage 15 (lateral view). The expression of OP-L (E) and SPARC (F) is 
restricted to the bony lepidotrichia. (H, I) Back view of the dorsal fin, OP-L expression is located in the 
mesenchyme of the lepidotrichia in two paired lateral patches (arrowheads) around each actinotrichium. (I) 
Frontal section of the dorsal fin. Expression of OP-L (arrowheads) is laterally located of the differentiating 
actinotrichium in the ventral part of the developing fin. (J) Section of a fully developed lepidotrichium in the 
pectoral fin, OP-L is located within the lepidotrichia (arrowheads) and only partly in the external mesenchyme. 
Scale bars = 100mm. 
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2.4.3 Development of cichlid fish cranial skeleton 

 

The cartilages and bones of the skull originating from different phylogenetic sources. It is 

divided in three phylogenetic parts, the splanchnocranium, dermatocranium and 

chondrocranium (Figure 29). The eldest part is the splanchnocranium, the second the 

chondrocranium and the latest the dermatocranium.  

 

 

 

Figure 29: Schematic diagram depicting the constitution of the splanchnocranium (A) in developmental stage 15 

and dermatocranium (B) in stage 23. ag: angulary, ar: articulary, ba: branchial arches, bp: basal plate, brs: 
branchiostegal rays, ch: ceratohyale, dn: dentary, ect: ectopterygoid, f: frontal bone, iop: interopercular bone, mc: 
meckelian cartilage, mx: maxilary, op: opercular bone, pop: preopercular bone, ps: parasphenoid, pq: 
palatoquadrate, px: praemaxilary, sop: subopercular bone. 
 

 

The cartilage formation in the fish skull (part of the splanchno- and chondrocranium) 

mainly takes place in stage 12. Onwards in stage 13 all major cartilages have developed. 

After further growth of the cartilages, the perichondral ossification partly replaces the 

cartilages from stage 17 onwards (Figure 30). 

The splanchnocranium of vertebrates supports the gills and in addition, some of these 

elements contribute to the jaw and to hyoid apparatus. Investigated were most of the bones 

of the splanchnocranium, which is build up of the meckelian cartilage, the quadrate, the 

articulary, the epipterygoid, the hyomandibula, the sympleptic, the interhyal, the ceratohyal, 

the hypohyal, the basihyal, the pharangobrachyal, the epibrachial, the ceratobrachial, the 

hypobrachial and the branchial arches. All bony elements of the splanchnocranium develop 

rapidly and attach to the respective underlying cartilages between stage 13 and 14 (Figure 

30). 

The chondrocranium is built of endochondral bone and cartilage. It is in general located 

beneath the brain and supports it. The chondrocranium is generally built up of the occipital 

bones, the mesethmoid bone, the ethmoid bones, the sphenoid bones and the bones of the 

otic capsule. The calcification of the chondrocranium starts in stage 14 in the basiooccipital 

and follows up by the sphenotic bone of the otic capsule (stage16) and the supraoccipital 

bone in stage 20 (Figure 30). 
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The bones of the dermatocranium develop in different temporal series, forming most of the 

outer casing of the skull and are composed of dermal bones. Moreover, it encases most of 

the chondrocranium, together with the contributions from the splanchnocranium. The bones 

of the dermatocranium are divided into the bones of the braincase (praemaxilary, maxillary, 

nasals, lacrimal, prefrontal, postfrontal, postorbital, jugal, intertemporal, supratemporal, 

tabular, squamosal, quadrojugal, frontal, parietal, postparietal, vomer, palatine, 

ectopterygoid, pterygoid, parasphenoid), in the bones of the mandible (dentary, splenials, 

angular, surangular, prearticular and the coronoids) and in the bones of the opercular series 

(branchiostegal rays, preopercular, interopercular, opercular and subopercular). 

In general, the skull formation and the appearance of cartilages and bones of Oreochromis 

mossambicus are broadly similar to the previously described skull formation of O. niloticus 

(Fujimura and Okada, 2008). 

 

 

Figure 30: Cartilage and bone development in the skull of Oreochromis mossambicus in selected developmental 

stages (lateral view). Cartilage development stained by alcian blue, calcification by alizarin-complexone and 
mineralized bone tissue by alizarin red. Scale bars = 50µm. Short cuts; ac: auditory capsule, ag: angulary, at: 
articulary, ba: branchial arches, boc: basiooccipital, bp: basal plate, brs branchiostegal rays, ch: ceratohyale, cl: 
cleithrum, dn: dentary, e: eye, ect: ectopterygoid; ep: ethmoid plate, epb: epiphyseal bar, f: frontal bone, hm: 
hyomandibulary, iop: interopercular bone, mc: meckelian cartilage, mx: maxilary, ns: nasal septum, oa: occipital 
arch, op: opercular bone, ot: otoliths, pop: preopercular bone, pq: palatoquadrate, ps: parasphenoid, px: 
praemaxilary, qu: quadrate; sc: scleral cartilage, sco: scapula-coracoid, soc: supraoccipital, sop: subopercular 
bone, t: trabecula carnii, tc: trabecula communis, tma: taeniae marginales anterior, tmp: taeniae marginales 
posterior. 
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2.4.3.1 Expression of SPARC during primordial skull cartilage development 

 
SPARC is expressed in the developing skull skeleton in the early chondrogenesis and later 

in development in the osteogenesis. The first expression of SPARC associated with 

chondrogenesis occur in stage 10 in the mesenchyme of the developing splanchnocranium 

(Figure 31A), with a stronger staining in the ventral part, as compared to the dorsal and 

lateral one (Figure 31B, C).  

The expression of developing cartilages is scattered and shows no defined expression 

patches in relation to defined structures (including the meckelian cartilage, the quadrate, the 

hyomandibula, sympleptic and branchial arches). Moreover, the first prae-osteoblasts were 

histologically detected within the mesenchyme including a SPARC expression (Figure 31C). 

In stage 12 expression of SPARC had disappeared in the chondro-mesenchyme of the 

splanchnocranium with the development of chondrocytes, which are not expressing SPARC 

anymore.  

In the early chondrogenesis of all other skull elements, no association with SPARC was 

observed, not even in the chondrocranium.  

 

 

Figure 31: Expression of SPARC during cartilage formation of the splanchnocranium. (A) Lateral view of the 

head region in stage (st) 10, SPARC expression (stained by whole mount in situ hybridization) in the 
mesenchyme of the splanchnocranium (arrowheads). (B) Transversal section of the anterior head region, 
SPARC expression in the ventral (arrowheads) and lateral parts of the developing splanchnocranium. (C) Detail, 
first detected praechondroblasts (arrowhead) in the lateral mesenchyme. Scale bars = 100µm. 
 

 

2.4.3.2 Bone development and expression of OP-L and SPARC in the fish skull 

 

Splanchnocranium 

The bone development in the splanchnocranium was demonstrated in a subset of bones. In 

general, the OP-L expression was first detected, followed up by the SPARC expression 

concurrently with the calcification and at last, the mineralized bony tissue occurred (detected 

by alizarin red). The initial expression of OP-L and SPARC in developing bones occurred in 

the osteoblast-like cells, which arose together with the underlying cartilages. Later the 

cartilage is mainly replaced by bone tissue, which originates from the osteoblast–like cells 

(information concerning structural element compare Figure 32 and 33). 
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Quadrate bone. The quadrate bone (Figure 33A-C) is a perichondral bone and is located 

behind the anterior part of the orbit lateral of the hyomandibular cartilage. OP-L was initially 

expressed in stage 13 in the osteoblast-like cells followed up by the SPARC expression and 

calcification in the next stage 14 (Figure 32). The first mineralized bone tissue was detected 

stage 16. 

Hyomandibular bone. The hyomandibular bone (Figure 33D-F) is a perichondral bone, 

which itself is a part of the hyoid arch. That arch connects the lower jaw with the skull . Here 

OP-L, SPARC and calcification emerge together in stage 14 in the osteoblast-like cells of the 

hyomandibular bone (Figure 32). This was followed by the mineralized bone tissue later on. 

Ceratohyal bone. The ceratohyal cartilage (Figure 33G-I) is located below the epihyal in the 

hyoid arch. In the ceratohyal bone OP-L, SPARC and calcification starts together (like in the 

hyomandibular bone) in stage 14 in the osteoblast-like cells. Here the first mineralized bone 

tissue was detected in stage 16. 

Branchial arches. The branchial arches (Figure 33J-L) are divided into the 

pharyngobranchials, ceratobranchials basiobranchials and the hypobranchials. Here OP-L 

occurs together with the initial calcification (stage 13; Figure 32) in the osteoblast-like cells of 

the first, second and third branchial arch. These cells are partly surrounding the branchial 

cartilages. The initial SPARC expression was detected in the arches one stage later.  

Beginning in stage 14, the branchial arches start differentiating into the basiobranchial 

cartilage and the ceratobranchial cartilage. 

Basiobranchial bones. The basiobranchialia (Figure 33M-O) are the most ventral elements 

of the branchial arches. OP-L was first expressed in stage 14 and followed up by SPARC 

and the calcification in the next stage, booth in the osteoblast-like cells (Figure 32). 

Ceratobranchial bones. The ceratobranchialia (Figure 33P-R) are the most dorsal 

elements of the branchial arches. OP-L was first expressed in stage 14 and followed up by 

SPARC and the calcification in the next stage, similar to the basiobranchial bones, both in 

the osteoblast-like cells (Figure 32). Additionally, strong expression of OP-L and SPARC in 

the basiobranchialia and ceratobranchialia following stage 17 were observed (Figure 39L). 

Here in these bones the expression of SPARC and OP-L is obviously associated with the 

teeth development in order to establish a hard anchorage of them. Moreover, OP-L was 

observed in various osteoclasts, which are needed to clear a space in the bone tissue for the 

further development of teeth.  
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Figure 32: Summary of data for the splanchnocranium during cichlid fish development. Grey: OP-L, green: 

SPARC, blue: cartilage (alcian blue): yellow: calcification (alizarin-complexone), red: mineralized bone tissue 
(alizarin red). 
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Figure 33: Appearance of OP-L and SPARC expression and bone calcification in selected bones of the 

splanchnocranium in selected developmental stages (st). Calcification column: Localization and calcification of 
the corresponding bones (arrowheads). OP-L and SPARC column: Initial expression in the corresponding bones 
(arrowheads). Quadrate row. (A) Detail of the head in lateral view, first detected calcification of the quadrate 
(arrowhead), additionally the basal plate (bp), branchial arches (ba, 1-3), branchiostegal rays (brs), ceratohyale 
(ch), eye (e), opercular bone (op), parasphenoid (ps) and the otoliths, lapillus (lap) and sagitta (sag), are visible. 
(B, C) Transversal section of the quadrate, OP-L (B) and SPARC (C) expression (arrowheads) is located lateral 
of the underlying palatoquadrate cartilage in the osteoblast-like cells. *: artifact. Hyomandibula row: (D) Detail of 
the lower jaw complex of the head in lateral view, arrowhead marks the initial calcification of the hyomandibula, 
the first branchial arches (ba1), branchiostegal rays (brs), ceratohyale (ch), dentary (dn) and the parasphenoid 
(ps) are detected (eye: e). (E, F) Transversal section of the hyomandibula, OP-L (E) and SPARC (F) expression 
(arrowheads) is located in the osteoblast-like cells, lateral of the hyomandibular cartilage (e: eye). Ceratohyale 
row: (G) Ventral view of the head in stage 14, arrowheads mark the left and right ceratohyale, the branchial 
arches (ba1-2), branchiostegal rays (brs), dentary (dn) and the parasphenoid (ps) are shown. (H, I) Frontal 
section of the ceratohyale, OP-L (H) and SPARC (I) expression (arrowheads) is visible in the osteoblast-like 
cells, which enclose the ceratohyal cartilage. Branchial arch row. (J) Lateral view of the branchial basket, 
arrowheads mark the first calcification of the brachial arches in stage 14, additionally the branchiostegal rays 
(brs), ceratohyale (ch), cleithrum (cl), opercular bone (op), parasphenoid (ps) and the otoliths lapillus (lap) and 
sagitta (sag) are detected (e: eye). (K, L) Transversal section of the branchial arches, first detected OP-L 
expression in stage 13 (K, arrowhead) and SPARC (L, arrowhead) expression in stage 14, both detected in the 
osteoblast-like cells enclosing the cartilage. Basiobranchial row. (M) Ventral view of the branchial basket, 
arrowheads indicate the basiobranchialia of the branchial arches (ba1-4), the ceratohyale (ch) and 
branchiostegal rays (brs). (N, O) Frontal section of the basiobranchialia in the area of the atrium (atr) arrowheads 
marks the OP-L (N) and SPARC (O) expression of the basiobrnachialia. Ceratobranchial row. (P) Detail of the 
branchial basket in lateral view, arrowheads indicates the ceratobranchialia, dorsal of the corresponding 
branchial arches (ba1-4). (Q, R) Frontal section of the lateral palatine, the OP-L (Q) and SPARC (R) positive 
osteoblast-like cells (arrowheads) enclose the ceratobranchial cartilage (hc: head chorda). Scale bars = 100µm. 
 

 

Chondrocranium  

The most bones of the chondrocranium appear relatively late in development and 

predominantly after stage 25. Of interest are three early appearing bones of the chondro-

cranial complex (namely the basioccipital, sphenotic and supraoccipital bone; Figure 34 and 

35). 

 

Basioccipital bone. The basioccipital bone (Figure 35A-C)is a part of the occipital complex. 

The first expression of OP-L associated with the basioccipital bone was detected in stage 

14, combined with the first calcification, shortly followed up by SPARC in stage 15 and the 

first detected mineralized bone tissue in stage 16 (Figure 34). 

Sphenotic bone. The sphenotic bone (Figure 35D-F) is located on the anterior side of the 

otic capsule. The first expression of SPARC and the initial calcification of the sphenotic bone 

were detected in stage 16 (Figure 34). In the next stage this is followed by OP-L and the first 

detected mineralized bone tissue. 

Supraoccipital bone. The supraoccipital bone (Figure 35 G-I) is located at the side and top 

of the head and the expression of OP-L and the calcification emerges in stage 20, followed 

by SPARC and the mineralized bone tissue later on (Figure 34). 
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Figure 34: Summary of data for the 

chondrocranium during cichlid fish development. 
Grey: OP-L, green: SPARC, blue: cartilage (alcian 
blue): yellow: calcification (alizarin-complexone), 
red: mineralized bone tissue (alizarin red). 

 

 

.  

Figure 35: Appearance of OP-L and SPARC expression and bone calcification of selected bones of the 

chondrocranium in characteristic developmental stages (st). Calcification column: First detected calcification and 
localization of the corresponding bones (arrowheads). OP-L and SPARC column: Initial expression in the 
corresponding bones (arrowheads). Basioccipital row: (A) Region of the dorsal hindbrain in detail, arrowhead 
indicates the basioccipital. The cleithrum (cl) parasphenoid (ps) and the otolith sagitta (sag) is visible, too. (B, C) 
Frontal section of the hindbrain, OP-L (B) and SPARC (C) expression in the osteoblast-like cells (arrowheads) of 
the basioccipital. Sphenotic row: (D) Detail of the inner ear region (stage 16), arrowhead indicates the sphenotic 
bone, also the basioccipital (boc), eye (e) and the otoliths lapillus (lap) and sagitta (sag) are stained. (E, F) 
Transversal section of the lateral inner ear region, OP-L (E) and SPARC (F) expression in the osteoblast-like 
cells (arrowheads) of the sphenotic bone between the epidermis and the cartilage of the auditory capsule. 
Supraoccipital row (G) Lateral view of the inner ear’s region, arrowhead marks the supraoccipital, also the 
basioccipital (boc) and the otolith lapillus (lap) visible. (H, I) Frontal section of the dorsal hindbrain, OP-L (H) and 
SPARC (I) expression (arrowheads) was detected between the epidermis and the cartilagous brain capsule. 
Scale bars = 200µm. 
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Dermatocranium  

In the developing dermatocranium, initial OP-L and SPARC expression was mainly detected 

together with the onset of the calcification process. In the course of this process, the 

mineralized bony tissue rapidly followed (compare Figure 36-39). 

 

Maxilary bone. The maxilary bone is part of the upper jaw (Figure 37A-C). The first 

expression of OP-L and SPARC of the maxilary bone emerges in stage 12 in the 

mesenchyme, in which the osteoblasts of this bone are forming. This process advanced 

rapidly and the first calcification, which indicates the forming of mineralized bone tissue, 

appeared in this stage, too (Figure 36). Additionally the first bony tissue was detected shortly 

after this process in stage 13. 

 

 

 
 
Figure 36: Summary of data for the dermatocranium during cichlid fish development. Grey: OP-L, green: 

SPARC, yellow: calcification (alizarin-complexone), red: mineralized bone tissue (alizarin red). 
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Figure 37: Appearance of OP-L and SPARC expression and bone calcification of selected bones of the 

dermatocranium in characteristic developmental stages (st). Calcification column: First appearance of 
calcification and localization of the corresponding bones (arrowheads). OP-L and SPARC column: Initial 
expression in the corresponding bones (arrowheads). Maxilary and praemaxilary row: (A) Lateral view of the of 
the fish head in developmental stage 12, calcification of the maxilary (mx) and praemaxilary (px), the first 
branchial arch (ba1), branchiostegal rays (brs), dentary (dn), opercular bone (op) and parasphenoid (ps) are 
visible (eye: e). (B, C) Frontal sections of the developing lateral jaw complex in detail. (B) Initial expression of 
OP-L in the mesenchyme of the maxilary and praemaxilary (arrowhead) and of SPARC (C) with a first 
differentiation into the maxilary (mx) and praemaxilary (px). Dentary row: (D) Lateral view of the of the fish head, 
arrowhead marks the calcification of the dentary (short cuts see above). (E) Transversal section of the 
developing lateral lower jaw. (E) First detected OP-L expression in mesenchyme of the dentary (arrowhead). (F) 
Frontal section of the anterior head, arrowhead indicates the first SPARC expression in of the dentary (eye: e). 
Parasphenoid row: (G) Dorsal view of the head in stage 13, arrowhead indicates the parasphenoid, additionally 
the basal plate (bp), branchiostegal rays (brs), dentary (dn) maxilary (mx), opercular bone (op) and praemaxilary 
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(px) were marked. (H, I) Frontal sections of the palatine, OP-L (H, arrowhead) and SPARC (I, arrowhead) 
expression in the mesenchyme of the parasphenoid. The trabecula carnii (t) and head chorda (hc) are given for 
orientation. Angulary row: (J) Lateral view of the developing lower jaw, arrowhead indicates the  
angulary, also the maxilary (mx) and praemaxilary (px) are visible. (K, L) Transversal section of the lateral lower 
jaw, OP-L expression of the angulary (arrowhead, K) besides the meckelian cartilage (mc) and SPARC 
expression (arrowhead, L) in the height of the palatoquadrate cartilage (pqc). Frontal bone row: (M) Detail of the 
dorsal head in lateral view, arrowhead indicate the frontal bone, dorsal of the eye (e). (N, O) Frontal section of 
the dorsal head in the mid region of the eye (e). OP-L (N, arrowhead) and SPARC (O, arrowhead) expression in 
the developing frontal bone. Scale bars = 100µm. 

 

 

Praemaxilary bone. The praemaxilary bone (Figure 37 A-C), also part of the upper jaw, is 

forming simultaneously with the maxilary bone in a comparable time and structural frame 

having a similar OP-L and SPARC pattern (Figure 36).  

Dentary bone. The dentary bone (Figure 37D-F) is located in the mandible, evolving parallel 

with the two bones mentioned above (Figure 36).  

Parasphenoid. The parasphenoid (Figure 37 G-I) is a dermal bone in the palatine, forming 

slightly later than the other described bones. The first expression of SPARC was visible (end 

of stage 12) in the mesenchyme of the parasphenoid. It was detected in the palatine, where 

the trabecula cumunis split into the paired trabecula carnii. In the next stage SPARC was 

rapidly followed up by the OP-L expression, calcification and consequently by the formation 

of bony tissue (Figure 36).  

Angulary bone. The angulary bone (Figure 37J-L) is located in the lower jaw and connects 

all other bones of the lower jaw. Here OP-L and SPARC expression and the initial 

calcification were detected in stage 14 (Figure 36). In contrast to the previous bones, the 

bony tissue appeared later in stage 16. 

Frontal bone. The frontal bone (Figure 37M-O) is located in the dorsal forehead. SPARC 

and the beginning of calcification were detected in stage 15, followed by OP-L in stage 16 

and completely mineralized bony tissue in stage 17 (Figure 36).  

 

 

Special fish bones of the viscerocranium: The opercular series 

 

Opercular bone. The opercular bone (Figure 38 A, C, D) is located on the dorsal side of the 

operculum and is the first bone, which appear during skull development. Here the 

expression of OP-L and SPARC arose simultaneously with the calcification of this bone, in 

stage 12 (Figure 39). Later in development, this bone fuses with the seventh branchiostegal 

ray. 

Branchiostegal rays. The branchiostegal rays are curved bones located in the opercule 

(Figure 38A, B).The expression of OP-L and SPARC in the branchiostegal rays emerges in 

stage 13 (Figure 39). The most ventral branchiostegal ray appears at first, expressing OP-L 

and additionally SPARC (Figure 38E, F). The other branchiostegal rays (br2-br7) develop 
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dorsally on the first one and each ray becomes more elongated than the previous one 

(Figure 38G-H). This pattern is consistent until the fifth ray emerges (br5). Onwards with the 

developmental process the expression in br6 and br7 starts more posteriorly (Figure 38I)and 

causes a decrease in length compared to (br5). In further development, the branchiostegal 

rays B6 and br7 are fusing with the subopercular bone (br6) and opercular bone (br7; Figure 

38J). The first mineralized bone tissue of the branchiostegal rays appear in stage 13 and 

these are the first ossified structures, together with the opercular bone (Figure 39).  

Preopercular bone. The preopercular bone (Figure 38B) is located at the front side of the 

operculum. SPARC expression was first detected stage 14, followed by OP-L and 

calcification in stage 15 and the bony tissue in stage 16 (Figure 39).  

Subopercular bone. The subopercular bone  is located in the middle of the operculum 

between the subopercular, preopercular and inters opercular bone (Figure 38B). The 

subopercular bone arises out of the branchiostegal ray 6 and it can be distinguished by OP-

L and SPARC expression and calcification, stage 14 onwards (Figure 39). 

Interopercular bone. The SPARC expression and calcification of the interopercular bone 

appeared in stage 15, whereas the OP-L expression was first distinguishable by whole 

mount in-situ hybridization from stage 17 onwards, together with the appearance of the 

mineralized bone tissue (Figure 39). 

 

 

Figure 38: Appearance of OP-L and SPARC expression and bone calcification of opercular series. (A, B) Lateral 

view of the head, calcification stained by alizarin complexone in stage 13 (st, A) and 15 (B), arrowheads indicate 
the branchiostegal rays, the branchial arches (ba1-3), ceratohyale (ch), dentary (dn), interopercular bone (iop), 
maxilary (mx), opercular bone (op), parasphenoid (ps), preopercular bone (pop), and subopercular bone (sop; 
eye: e). (C, D) Transversal section of the opercule, arrowheads mark the Initial expression of SPARC (C) and 
OP-L (D) of the opercular bone. (E) Frontal section of the opercule, arrowheads indicate the SPARC expression 
in the branchiostegal rays. (F-J) Lateral view of the opercule, OP-L and SPARC expression stained by whole 
mount in situ hybridizations. Arrowheads indicate the SPARC and OP-L expression of the branchiostegal rays 
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(br1-7). (J) The branchiostegal ray br6 and br7 follow later in development integrated into the subopercular bone 
(br6) and opercular bone (br7). Opercular bone (op), preopercular bone (pop) and subopercular bone (sop; eye: 
e). (K, L) Transversal section of the fully developed opercule, arrowheads indicated the OP-L (K) and SPARC (L) 
expression. Scale bars = 100µm. 

 

 

 

Figure39: Summary of data for the bones of the 

opercular series during cichlid fish development. 
Grey: OP-L, green: SPARC, yellow: calcification 
(alizarin-complexone), red: mineralized bone 
tissue (alizarin red). 
 
 
 

 

 

2.4.4 Development of teeth (OP-L and SPARC expression) 

 
The first step of teeth development is characterized by the formation of the enamel organ out 

of the epidermis. The mesenchymal neural crest cells form the dermal papilla. Both, the 

enamel organ and the dermal papilla are expressing SPARC (Figure 40C), which is here 

linked to the migrating cells. 

In stage 13, the cells of the enamel organ differentiate to ameloblasts that secrete enamel 

and the cells within the dermal papilla form the odontoblasts, which secrete dentin. 

Especially the ameloblasts show a strong staining of SPARC, whereas it is weakly 

expressed in the enamel organ and the dermal papilla (Figure 40D). Following the dentine 

and enamel secretion, the first calcification of the pharyngeal teeth was detected in stage 14 

and followed in stage 15 in the teeth of the upper and lower jaw (Figure 40A, B).  
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Figure 40: OP-L and SPARC expression and calcification during teeth development. (A) Dorsal view of the head 

in stage (st) 14, alizarin-complexone staining, arrowheads indicate the initial calcification of the pharyngeal teeth. 
The basal plate (bp) is calcified, too. (B) Dorsal view of the upper and lower jaw, arrowheads indicate the initial 
calcifying teeth, which are located in the dentary (dn) and praemaxilary (px; maxilary, mx). (C-K) Transversal 
sections of the developing pharyngeal teeth in selected stages, located in the ceratobranchials (cb) and 
basiobranchials. (C, D) SPARC expression in early teeth development. SPARC expression of in the developing 
enamel organ (black arrowhead, C) and the dermal papilla (white arrowhead, C), in the first ameloblasts (black 
arrowhead, D) and odontoblasts (white arrowhead, D). (E, F) OP-L expression in the initial teeth located in the 
alveolar bone (arrowheads, E), this expression was restricted to the cementoblasts (arrowhead, F). (G) SPARC 
expression in the cementocytes (white arrowheads) and odontocytes (black arrowheads). (H) Reduction of 
SPARC expression in the odontocytes, it remains in the cementocytes (arrowhead). (I-K) Expression of OP-L in 
the odontoblasts and odontocytes (black arrowheads, I, white arrowhead indicate the cementocytes), stage 17 to 
25. (J) Enlargement of the OP-L expression region in the cementoblasts (white arrowhead), which increases in 
further development to the lowest part of the tooth (white arrowhead, K). The expression of OP-L (K) in the 
adamantine retikulum between the odontocytes and the alveolar mesenchyme is still detected (black arrowhead). 
(L) Frontal section of the heart region, post stage 16, OP-L expression in the ceratobrachials (arrowheads), 
region of the dorsal atrium (at). Scale bars = 50µm. 

 

 

Cementocytes. In contrast to SPARC, OP-L first occurs during teeth development in the 

cementoblasts (stage 14). Besides the OP-L expression in the teeth the mesenchyme of the 

alveolar bone was also marked (Figure 40E, F). Strong SPARC staining in cementocytes 

arose in stage 15 and it is still expressed during the complete development (Figure 40G,H). 

The only further expression changes were observed concerning the OP-L expression in 

stage 20. Here the expression region of the cementocytes enlarges over two third of the 

teeth length (Figure 40J). Later on, in stage 25, the expression domain associated with the 

cementoblasts decreases to the lowest part of the teeth (Figure 40K). 

Amelocytes. Just as in the cementoblasts, the ameloblasts development starts with an 

initial strong staining of SPARC, which was reduced (stage 16) and disappeared later on 

(stage 17; Figure 40H). Additionally, OP-L was not observed during the whole development 

of the amelocytes. 
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Odontocytes. In the fully developed odontocytes, SPARC expression arose in stage 15 

(Figure 40G). Later in stage 16, the staining in the odontocytes decreased and remained at 

a low level in the subsequent development up to stage 25 (Figure 40H). OP-L expression in 

the odontocytes was first observable in stage 17 at a low level (Figure 40I) and remained in 

this range (stage 25). In addition to the odontocytes, OP-L was expressed in the adamantine 

retikulum between the odontocytes and the alveolar mesenchyme (Figure 40K). 

 

 

2.4.5 Scale development 

 
Scales are basically folds in the integument (dermis), which form ossified dermal bones. 

SPARC expression in the dermis, with no spatial restriction to scale development occurs in 

stage 9. In this stage, the expression appeared with a clearly anterior-posterior progress 

(Figure 41A).  

Long after the initial expression in the dermis, SPARC partially disappeared and became 

restricted to the scale primordia (Figure 41B). Furthermore, the expression (SPARC) in all 

non-scaled parts of the dermis, of the head and fins disappear. SPARC expression persists 

only in those parts of the dermis, which undergo scaling in the post-larval development. 

OP-L expression and calcification associated with scale development was not observed 

during the whole larval development. However, it takes part in the post-larval development 

(developmental stage 25 onwards). 

 

 

Figure 41: Scale development. (A) Lateral view of the fish embryo, SPARC is located in the dermis of the head 

region. (B) Restriction of SPARC to the scale primordia (arrowheads mark two of the primordia) and dermal parts 
(*), which undergo scaled in the post-larval development (stage 25). Scale bars = 300µm. 

 

 

2.5 The anosteocytic bones of Oreochromis mossambicus 

 

The fully differentiated fish anosteocytic bones are characterized by a number of elements 

unusual for mammalian bones, such as the occurrence of the spindle shaped cells at the 

surface of the osseus, the lack of osteocytes within the osseus and additionally the absence 

of ALP activity at the bone surface (Chapter 1.8).  
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2.5.1 Occurrence of mRNA within the anosteocytic bone osseus 

. 
The investigations concerning the occurrence of mRNA in the whole bony tissues, including 

the osteoblasts, the spindle-shaped periost cells and the osseus (Figure 42), were 

performed by means of in situ hybridizations on cryostat sections. The two matrix proteins of 

bones, SPARC and OP-L were used as markers. Both markers elicit a strong staining within 

the “anosteocytic” osseus of the dermal (branchiostegal rays, the flattened bones of the 

opercule and the opercular bone) and perichondral (brachial arches) bony tissues (Figure 

43). Surprisingly, only partial staining in the osteoblasts and spindle-shaped periost at the 

bone surface was detected (Figure 43). This finding indicates the presence of mRNA within 

the osseus, which is contrary to all reports concerning the composition of bony tissues 

(Weiss and Watabe, 1979).  

For further verification of this surprising finding, the specific mRNA staining by pararosa-

anilline / methylen green (Nelles, 1988) was performed. In using this method, pale red 

mRNA staining was observed within the osseus of the dermal and perichondral bones 

(Figure 43). This staining was comparable to that of other cellular tissues e.g. connective 

tissue and epidermis (Figure 43). However, not all parts of the osseus showed the 

occurrence of mRNA and this failure of the histological detection could be due to the dense 

packing in highly mineralized parts of some bones.  

In all analyses of the different bones, acellular dental enamel was used as control. In these 

controls no staining or only background staining was observed (Figure 43).  

 

.  

Figure 42: Occurrence of spindle shaped periost cells (A, B) and osteoblasts (C, D) in the anosteocytic bones, 

toluidine blue staining on transversal semi thin sections. (A) Spindle shaped periost cells (arrowheads) at the 
surface of osseus of a dermal bone located in the opercule. (B) Spindle shaped periost cells at the cartilage 
surface of a branchial arch (arrowheads). (C) Typical osteoblasts at the edge of a branchiostegal ray, located in 
the anterior opercule (arrowheads). (D) Typical osteoblasts at the edges of out growing bones of the opercule 
(Bäuerle, 2001). Scale bars = 10µm. 
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Figure 43: Occurrence of mRNA within the osseus of selected anosteocytic bones (arrowheads), stained by in 

situ hybridization on transversal cryostat sections for SPARC (first row) and OP-L (second row) and by pararosa-
anilline / methylen green (third row). Branchiostegal ray column. The branchiostegal rays are curved bones 
located in the opercule. Staining of SPARC and OP-L is located within the osseus of this bone (arrowhead). 
Following pararosa-anilline / methylen green staining, the pale red color indicated the occurrence of RNA within 
the osseus of this bone (arrowheads). Opercule column. The opercule comprise four flattened dermal bones, the 
preopercular-, subopercular-, interopercular and opercular bone. Here staining occurs within the osseus of these 
bones (arrowheads). OP-L was only partially observed in the spindle shaped osteoblast like cells at the surface. 
Pale red staining of RNA occurs within the osseus (arrowheads), DNA was stained deep red. Opercular bone 
column. The opercular bone is located at the dorsal side of the operculum and is the first bone, which appear 
during skull development. Here SPARC and OP-L staining was also observed within the osseus (arrowheads). 
The histological RNA staining (arrowheads) again occurs in the osseus of this bone. Branchial arch column. The 
branchial arches are perichondral-ossified bones of the splanchnocranium. SPARC and OP-L staining occurs in 
the osseus (arrowheads), covering the cartilage of this bone. Here also pale red staining of RNA (arrowheads) 
occurs in the ossified part of this bone. Teeth column (negative control structure). In the acellular teeth’s dental 
enamel (arrowheads) no staining for SPARC and OP-L was observed, whereas the dentine was stained. In the 
RNA staining, only less background staining occurs in the enamel (arrowheads). Scale bars = 25µm. 

 

 

2.5.2 Cichlid fish bones consist of calcium carbonate and rather of calcium phosphate 

  

In the search of the source of the mRNA, the investigations were first focused on the spindle 

shaped periost cells, because it is reported (Witten, 1997) that the typical osteoblasts of 

anosteocytic bones only occur on the outer surface, at the edges of the growing bones 

(Figure 42C, D). These spindle shaped periost cells are lacking the osteocytes typical ALP 

activity known in mammals (Witten, 1997). In general, ALP activity is necessary for the 

deposition of calcium phosphate to the osseus, but it is unknown how further growth of the 

fish osseus might be possible without ALP in the spindle shaped periost cells. It is 

widespreadly known that bones of mammals are mainly composed of calcium phosphate, 
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but a proof of these findings in fish anosteocytic bones was surprising currently lacking. 

Therefore, a change in the mineral system from normal calcium phosphate to calcium 

carbonate could be assumed.  

Using the staining method for deposited calcium (v. Kossa, 1901; Figure 44), it was not 

possible to distinguish between calcium carbonate and calcium phosphate, because this 

staining (and also the more common alizarin red staining) focuses on the occurrence of 

calcium-ions.  

To clarify this issue, the calcium phosphate specific staining with ammonium molybdate 

(Roehl, 1905; Romeis, 1968) was performed. Using this method, strong staining was 

observed only in teeth (data not shown). However, the faint staining observed in the bone 

osseus was at the same level as that of the background staining occurring in non-

mineralized tissues. Due to the lack of a specific histological calcium carbonate detection 

method, the occurrence of this mineral was verified by treatment of fish bones with 

hydrochloric acid, throughout the observation of strong CO2 blistering.  

Therefore, to prove the occurrence of calcium carbonate histological, a new staining method 

was developed. It was applied to detect carbonate in the calcified bone osseus and in 

dentine (Figure 44). As control structure the dental enamel was used. It was chosen, 

because calcium carbonate was absent and it consists mainly of calcium phosphate. Enamel 

remained unstained, whereas dentine was stained (Figure 44).  

However, this new staining method reacts only with elder osseus and does not color freshly 

mineralized bone. This is due to less sensitivity compared to calcium staining according to v. 

Kossa (1901) and the alizarin red staining (data not shown).  
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Figure 44: Occurrence of calcium (first row), carbonate (second row) and carbonic anhydrase activity (third row) 

of selected anosteocytic bones and teeth’s dental enamel as control (arrowheads, teeth column) on transversal 
section. Calcium row: Depositioned calcium staining according to v. Kossa (1901), arrowheads indicates the 
corresponding bones. Additionally, dental enamel and dentine were both stained. Carbonate row: In the 
branchiostegal rays and the bones of the opercule, staining was observed in the central part (osseus, 
arrowheads), whereas the minor mineralized surrounding prae-osseus remained unstained. Also the entire 
opercular bone was stained (arrowheads). In the perichondral branchial arches, staining (arrowheads) encloses 
the underlying cartilage. In teeth the dental enamel (arrowheads), which consists of calcium phosphate, remained 
unstained, in contrast to the stained dentine. Carbonic anhydrase row: Strong carbonic anhydrase activity in the 
spindle shaped periost cells (arrowheads), which are covering the branchiostegal rays, the flattened bones 
located in the opercule, the opercular bone and the perichondral ossifying branchial arches. Note the staining 
within the osseus, which is comparable to normal cellular tissues. In the dental enamel (arrowheads) only 
background staining occurs. Scale bars = 25µm. 

 

 

 2.5.3 Carbonic anhydrase activity in the spindle shaped periost cells 

 

In the light of this finding, it was necessary to focus on another enzyme, the carbonic 

anhydrase to identify the spindle shaped periost cells as osteocytes of the anosteocytic 

bones. This enzyme could probably be due to the supply of the carbonate-ion in the 

anosteocytic bones. 

In the use of the enzyme-histochemical carbonic anhydrase staining, strong reactivity in the 

spindle-shaped periost cells at the bone surfaces (Figure 44) was detected, so these cells 

were involved in the bone metabolism. Additionally, in the typical osteoblasts no increased 

staining was observed. 

Carbonic anhydrase activity did not occur in mammalian osteocytes and is only present in 

osteoclasts (Gay and Müller, 1974; Kumpulainen and Väänänen, 1982; Väänänen and 
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Parvinen, 1983; Väänänen 1984). To exclude any possible increased osteoclast activity in 

the samples, the tartate resistant acidic phosphatase (TRAP) staining was performed as 

osteoclast marker (Witten, 1997; Witten and Huysseune, 2009; Chatani et al., 2012). 

Applying this method, the findings of the previous investigations were confirmed that 

multinucleated and the dominant flattened mononuclear osteoclasts (Figure 45) are rare on 

the bone surfaces (Witten, 1997, Witten and Huysseune, 2009; Chatani et al., 2012). 

Therefore, the detected carbonic anhydrase within the spindle shaped periost cells was not 

due to osteoclast activity. 

 

 
 
Figure 45: Osteoclasts detected by enzyme-histochemical TRAP staining on transversals sections. (A) Typical 

multinucleated osteoclast (arrowhead) at the edge of the palatoquadrate cartilage. (B, C) Flattened mononuclear 
osteoclasts at bone surfaces, located in the opercule. Scale bars = 25µm 
 

 

2.5.4 Evidence for the formation of a syncytium of the anosteocytic fish bones 

 
In addition to the spindle shaped periost cells, less carbonic anhydrase staining was also 

observed within the osseus, which is comparable to those of other non-mineralized tissues 

(e.g. mesenchyme, connective tissue, skin; Figure 44). Carbonic anhydrase is a cytoplasmic 

protein and such staining indicates, like the occurrence of mRNA, that osseus is formed 

intracellular. As reference structure to prove this method, focus was also put on dental 

enamel, which is free of any cytoplasmic appendages. The dental enamel only displays 

slight background staining, contrary to the pronounced staining within the osseus and the 

other cellular tissues.  

The finding that mRNA and carbonic anhydrase, which are located in the cytoplasm, occur 

within the osseus lead to the conclusion that the anosteocytic bone might form a syncytium. 

This assumption implicates, that a plasma membrane is lacking between the anosteocytic 

osteocytes and the osseus. Therefore, an antibody staining for plasma membrane calcium 

ATPases (PMCA) was performed to question its occurrence along the bone.  

By means of this staining, a fractional occurrence of this membrane (Figure 46) between the 

spindle shaped osteocytes and the osseus was observed.  
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Figure 46: Antibody staining of the plasma membrane calcium ATPAse (PMCA) on transversal sections of the 

opercule concerning the occurrence of a plasma membrane between spindle-shaped periost cells (arrowheads) 
and the osseus (OS). (A) PMCA located in boot, the outer membrane (upper arrowhead), and membrane 
between cellular body and osseus (lower arrowhead). (B) Partial absence of the membrane between cellular 
body and osseus (lower arrowhead). (C) Absence of a second (lower) membrane between the spindle-shaped 
periost cells and the osseus. Sections originate from Dipl. Biol. M. Knie. Scale bars = 5µm. 

 

 

2.5.5 Partial cellular bones appearing in Oreochromis mossambicus 

 

In addition to the acellular bones, only partly cellular bones were detected within the 

basiobranchials, the lower part of the branchial arches (Figure 47 A, B). Here, cells were 

entrapped within the osseus (Figure 47A, B), comparable to cellular bone of mammals.  

In the mRNA staining by in situ hybridizations, less or no staining within the parts of the 

cellular bones was detected (data not shown). However, in the pararosa-anilline / methylen 

green staining, lower staining was observed compared with the anosteocytic parts (Figure 

47B).  

 

 

Figure 47: Partly cellular bone within the basiobranchial (lower part of the branchial arches) of Oreochromis 

mossambicus, on transversal sections. (A) Toluidine blue staining on semi thin sections, with typical osteocytes 
(arrowheads) enclosed by the osseus. (B) Pararosa-anilline / methylen green of a typical osteocyte (arrowhead), 
with lower RNA staining (pale red) in the cytoplasm compared to the osseus, DNA: deep red. Scale bars = 10µm  

 

 

2.6 Otolith matrix proteins in the adjustment of otolith asymmetries under 

changed gravity conditions and the susceptibility for kinetetotic behavior 

 

In the next step it was questioned how far biomineralization processes were predisposed 

under changed gravity conditions and in which way this predisposition could be shifted on 

the basis of susceptibility for kinetotic behavior (Chapter 1.9). 
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2.6.1 Long-term hypergravity effect on the otoconin-otolin-1 transition 

 

The growth of otoliths was sustainably affected by changed gravity conditions. This leads to 

an adjustment of the otolith asymmetries to the changed gravitational environments. It could 

be assumed that those findings were probably based on an induced change in the 

expression of the otolith matrix proteins throughout their important function in otolith growth 

and mineralization (Chapter 1.9). Based on the previous described results (Chapter 2.2.2), 

the otoconin-otolin-1 transition was chosen to determinate a hypothetical gravitational effect 

in inner ear gene expression and development, with special attention on a possible preterm 

or delay.  

The experimental animals were kept under hypergravity conditions (centrifuge; 3g) 

developmental stage 10 onwards. After development to stage 14 (Anken et al., 1993), 

experimental and control (Earth’s gravity; 1g) animals were scarified and fixed for the further 

expression analysis (every 24hrs onwards; Table 11). 

By the expression analysis in the use of in-situ hybridizations on cryostat sections, no 

change in the initial expression of otolin-1, between sample (3g) and control (1g) animals 

was proven (Table 11). Moreover, the expression pattern of otolin-1 was in all cases normal. 

However, the disappearance of otoconin could not be absolutely certainly determined in use 

of in-situ hybridizations on cryostat sections. Here, possible faint staining of otoconin was 

not distinguishable from the artificial background staining (24hrs onwards). 

 

Table 11: Long-term hypergravity effect onto the initial otolin-1 
expression. In brackets: n-numbers. 

   

Fixation time (hrs) Stage Percentage of otolin-1 positive animals 

  Centrifuge (3g) Control (1g) 

    

0* 14*  0% (5) 0% (5) 

24 15 early 50% (4) 60% (5) 

48 15 early 75% (8) 63% (8) 

72 15 100% (7) 100% (7) 

*Initial fixation in stage 14, 8dpf at 20°C (Anken et al., 1993) 

 

 

2.6.2 Short-term hypergravity on kinetotic behavior in relationship otolith morphology 

and matrix protein expression 

 

The next gravitational biological experiment focused on the possible involvement of the two 

major otolith matrix proteins (OMP-1 and otolin-1) in the susceptibility for kinetotic behavior 

(Chapter 1.7). For this purpose the expression pattern of OMP-1 and otolin-1 was analyzed 
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in detail the utricule and saccule. In the next step the first time short-term hypergravity 

stimulation was used to elicit kinetotic behavior in fish. After verification of this new method 

on the basis of otolith asymmetries, the specific expression pattern of OMP-1 and otolin-1 in 

the otolithic organs was correlated to kinetotic behavior. 

 
 
 

2.6.2.1 Otolith morphology in correlation to OMP-1 and otolin-1 expression pattern 

 

In previous investigations developmental stage 20 was of special interest to investigate the 

mechanisms which elicit kinetotic behavior. Therefore, in stage 20 the expression pattern of 

OMP-1 and otolin-1 in the in the otolithic organs of Oreochromis mossambicus was 

determined in detail regarding utricule and saccule. 

In general great spatial differences in the expression patterns of  OMP-1 and otolin-1 in the 

utricule and saccule were investigated. These different patterns were of special interest as a 

possible origin of otolith asymmetries and therefore as elicitor of kinetotic behavior. 

In the utricule, the expression pattern of OMP-1 differs between its anterior and posterior 

part. Bilaterally OMP-1 occurs in the anterior utricule in both meshwork areas. The median 

centripetal meshwork area (MAcp) and the lateral centrifugal meshwork area (MAcf) are 

stained, whereas OMP-1 is absent in the sensory part in between (Figure 48A2-3).  

In the posterior part of the utricule, the OMP-1 expression of the MAcf is gradually reduced 

(Figure 47A4), leading to a complete absence (Figure 48A5-6). From the MAcp area OMP-1 

expression extends out into the sensory part of the posterior utricle (Figure 48A3-6). 

In the utricule, the OMP-1 expression is subdivided in two parts, an anterior, with bilateral 

OMP-1 expression and a posterior part with unilateral OMP-1 expression. These specific 

extensions of the unilateral and bilateral regions contribute to a high intra-specific variability.  

Contrarily to OMP-1, otolin-1 expression was not observed in the utricule. 

The morphology of the macula contact side of the lapillus correlates with the expression 

pattern of OMP-1 and especially with the slightly rough macula contact zone of the lapilli. 

This zone was indicated by slightly higher calcium carbonate accumulation (Figure 48B, C). 

The transition zone from the MAcp to the non-expressing part obviously follows the shape of 

the rostro-lateral sulcus (Figure 48B, C). Summarizing, these imprints onto the lapillus reflect 

the expression OMP-1 
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Figure 48: Expression of OMP-1 in the utricule in correlation to the morphology of the macula contact side of the 

lapillus (ear stone, otolith). (A1-6) Transversal section series from anterior to posterior of the utricule, OMP-1 was 
stained by in situ hybridization, MAcf: centrifugal meshwork area; MAcp: centripetal meshwork area; SP: sensory 

part of the macula. (B) Scanning electron microscopical image of the macula contact side of one lapillus, the 

rostro-lateral sulcus (RS) is visible (supplied by Prof. Dr. R. Hilbig). (C) Reconstruction of the OMP-1 expression 
regions in the macula utriculi in correlation to the macula contact side of the lapilli. The calcium carbonate 
accumulations correspond with the OMP-1 expression in the macula (compare to 1B). Scale bars = 100µm.  

 

 

In the saccule, the OMP-1 expression is restricted to the dorsal and ventral meshwork areas 

(MAd and MAv) of the macula sacculi. In the sensory part (SP; Figure 49A), it is completely 

absent.  

The expression pattern of OMP-1 in the macula sacculi reflects the macula contact zone of 

the sagitta (Figure 49C, D). The macula contact zone is flanking the sulcus acusticus area, 

in the dorsal and ventral part of the sagitta. Here, OMP-1 expression in the meshwork areas 

correlates with accumulations of calcium carbonate (Figure 49C, D). The absence of OMP-1 

in the sensory part reflects the cavity of the sulcus acusticus where less calcium carbonate 

was accumulated (Figure 49C). 

In contrast to the utricule otolin-1 appears in the saccule, however, it is restricted to a small 

part in the MAv and it is obviously co-expressed with OMP-1 (Figure 49A, B). The 

expression of otolin-1 is clearly stronger in the anterior as compared to posterior part of the 

saccule (Figure 49B). 

n

*
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Figure 49: Expression of OMP-1 and otolin-1 in the saccule in correlation to the morphology of the macula 

contact side of the sagitta (ear stone, otolith). (A, B) Transversal section series from anterior to posterior of the 
saccule, OMP-1 (A) and otolin-1 (B) expression was stained by in situ hybridization on cryostat sections. (A1-6): 
OMP-1 expression was restricted to the meshwork area dorsal- (MAd) and ventral meshwork area (MAv) and is 
absent in the sensory part of the macula (SP) in between. (B1-6) Otolin-1 expression occurs in a small part within 
the ventral meshwork area (arrowheads, MAv). (C) Scanning electron microscopical image of the macula contact 
side of a sagitta, the sulcus acusticus (SA) is visible (supplied by Prof. Dr. R. Hilbig). (D) Reconstruction of the 
OMP-1 and otolin-1 expression regions in the macula utriculi in correlation with the macula contact side of the 
sagitta. Blue indicates the co-expression region of otolin-1 and OMP-1 and red the single OMP-1 expression 
regions. Calcium carbonate accumulations are corresponding with the OMP-1 expressing regions in the 
underlying macula (compare to 2C). Dorsal meshwork area (MAd), ventral meshwork area (MAv) and sensory 
part of the macula (SP). Scale bars = 100µm. 
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2.6.2.2 Kinetosis after short-term hypergravity stimulation 

 

In this experiment, short-term hypergravity (centrifuge, 3g, 14h) was used the first time to 

elicit kinetotic behavior in fish. Therefore this new method was verified based on the otolith 

asymmetries as cause of kinetosis. 

Applying this method, in 10% of the cichlid larvae, which had experienced the transition from 

hyper-g to 1g, kinetotic behavior was evoked. 

Following the individual analysis of the otoliths, a normal-distributed overall variance of the 

respective surface areas was observed. Correlation of behavior and otolith size revealed 

that especially kinetotically behaving fish showed a significantly higher bilateral otolith 

asymmetry concerning lapilli (p<0.05; Figure 50). Contrarily this was not true for the results 

obtained from the morphometric analyses of the sagitta. 

 

 

Figure 50: Otolith asymmetry left vs. right side of cichlid fish larvae, which behaved either kinetotically (black bar) 

or normally (white bar) after short-term hyper gravity stimulation (3g, 14hrs.) after transition to normal 1g. n = 10. 

 

 

2.6.2.3 Altered expression of OMP-1 in the utricule of kinetotic animals 

 

Based on the highly spatial differentiation of OMP-1 expression pattern, it was of interest to 

study this distribution in kinetotic and normal behaving animals. Especially the influence of 

changed gravity on the utricule, which is the gravity-sensing organ (Platt, 1983), was of 

special interest in this study. By means of in-situ hybridization on cryostat sections, the 

spatial distribution of OMP-1 was quantified over all regions of the macula utriculi. By this, a 

dislocation between kinetotic fish and normal behaving controls was proven (Figure 48C, 

51). The spatial extension of the utricule did not differ between kinetotic and normal fish and 

their respective values are normally distributed. 
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Figure 51: Extension of the OMP-1 positive and negative (not stained) regions in the utricule of kinetotically and 

normally behaving animals. Section series from anterior to posterior, 1-6; black bar, n = 7 pairs of left and right 
utricule; white bar; n = 8 pairs of left and right utricule. (A) Extension of median OMP-1 region, containing the 
MAcp and the OMP-1 positive part of the SP. (B) Extension of OMP-1 negative regions in the utricule. (C) 
Extension of lateral OMP-1 positive region (MAcf). 

 

 

Median OMP-1 expression region. Median OMP-1 expression region includes the MAcp 

and the OMP-1 positive part of the SP. Throughout the section series over the complete 

utricule, there were no statistically significant changes in the enlargement of this region 

between kinetotic and normal behaving animals detected (Figure 51A). 

 

OMP-1 negative region. This region includes the OMP-1 negative part of the SP. In 

contrast to the median OMP-1 expression region, there were statistically significant changes 

between kinetotic and normal animals observed (Figure 51B).  

In the anterior utricule no differences between kinetotic and normal animals were observed. 

However, in the median utricule, there was highly significant (p > 0.01) enlargement of the 
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OMP-1 negative region in kinetotic animals. Moreover, this change affects the ratio between 

OMP-1 positive and negative regions in this part of the utricule significant (p < 0.05; data not 

shown). Therefore, the central part of the utricule indicates an altered OMP-1 expression in 

kinetotic animals. 

 

Lateral OMP-1 expression region. This region consists of the OMP-1 positive MAcf. In the 

anterior part of the lateral utricule there were no significant changes observed. Posterior of 

this region the marked region was highly significant shorter in kinetotic animals compared to 

normally behaving animals (Figure 51C). The finding for the lateral OMP-1 expression region 

is mainly based on a shortened extension of these posterior regions concerning the anterior 

posterior axis in kinetotic animals. Consequently, this leads to a change in spatial distribution 

of the OMP-1 expression (Figure 52). The bilateral OMP-1 expression region is in kinetotic 

behaving animals highly significantly (p = 0.0015) shorter than in normal behaving ones. In 

contrast, the unilateral OMP-1 expression region is highly significantly (p = 0.0015) longer 

(Figure 52). 

 

Taken together, two highly significant changes in the distribution between OMP-1 positive 

and negative regions in the utricule were observed. First, the OMP-1 negative region was in 

the median utricule highly significantly enlarged and second, the lateral OMP-1 expression 

region was highly significantly smaller in the whole utricule of kinetotic animals. 

 

Additionally, in the saccule no changes concerning the OMP-1 and otolin-1 expressing 

regions were observed between kinetotic and normal behaving animals (data not shown). 

This finding was expected, as the saccule is the organ of hearing. 

 

 

 

Figure 52: Distribution of bilateral (anterior part) and unilateral (posterior part) OMP-1 expression regions in the 

utricule of kinetotically and normally behaving animals, (n = 8 pairs of left and right utricule each). 
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3 Discussion  
 

3.1 New developed and adapted molecular biological methods for 

working with cichlid fish 

 

Based on of the special conditions of cichlids nearly every molecular biological method had 

to be adapted, or newly developed, to respond to the specific research questions of this 

dissertation. This particularly includes a special embedding method for an enhanced 

expression analysis by in situ hybridization on cryostat sections and a new enhanced protein 

purification technique for the identification of otolith matrix proteins. 

 

 

3.1.1 A new embedding method based on sodium-carboxymethylcellulosis for an 

enhanced expression analysis by in-situ hybridization on cryostat sections 

 

To overcome tissue and species specific problems with the cryoprotection, several 

techniques had to be tested and a new one for Oreochromis mossambicus was finally 

developed. However, it was a quite surprising finding that a successful in-situ hybridization 

on cryostat sections was not possible after a cryoprotection with sucrose.  

In various other organisms successful in-situ hybridizations have been carried out after a 

cryoprotection with sucrose (Ruada et al., 1988; Ying et al., 1999; Whitlon et al., 2001; Hyun 

et al., 2002; Wang and Wessendorf, 2002; Shenghure, 2004), therefore, the reason for this 

finding is unknown. In contrast to Oreochromis mossambicus, in other fish species like the 

zebrafish, successful in-situ hybridizations on sections have been carried out after a 

cryoprotection with sucrose (Strähle et al., 1994; Cerdà et al., 1999; Bolaños-Jiménez et al., 

2001; Costagli et al., 2002; de Waal et al., 2008; Perry et al., 2009). In contrast to these 

reports, in Oreochromis mossambicus sucrose interrupts the in-situ hybridization reaction. 

This finding was also supported by the finding that if sugar derivates, like dextransulfate, 

where, besides their function as cryoprotection media present in the hybridization buffer, a 

successful in-situ hybridization on cryostat sections was also not possible. 

Moreover in the whole mount in-situ hybridization of unhatched animals, also the presence of 

sugars in the form of polysialoglycoproteins, leads to an interruption of in-situ hybridization. 

Polysialoglycoproteins occur in the corium and are containing a unique form of polysialic acid 

(sialoglycan; Kitajima et al., 1988; Iwasaki et al., 1090; Sato et al., 1993; Angata et al., 1994 

Asahina et al., 2004, 2006). To solve that problem, the corium was removed before the 

whole mount in-situ hybridization.  
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Besides sucrose and other sugars also other cryoprotection media were used for in-situ 

hybridization on cryostat sections. Butanediol (Amikura et al., 2001), glycerol (Tanzi et al., 

1993), glycerol in combination with dimethylsulfoxide (DMSO; Pitkänen and Amara, 1994; 

Jongen-Rêlo and Amaral, 2000; Barroso-Chinea et al., 2007a,b) or with ethylene glycol 

(Roland et al., 1995) were also used. However, a cryoprotection in the use of certain 

alcohols (including ethanol, methanol, butanediol and glycerol) was not adequate for 

samples of total sections of developing fish, because these alcohols were smearing onto the 

sections.  

 

To achieve adequate tissue prevention with a following successful in-situ hybridization, it was 

focused on different histologically uncommon cryoprotection media like urea, 

dimethylsulfoxide and sodium-carboxymethylcellulosis. 

Urea serves as a biological antifreeze agent in the wood frog (Rana sylvatica) and reduces 

the amount of water in tissue (Storey et al., 1992; Costanzo and Lee, 2005, 2008). In the use 

of urea as a cryoprotection media, no adequate tissue prevention was observed at different 

concentrations. 

Dimethylsulfoxide is a common cryoprotection media in cell culture that is also used in the 

tissue prevention of cryostat sections, even in combination with glycerol. Here especially 

concentrations of 2% were used (Pitkänen and Amara, 1994; Jongen-Rêlo and Amaral, 

2000; Barroso-Chinea et al., 2007a, b). In contrast to urea, the use of DMSO as 

cryoprotection media resulted in good tissue preservation and successful in-situ hybridization 

at a concentration of 50% DMSO. 

However, a cryoprotection with DMSO has two negative effects, first the samples did not get 

hard enough for an adequate sectioning and second, a bad connection of the samples with 

the Jung tissue freezing medium causes a separation during sectioning.  

Sodium-carboxymethylcellulosis is a common antifreeze agent in food production. 

Hydrocolloids such as sodium-carboxymethylcellulosis serve several important functions 

during ice cream production: It increases viscosity, controls the meltdown, and restricts 

growth of ice crystals (Nash, 1960; Shipe et al., 1963; Keeney and Josephson, 1972; Moore 

and Shoemaker, 1981; Budiaman and Fennema, 1987). 

In the present dissertation, sodium-carboxymethylcellulosis was used the first time as an 

antifreeze agent for cryostat sectioning. In the use of sodium-carboxymethylcellulosis, the 

ideal tissue prevention was accomplished with a solution containing 1,5% sodium-

carboxymethylcellulosis at an optimal freezing temperature of –80°C. 
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In the use of the different cryoprotection, media sodium-carboxymethylcellulosis was the 

only agent, which results in an adequate tissue prevention with a following successful in-

situ hybridization on cryostat sections. 

 

 

3.1.2 A new enhanced protein purification technique for the identification of otolith 

matrix proteins 

 

The aim and reason for the development of a new purification technique for the otolith matrix 

protein extraction was that the mass spectrometric analysis was very sensitive. Therefore, it 

was necessary to ensure that there is no contamination of the sample with proteins from 

other tissues and body fluids. However, all previously described methods for extraction and 

detection of the otolith matrix proteins (Asano and Mugiya, 1993; Murayama et al., 2000, 

2002, 2004; Borelli et al., 2003b; Dauphin and Dufour, 2003; Tomás et al., 2004; Falini et al., 

2005; Kang et al., 2008; Those et al., 2008) could not ensure that. Especially these applied 

methods could also not ensure the removal of proteins localized within the otolithic 

membrane. This membrane enhances collagenous proteins (Davis et al., 1997; Khan and 

Drescher, 1990), which are hardly soluble and they might therefore remain on the surface of 

the otoliths. 

 

In previous studies the otoliths were not purified (Murayama et al., 2000, 2002, 2004; 

Dauphin and Dufour, 2003; Tomás et al., 2004) or the purification was carried out by 

dissolving the otoliths in physiological saline (Asano and Mugiya, 1993), sodium hydroxide 

(Asano and Mugiya, 1993), or 1% SDS (Those et al., 2008). However, these methods were 

insufficient, especially in the presence of collagenous proteins, which are part of the otolithic 

membrane (Khan and Drescher, 1990; Davis et al., 1997). These collagens were hardly 

soluble and still remain on the surface of the otoliths. Furthermore, the purification of the 

otoliths by sodium hypochloride treatment (Falini et al., 2005; Those et al., 2008) is also 

insufficient, because sodium hypochloride leads to alterations of amino acid side-chains, 

protein fragmentation and dimerisation (Wright, 1926; Clark et al., 1986; Vissers and 

Winterbourn, 1991; Hazell and Stocker, 1993; Hazell et al., 1994; Kettle, 1996; Yang et al., 

1997; Hawkins and Davies, 1998). Therefore, a sodium hypochloride treatment also might 

not lead to a complete removal of the proteins from the surface of the otoliths.   

 

Other studies performed a decalcification with hydrochloric acid (Tomás et al., 2004), acetic 

acid (Borelli et al., 2003b; Tomás et al., 2004) or EDTA (Murayama et al., 2000, 2002, 2004; 

Kang et al., 2008; Those et al., 2008) and the resulting decalcified proteins were separated in 
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a soluble and insoluble fraction, as common for calcifying proteinous matrixes. However, the 

same proteins occur in both fractions as reported by literature (Murayama et al., 2002, 2004; 

Those et al., 2008), so there seems to be no clear functional separation in these fractions. 

However, hardly soluble proteins appear in higher amounts in the insoluble fraction.  

In this study a new method for the decalcification of fish otoliths based on trichloroacetic acid 

(TCA) was developed. TCA was a common precipitation agent for proteins and therefore it 

allows a decalcification with a simultaneous precipitation of the matrix proteins. Moreover, 

this method has the advantage that without a separation in a soluble and insoluble fraction 

proteins with relatively low amounts might become detectable during the following nano-LC-

ESI-MS/MS analysis.   

Moreover, for verification of the mass spectrometric results, a control without the 

decalcification step was carried out in contrast to other investigators (Thalmann et al., 2006; 

Zhao et al., 2007; Kang et al., 2008), who previous analyzed the matrix protein composition 

on otoliths and otoconia by mass spectrometry. 

 

 

3.2 Comparative otolith matrix protein constitution of Oreochromis 

mossambicus and other vertebrates 

 

In this study the saccule with the sagitta of Oreochromis mossambicus was chosen as model 

tissue in accordance with other investigators (Davis et al., 1995a, b; 1997; Murayama et al., 

2002, 2004; Those et al., 2008) for the identification of the otolith matrix proteins. Moreover, 

the occurrence in the inner ear was verified by in-situ hybridizations on cryostat sections of 

the saccule of juvenile siblings. 

Up to now various proteins were identified in fish otoliths (Table 2) and orthologous 

structures in mammals, the otoconia (Table 1), but their function during the their 

biomineralization is only partly known (Chapter 1.5). Based on the differences between 

otoliths and otoconia some of the identified proteins might be specifically required for one 

statolith type but not for the other. However, some proteins seem to be generally present in 

otoliths and otoconia like SPARC, otoconin and otolin-1. 

 

 

3.2.1 The otolith matrix proteins of fish relationship to Oreochromis mossambicus 

 

Applying the new developed purification technique, five of the known otolith matrix proteins 

(OMP-1, otolin-1, SPARC, otoconin and neuroserpin) were identified within the otoliths of 

Oreochromis mossambicus (Chapter 2.2.1.2). However, the proteins starmaker and pre-
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cerebellin like protein (Söllner et al. 2003; Kang et al., 2008) seem to function in different 

ways throughout the evolution of the ear otoliths in certain fish species. 

Moreover, it was able to give evidence that in addition to the known otolith matrix proteins, 

the proteins alpha tectorin, otogelin and transferrin occur within teleost otoliths. 

 

The first matrix protein identified was OMP-1, which contains a ferrotransferrin-domain and is 

the major calcium-binding protein in fish otoliths. The occurrence of this protein had been 

previously characterized in the otoliths of trout (Oncorhynchus mykiss) and zebrafish (Danio 

rerio; Murayama et al. 2002, 2004, 2005). 

 

The second protein detected was otolin-1, which is also referred to as saccular collagen. 

Otolin-1 is a collagenous protein, which contains a c1q-domain and it was previously 

identified in the inner ear and otoliths of the bluegill (Lepomis macrochirus; Davis et al., 

1995a, b; 1997), trout (Oncorhynchus mykiss and Oncorhynchus keta), the zebrafish 

(Murayama et al., 2002, 2004, 2005) and medaka (Oryzias latipes; Nemoto et al., 2008). 

Additionally, otolin-1 was identified in mice otoconia (Zhao et al., 2007).  

 

The third protein, which occurs in the inner ear otoliths of Oreochromis mossambicus, was 

SPARC (secreted protein acidic and rich in cysteine). SPARC is divided into three distinctive 

domains, the N-terminal region (first domain), an acidic region rich in glutamic and aspartic 

acids and in hydrophobic residues that can bind up to eight calcium ions with low affinity. The 

second domain is homolog to follistatin (folistatin-like domain) and contains two potential N-

glycosylation sites. The third domain is an extra cellular calcium-binding domain that contains 

two EF-hand motifs. Calcium-binding EF-hand domains are regulatory elements usually 

associated with cytosolic proteins (Bolander et al., 1988; Maurer et al., 1992; Yan and Sage, 

1999) and the EF-hand domains of SPARC have a structural rather than a regulatory 

function (Busch et al., 2000).  

SPARC has the ability to bind calcium and was a major constituent of bone and dentin. It 

was previous identified in mouse otoconia (SPARC-like protein 1; Thalmann et al., 2006) and 

in the otoliths of the zebrafish, the catfish and trout (Kang et al., 2008).  

 

Otoconin was the fourth protein detected. Fish otoconin contains two nonfunctional 

phospolipase-A2-domains, which are extremely acidic, contain several potential glycosylation 

sites and retain the ability to bind calcium (Petko et al., 2008). 

Otoconin is the major protein in otoconia and was primarily identified in mice and guinea pigs 

(otoconin-90/95; Verpy et al. 1999; Thalmann et al., 2006; Zhao et al. 2007; Wang et 

al.1998) and in frogs (otoconin-22; Pote et al., 1993; Yaoi et al., 2004). Besides the 
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occurrence in otoconia, the expression of otoconin was also detected in the zebrafish 

developing inner ear (otoc1; Petko et al., 2008).  

However, only one single fragment of the known otolith matrix protein otoconin was detected, 

which indicates a low amount within subadult otoliths, caused by a short time of deposition 

during development (Chapter 3.3).  

 

The fifth protein that was deposited in the otoliths of Oreochromis mossambicus was 

neuroserpin. Neuroserpin was previous identified by Kang et al. (2008) in the otoliths of 

trout. This protein is a secreted serine protease inhibitor and a modulator of proteolytic 

cascades (Miranda and Lomas. 2006) and therefore it could be hypothesized that 

neuroserpin regulates the activity of proteases during the deposition of other otolith matrix 

proteins to the otolith.  

In contrast to the occurrence within the otolith, neuroserpin was the only matrix protein 

whose expression was not detected in the inner ear, even during development. However, 

neuroserpin expression was detected within the central nervous system (CNS) of cichlids 

(Chapter 2.1.1.6), including the hypothalamus and cerebellum, similar to the zebrafish (Toro 

et al., 2009). In the hypothalamus, neuroserpin positive cells were especially concentrated in 

the stratum periventriculare, which is known to be neurosecretory active. Therefore, 

neuroserpin might be secreted from the stratum periventriculare into the cerebrospinal fluid, 

transported via the ductus endolymphaticus to the endolymphatic fluid of the inner ear and 

finally deposited into the otoliths. Hence, the stratum periventriculare might be the source of 

neuroserpin in otoliths. 

 

Surprisingly, it was proven that in the otoliths of cichlids, as the youngest group of perciform 

fish (Meyer et al., 1990), the otolith matrix proteins pre-cerebellin like protein (PCLP) and 

starmaker (Söllner et al., 2003; Those et al., 2008; Kang et al., 2008; Bajoghli et al., 2009) 

were not present as described in other fish species. 

  

The occurrence of the pre-cerebellin like protein (PCLP) was previously reported in the 

otoliths of trout (Kang et al., 2008). However, in the same study, the occurrence of PCLP was 

not reported for the otoliths of the catfish, which was also analyzed (Kang et al., 2008).   

In agreement with the catfish, PCLP was also not detected by mass spectrometry in the 

otoliths of cichlids. In the present dissertation, it was shown that PCLP was highly conserved 

within the vertebrates (Chapter 2.1.1.5), so this protein was detected by the mass 

spectrometric analysis applied. Additionally, no evidence of PCLP in the inner ear of 

Oreochromis mossambicus was detected by in-situ hybridizations.  
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The structure of the PCLP’s c1q domain is similar to those of collagen type VIII and X and of 

otolin-1 (Gerwicket al., 2000; Tom Tang et al., 2005; Mei and Gui, 2008). The short-chain 

collagen type VIII and X assemble into a reticular network with hubs formed by trimers of c1q 

domains and spokes formed by collagen fibrils (Kwan et al., 1991; Sutmuller et al., 1997).  

It was assumed that PCLP could be associated with otolin-1 via their c1q domains and 

reduces the connectivity of the internal hubs or cap the hubs at the surfaces (Kang et al., 

2008). Based on the findings – the absence of the PCLP - the possible function in capping 

the C1q domain may be disputable, but on the other hand, otolin-1 seems to be the only 

target-protein for PCLP within the otoliths. Consequently a detailed expression and functional 

analysis of PCLP, previously identified in the otoliths of trout and catfish (Kang et al., 2008), 

and its possible interaction with otolin-1 is indispensable. However, the possible interaction of 

the c1q domains was previously demonstrated in mammals (Deans et al., 2010), but up to 

now PCLP was not identified within their otoconia. 

 

Starmaker was described in the zebrafish (Söllner et al. 2003) and it’s orthologous protein 

OMM-64 in Salmon salar and (Those et al. 2008) and the Starmaker-like protein in medaka 

(Bajoghli et al., 2009). These proteins show similarities to human-dentin (Söllner et al. 2003), 

but no fragments matching these proteins were detected. Starmaker and possibly its 

orthologous are directly involved in the calcium carbonate crystallization and select the 

crystal polymorph aragonite, whereas a lack of starmaker leads to calcitic otoliths (Söllner et 

al. 2003). In the following analysis of the cristal polymorph of the otoliths, it was shown that 

the major cristal polymorph (Chapter 2.1.1.4) of the otoliths of Oreochromis mossambicus 

was calcite, in line with the absence of a starmaker orthologous, which selects aragonite. 

 

In this study, the proteins alpha tectorin, otogelin and transferrin were identified for the first 

time within the inner ear otoliths.  

 

Alpha tectorin contains several domains in the N-terminal region. It is comprised of a 

hydrophobic secretory signal sequence similar to the G1 domain of entactin. The central 

region consists of several von Willebrand factor (vWF) type D repeats. The C-terminal region 

of alpha tectorin contains a single zona pellucida domain (Legan et al., 1997). 

 

Otogelin is an inner ear specific glycoprotein, which is related to the epithelial secreted 

mucins (Cohen-Salmon et al., 1997). Otogelin comprises an N-terminal signal peptide, a 

central reonine/serine/proline-rich (TSP) region, flanked by several D-type and B-type von 

Willebrand factor domains and a C-terminal knot motif domain (Cohen-Salmon et al., 1997). 
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A further aim for the development of the enhanced purification technique (Chapter 3.1.2) was 

to prove the occurrence of alpha tectorin and otogelin within the fish otoliths. These proteins 

are based on the current data in mammals (Cohen-Salmon et al., 1997; Legan et al., 1997; 

Simmler et al., 2000; El-Amraoui et al., 2001; Goodyear and Richardson, 2002; Xu et al. 

2010) rather located in the otoconial membrane than within the otoliths. In addition, Xu et al. 

(2010) reported a special occurrence of alpha tectorin on the surfaces of the otoconia 

crystals. 

By using of the several performed purification steps (enzymatic treatment with proteinase k, 

chloroform-methanol-extraction) and the control without TCA decalcification, it was evident 

that both proteins occur within the otoliths. Moreover, by the nano-LC-ESI-MS/MS analysis, 

no other formerly known proteins of the otolithic membrane, like otopedrin in fish (Hurle et al., 

2003) or beta tectorin (Goodyear and Richardson, 2002) were detected, neither in the 

samples nor in the controls. Therefore, it is concluded that, alpha tectorin and otogelin occur 

in fish otoliths. However, based on the current data it is not able to distinguish between a 

partially integration into the otoliths during daily growth or a functional part otolithic matrix. In 

any case, this clearly demonstrates a close connection of the otolith and the otolithic 

membrane.  

 

With the same technique, a third protein, transferrin, a member of the transferrin subfamily, 

was found in the otoliths of cichlids. Another matrix protein, OMP-1, also comprises a 

transferrin-domain, but the identified fragments of transferrin were clearly different from that 

of OMP-1 and did not match the known amino acid sequence of Oreochromis mossambicus, 

identified by sequenced cDNA. So, transferrin was identified as a true constituent of the 

otolith matrix of Oreochromis mossambicus. The primary function of transferrin is ferritic-

ionbinding (Evans et al., 1982; Yang et al., 1984). Previous investigators identified the 

occurrence of ferrite ions (Evans et al., 1982; Daniels and Arslan, 2007; Yamauchi et al., 

2008) and magnetic particles (Vilches-Troya et al., 1984; Harada, 2008) within fish otoliths. 

In fish, it was assumed that these particles are involved in sensing and orientation towards 

the geomagnetic field (Vilches-Troya et al., 1984). Based on the data that transferrin was the 

only detected protein with the ability to bind ferrite ions it is assumed that it is responsible for 

occurrence of these ions in fish otoliths. 
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3.2.2 The matrix proteins of otoconia in relationship to these of the otoliths  

 

Besides the various in fish otoliths identified matrix proteins, in otoconia the proteins 

osteopontin, myosin light chain 9, calbindin d28k, fetuin-A, countertrypin and laminin alpha 3 

were previously identified (Sakagami et al., 1994, 2000; Braids et al., 1997; Balsamo et al., 

2000; Piscopo et al., 2003, 2004; Thalmann et al. 2006; Zhao et al. 2008). 

However, the occurrence of these proteins otoliths was unproven, possibly based on a 

specialized function during otoconia assembly, or they remained unidentified, predicated on 

short timeframes of deposition during otolith development (Chapter 3.3.1). 

 

Osteopontin is one of the major non-collagenous bone matrix proteins that was additionally 

identified in the otoconia of mammals, birds and reptiles (Sakagami et al., 1994, 2000; 

Thalmann et al. 2006; Zhao et al. 2008).  

However, the occurrence of the osteopontin orthologous of fish (the osteopontin-like protein; 

OP-L) could not be confirmed by mass spectrometry in the otoliths of Oreochromis 

mossambicus. That result corresponds with the previous analysis of Kang et al. (2008), 

where OP-L was also not detected in other fish species. Moreover, OP-L expression was 

only detected during cichlid fish bone and teeth development (Chapter 2.6) and not in the 

developing inner ear of Oreochromis mossambicus at any developmental timeframe.  

In contrast to otoconia, the fish otoliths are growing throughout fish life (Borelli et al., 2003a). 

Otoconia only grow in a short period during development and persist in the same manner 

over the whole life-span of the animal. Therefore, the absence of the osteopontin orthologous 

in fish otoliths could be due to their continuous growth. 

Besides the function in otoconia, osteopontin was additionally secreted into the inner ear 

fluids (endolymphatic fluid) and has a homeostatic function in mammals (Lopez et al., 1995). 

However, there is currently no evidence for the occurrence of OP-L in fish otoliths and in the 

endolymphatic fluid.  

Based on the occurrence of osteopontin within otoconia and in the endolymphatic fluid, it can 

be assumed that osteopontin serve two different functions during otoconia formation. The 

first in the formation of the otoconia, where osteopontin was deposited only during their 

embryonic development (Swanson et al., 1989) and following that function the second based 

on the occurrence in the endolymphatic fluid. Here, osteopontin might avoid the 

crystallization of calcium carbonate in the inner ear as well as it was reported for calcium 

oxalate crystals in the kidney (Shiraga et al., 1992; Worcester et al., 1992; Luedtke et al., 

2002). Therefore, osteopontin might prevent further growth of the otoconia at higher 

concentrations in the endolymphatic fluid. In contrast to otoconia, calcium was continuously 
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deposited to fish otoliths and hindrance of the crystallization would impede their further 

growth.  

 

Myosin light chain 9 (MYL9) was detected as part of the proteinous matrix of mammalian 

otoconia (Thalmann et al., 2006). Myosin light chains are a family of proteins that have the 

ability to bind calcium and regulate diverse cell activities, including shape change, secretion, 

ontractile functions and cytokinesis (Daniel et al., 1984; Lodish et al., 2000; Cramer and 

Fontenay, 2006; Sun et al., 2007). 

However, MYL9 only appeaed in a short developmental phase in the developing inner ear 

(Chapter 2.2.2.3), which might lead to a by mass spectrometry undetectable low amount 

within subadult and adult otoliths.  

 

Calbindin d28k (also known as calretinin and calbindin-1) was proved absent in fish otoliths 

as described by Kang et al. (2008). However, Calbindin d28k is a typical protein of the 

otoconial matrix in birds and reptiles (Braids et al., 1997, Balsamo et al., 2000; Piscopo et al., 

2003, 2004). It was also detected in the otoconia of the Musk Shrew (Suncus murinus; Karita 

et al., 1999), but neither in other mammals (Thalmann et al., 2006; Xu et al. 2010) nor in fish 

otoliths (Kang et al., 2008). Additionally, in the fish inner ear calretinin was exclusively 

detected in the axons of nerve fibers supplying all the sensory epithelia of the fish inner ear, 

and not in the otolithic maculae itself (Germanà et al., 2007). 

 

Especially the proteins Fetuin-A, Countertrypin and LAMA3 might currently not be detected in 

fish otoliths, probably based on short timeframes of deposition during fish development 

(Chapter 3.3.1). 

 

Fetuin-A is a member of the matrix proteins of mammalian otoconia (Thalmann et al., 2006; 

Zhao et al., 2007) and is a known inhibitor of calcium phosphate-based calcification. The 

detailed function of fetuin-A during otoconia formation was currently not investigated and it 

may serve as a modulator of calcium carbonate crystal growth during otoconia synthesis 

(Thalmann et al., 2006). Or fetuin-A could be sufficient to seed some of the inorganic calcium 

carbonate crystallites and serve as inhibitor of calcification of mature otoconia (Zhao et al., 

2007). Fetuin-A is abundant in the endolymphatic fluid in relatively high levels (Thalmann et 

al., 2006), but it does not originate from the vestibular epithelium. Based on the high 

abundance of fetuin-a in the brain, transportation via the liquor cerebrospinalis to the 

endolymph was assumed (Zhao et al., 2007). 
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Countertrypin is a calcium-binding protein and fetuin family member. It was detected in the 

core of otoconia and in the endolymphatic fluid. Here it may serve a redundant role with 

fetuin in otoconia assembly and maintenance (Thalmann et al., 2006). 

 

Laminin alpha 3 (LAMA3) was detected within otoconia of mice by Thalmann et al. (2006). 

LAMA3 is a component of basal lamina and involved in attaching cells to the extra cellular 

matrix via interactions with integrins. It was assumed that LAMA3 might play a role in 

anchoring developing otoconial particles to the otoconial membrane (Thalmann et al., 2006). 

However, in the human utricule and saccule laminins were only detected in the basal lamina 

and not within otoconia itself (Yamashita et al., 1991). In addition, the data of Thalmann et al. 

(2006) for LAMA3 were not validated by Zhao et al. (2007) in the use of a comparable 

method. 

 

Based on the current data, the matrix protein composition among otoliths and otoconia was 

not uniform. Some proteins are generally present in otoliths and in its orthologous, the 

otoconia: like SPARC, otoconin, MYL9 and otolin-1, but the majority is specific for each 

statolith-type or possibly currently not detected in the use of the different methods applied 

(Table 1 and 2). 

 

 

3.2.3 Otolith specific matrix protein constitution 

 

In the analysis of the proteinous matrix of the three different otoliths (lapillus, sagitta and 

asterisk), a characteristic pattern of each otolith matrix was proven (Chapter 2.3), based on a 

specific developmental profile (Chapter 2.2). 

In Oreochromis mossambicus there are only three proteins, OMP-1, alpha tectorin and 

neuroserpin occurring in all three otoliths. Their occurrence is based on the direct expression 

in all three otolithic organs (OMP-1 and alpha tectorin) and the possible occurrence of 

neuroserpin in the endolymphatic fluid (Chapter 3.2.2). 

The proteins SPARC and otogelin were detected only in the first appearing otoliths (sagittae 

and lapilli) and not in the later during development formed asterisk. The absence of these 

proteins in the asterisk is based on the fact that this otolith forms when the expression of 

SPARC and otogelin had previously disappeared in the otolithic organs  (Chapter 3.3). 

Finally, the matrix proteins transferrin and otolin-1 are specific for the sagitta. For otolin-1, 

this finding is based on the restricted expression in the MAv of the saccule, whereas the 

source of otolithic transferrin remained unclear (Chapter 3.3). 
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The functional relevance for the different constitution was unknown, but it might possibly be 

based on the special chemical properties of those proteins during development and each 

otolith. However, especially the asterisk develops independent from the other otoliths in late 

larval stages, which is reflected by the absence of SPARC and otogelin in this otolith. The 

reason for this exceptional position is currently also unknown and how the asterisk forms 

without the proteins SPARC, otogelin and additionally otoconin (Chapter 3.3) is unclear. 

However, it was previously shown, that SPARC and otoconin are required for the formation 

of the other otoliths, lapillus and sagitta (Petko et al., 2008; Kang et al., 2008). 

 

 

3.3 Proteins in the assembly of the otolith complex and their expression 

during development of the cichlid fish Oreochromis mossambicus 

 

The biomineralization of otoliths is a highly regulated process requiring organic and inorganic 

components, which should be assembled in the proper temporal and spatial combination. 

The initial step in this process is the formation of an organic matrix, which serves as a 

supporting scaffold upon which calcium carbonate crystals can seed and grow. 

 

However, the detailed function of the proteins involved in the formation of otoliths and 

otoconia is only partly known. As a matter of fact, there are only diverging molecular 

biological studies (Davis et al., 1995, 1997; Murayama et al., 2002, 2004, 2005; Tohse et al., 

2008) focusing either on the early inner ear development or exemplary on the saccule as a 

model system for the hearing process (Platt, 1983). In this study, the spatial and temporal 

expression patterns of the otolith matrix proteins were analyzed over the complete embryonic 

and larval development of the Mozambique tilapia (Oreochromis mossambicus) concerning 

all three otolithic organs. In the expression analysis (Chapter 2.2.2), it was possible to follow 

several changes of otolith matrix proteins OMP-1, SPARC, otoconin, transferrin, alpha 

tectorin, otogelin, MYL9 and otolin-1; Chapter 2.2). These proteins were discussed in several 

different functions in the timeframes investigated during development of the inner ear. 

 

In early developmental studies, it was demonstrated that the otolith growth is significantly 

reduced in OMP-1 morphants and assumed that OMP-1 is required for the daily growth 

increments (Murayama, 2005).  

In the course of the presented detailed expression analysis of OMP-1 in the otolithic organs 

with different temporal and spatial appearances of OMP-1 in the entire organ, the complete 

meshwork areas and the sensory maculae were detected. These investigations were of 

utmost interest, because previous investigators focused only on some selected early 
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developmental stages (Murayama et al., 2005) or on subadult and adult stages of the 

hearing centers (Murayama et al., 2002, 2004). The early developmental expression of OMP-

1 in cichlids was comparable to the findings in the zebrafish (Murayama et al., 2005), 

however the temporary expression within the SP in the maculae of the utricule and saccule 

differs significantly and might be based on differentiating supporting cells.  

The specific OMP-1 expression patterns of the utricle might be related to the splitting of the 

prae-macula into the macula utriculi and macula transversalis lateralis leading to a lateralized 

expression in the MAcp as well in the SP. In contrast to the utricle in the saccule a clear 

restriction to the meshwork areas with an even stronger staining in ventral meshwork area 

was observed. Here it was co-expressed with otolin-1, and this result is comparable to the 

finding in trout (Murayama et al., 2004). Here it is assumed that the expression patterns of 

OMP-1 in the individual otolithic organs could determine the different shapes of the 

respective maculae contact sides and consequently the specific structures of each otolith 

(lapillus, sagitta and asterisk; Chapter 3.6.2.2). 

 

SPARC is a multifunctional protein, which is involved in several biological processes and it 

was expressed in nearly every tissue during cichlid fish development. Here SPARC is 

specially found in embryonic and adult tissues that undergo active proliferation and dynamic 

morphogenesis (Holland et al., 1987; Sage et al., 1989; Damjanovski et al., 1994; Yan and 

Sage, 1999; Damjanovski et al., 1998; Bredshaw and Sage, 2001; Padhi et al., 2004; Renn 

et al., 2006).  

This study gave evidence that SPARC is expressed in nearly every tissue of the inner ear 

only during development, except the lagena which contains the asterisk in fish. This was in 

line with the findings by mass spectrometry, where SPARC was not detected in the 

proteinaceous matrix of the asterisk (Chapter 2.3). In consequence, SPARC seems not 

necessarily required for its formation. However, in contrast to the results in cichlids, in the 

zebrafish the occurrence of SPARC take part throughout life and its deposition was 

additionally confirmed for the asterisk (Kang et al., 2008). 

Furthermore, it was proved that during early inner ear development the expression pattern of 

SPARC in cichlids is similar to those of the zebrafish and medaka (Nemoto et al., 2008; Kang 

et al., 2008; Rotllant et al., 2008).  

It was previously shown that morpholino knockdowns of SPARC lead to broad variety of 

otoliths: smaller, fused, ectopic, missing or extra otoliths. From these phenotypes it was 

concluded, that SPARC may be involved in the initial step of otolith formation (Kang et al., 

2008).  

Besides the otolithic organs, SPARC is also required for the formation of the semicircular 

canals, as a knockdown of SPARC leads to a smaller size and to disrupted semicircular 
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canals (Kang et al., 2008; Rotllant et al., 2008). In cichlids, it could be shown that SPARC is 

directly expressed in the invaginating and migrating cells of the semicircular canals. In 

addition, it was also observed that SPARC is widespreadly associated with cell migrations 

like in brain, spinal cord and neural crest migration (data not shown) where it might guide 

migrating cells. This finding corresponds with that of Rotllant et al. (2008) for neural crest 

cells. However, here SPARC is not required for the morphogenesis of migratory and post-

migratory cranial neural cells and it was assumed that SPARC may mediate or trigger signal 

transduction pathways required for activation or maintenance of target gene transcription 

(Rotllant et al., 2008). Especially otx1 was identified as a target of SPARC during inner ear 

development, whereas the SPARC knockdown disrupts otx1 expression in the ear, and leads 

to very similar ear defects like an otx1 knockdown (Rotllant et al., 2008). 

 

The expression of otoconin during cichlid fish development, as it was proven in this study, 

was exclusively restricted to the inner ear within a timeframe between developmental stages 

7 to 14. Contrarily to these findings in the zebrafish otoconin expression was observed in 

numerous structures: the otic vesicle, the midbrain-hindbrain boundary, the optic stalk, the 

spinal cord, the circumventricular organs and the developing branchial arches (Petko et al., 

2008). However, otoconin seems notably to be required for the formation of these structures 

since a knockdown effect was also not described in the phenotype (Petko et al., 2008).  

In cichlid fish, otoconin shows two different expression patterns during inner ear 

development, an initial expression in the whole inner ear and later, a restriction to the 

sensory maculae. Petko et al. (2008) assume that otoconin is required for the initial step of 

otolith accumulation by formation of the initial matrix core. Following this developmental 

phase, later inner ear development, otoconin may function rather as a transcription factor. 

That otoconin may function as a transcription factor was suggested by Petko et al. 2008, who 

indicated that it (otoc1) precedes the expression of OMP-1 in early development. 

Furthermore the clear temporal division of otoconin and otolin-1 expressions suggest that 

otoconin might inhibit the expression of otolin-1 during development up to developmental 

stage 14.  

In addition, otoconin disappears in the developing inner ear before the third otolith the 

asterisk appeared. These results suggest that otoconin and as well SPARC are not 

necessarily required for the formation of the asterisk. 

 

Alpha tectorin was identified in mammals and birds in the acellular membranes of the inner 

ear, including the tectorial membrane, the otolithic membranes of the utricule, as well of the 

saccule (Cohen-Salmon et al., 1997; Legan et al., 1997; Rau et al., 1999; Goodyear and 

Richardson, 2002; Xu et al. 2010) and onto the surfaces of the otoconia crystal (Xu et al. 
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2010). In cichlid fish, alpha tectorin is mainly located in the sensory part of all three otolithic 

maculae, whereas in the southern flounder (flatfish, Paralichthys lethostigma) it occurs 

specifically in the sensory part of the saccular macula (Wang et al., 2011). In fish, alpha 

tectorin seems to be associated with the development of the sensory hair and supporting 

cells of the otolithic maculae. However, in birds, alpha tectorin was exclusively expressed 

within supporting cells (Warchole and Speck, 2007).  

Based on the finding that alpha tectorin occurs within all tree otoliths, it could be assumed 

that alpha tectorin co-occurs in the otolithic membrane and otoliths. Here it may function as 

connector between otolith, otolithic membrane and sensory maculae. 

 

As verified for alpha tectorin, otogelin is also located in the sensory part of the utricular and 

saccular maculae in cichlid fish (this study) and in mammals (Cohen-Salmon et al., 1997; 

Simmler et al., 2000; El-Amraoui et al., 2001). In contrast to those findings, in another fish 

species, the southern flounder (Paralichthys lethostigma), otogelin was not detected in 

sensory parts of the maculae, in the flanking transitional epithelium (Wang et al., 2011). 

Otogelin was moreover not detected in the cupula organs of the cichlid fish although it had 

been described in mammals and the southern flounder (Cohen-Salmon et al., 1997; Simmler 

et al., 2000; El-Amraoui et al., 2001; Wang et al., 2011). 

Otogelin seems to have a quite different expression pattern when comparing mammals and 

flat fish, as it was expressed during cichlid fish development of the inner ear only in a distinct 

timeframe between developmental stage 9 and 14. Thereafter otogelin expression had 

disappeared completely in the inner ear as it had been described for SPARC and otoconin.  

It was assumed that in the mammalian inner ear, otogelin is responsible for an increase in 

the rigidity of the membranes and/or it might mediate the attachment of the otoconia 

(Goodyear and Richardson, 2002). In fish, otogelin seems to play a more specialized role 

and it could be assumed that it is required for the attachment and adjustment of the otolith 

primordia onto the primordial maculae during otolith assembly. However, the concrete 

function of otogelin is currently unknown and therefore further studies concerning the otolith 

and as well otolithic membrane assembly are required. 

Based on the occurrence of otogelin in all acellular matrixes of the mammalian inner ear (in 

the otolithic membrane, the cupula organs and the tectorial membrane) it was speculated 

that otogelin might be the first inner ear specific matrix molecule that has appeared during 

evolution of mammals and that the other tectorins may have appeared later (Goodyear and 

Richardson, 2002). However, otogelin was identified as a member of the otolith matrix 

proteins (Chapter 2.1.1.3) and it was demonstrated that otogelin appeared only transitorily in 

the otolithic organs in lower vertebrates (Chapter 2.2). From both findings, it is concluded 
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that the occurrence of otogelin in the mammalian acellular membranes should have another 

function as compared to fish and might have evolved later in evolution. 

 

Transferrin carries iron into cells by receptor-mediated endocytosis. Iron is dissociated from 

transferrin in a nonlysosomal acidic compartment of the cell and the provision of intracellular 

iron is required in general for cell division (Yang et al., 1984; Park et al., 1985; Bowman et 

al., 1988). It was also detected in the developing inner ear of cichlid fish and was expressed 

in all membranes of the macula organs, cupula organs and semicircular canals. Here, 

transferrin might be required mainly for cell proliferations.  

Besides the function of transferrin in cell proliferations it was also identified in the 

proteinaceous matrix of cichlid fish otoliths (Chapter 2.1.1.3) and it was only deposited to the 

sagitta (Chapter 2.3). However, based on the occurrence in all membranes of the inner ear, 

transferrin was not specifically restricted to the saccule, even in late developmental stages. 

In the saccule, transferrin is expressed in the MAv so this might be the source of transferrin 

in otoliths. However, it is also expressed in the MAcf and MAcp of the utricule, but not 

deposited to the lapilli. To explain the results, two different hypotheses have been set up. 

The first hypothesis is based on the fact that transferrin is only expressed in the ventral part 

of the saccule. In this part, also otolin-1 is expressed, so otolin-1 might be required for 

transferrin deposition into the sagitta. 

The second focuses on a source outside of the inner ear. Transferrin was detected in a 

structure closely related to the saccule, the vestibular ganglion (data not shown). In contrast 

to the ganglion of the saccule, transferrin was not detected in the ganglion of the utricule and 

lagena. Therefore, transferrin might be transported from the saccular ganglion via the macula 

sacculi and deposited into the sagitta. Further studies are required for an absolutely certain 

identification of the source of transferrin within the sagitta. 

 

In cichlid fish myosin light chain 9 (MYL9) occurred in the tissues of the otic cavity 

(developmental stage 9). Furthermore, here it was demonstrated that the expression of 

MYL9 occurs only in a very distinct timeframe, parallel to the initial calcification onto the 

proteinaceous primordia (Chapter 2.2.2.3). Therefore, it could be assumed that MYL9 

regulate the onset calcification of the initial otolith core as it is considered to be a calcium 

binding protein. 

Moreover, the expression of MYL9 co-occurs with a fundamental change in the spatial 

expression pattern of OMP-1. From this finding, it might be assumed that MYL9 could serve 

as a transcription factor, too. 
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It is generally believed that otolin-1 is associated with the inner ear formation. In cichlid fish, 

as described in this paper, it appeared relatively late during inner ear formation in 

developmental stage 15 (7dpf at 20°C). In two other fish species, comparable results were 

obtained, at 50hpf in medaka and at 72hpf in zebrafish (Nemoto et al., 2008; Murayama et 

al., 2005). However, the late occurrence in Oreochromis mossambicus could indicate a 

delayed inner ear development, related to the developmental pattern of a mouth breeding 

fish species. 

The spatial expression of otolin-1 in the saccule and the absence in the utricule and in the 

lagena is characteristic for cichlids and zebrafish (Murayama et al., 2005). In contrast to the 

latter fish species, otolin-1 was expressed in the utricular and saccular maculae in medaka 

(Nemoto et al., 2008). 

In the saccule, the otolin-1 expression is especially restricted to the ventral meshwork area 

(MAv) in cichlids. However, in the zebrafish, otolin-1 expression occurs in both, the dorsal 

and ventral meshwork areas (Murayama et al., 2005). Additionally, in the rainbow trout 

(Oncorhynchus mykiss), the chum salmon (Oncorhynchus keta) and the bluegill (Lepomis 

macrochirus) otolin-1 was also expressed in the meshwork areas, reported as the „marginal 

zone of the epithelia“ (Davis et al., 1995, 1997; Murayama et al., 2002, 2004). In medaka, 

otolin-1 occurs additionally in the meshwork areas of the saccule also in the utricule (Nemoto 

et al., 2008). 

Besides the occurrence in the otoliths, otoin-1 also appears in the otolithic membrane, 

between the otolith and sensory macula (Davis et al., 1997; Murayama et al., 2002, 2003) 

and it was assumed that it functions as connector between the otolith and macula. Moreover, 

knockdown analysis indicated that otolin-1 is involved in the correct positioning of fish otoliths 

and their correct vertical anchoring to the sensory macula during development (Murayama et 

al., 2005). Based on the results in cichlids it is assumed that otolin-1 is stabilizing the vertical 

hanging sagitta close to the macula to prevent irregular movements of the otolith (during 

swimming) in the auditory perception.  

Otolin is a general member and stabilizing constituent of all vertebrate statoliths (otoliths and 

otoconia). However, contrary reports concerning the occurrence of otolins in mice otoconia 

were given by Zhao et al. (2007) and Thalmann et al. (2006). The appearance in mammals is 

reported for the cells located in the transitional epithelia of the utricle and saccule (Zhao et 

al., 2007), here otolin seems to be restricted to the supporting cells (Deans et al., 2010). In 

addition to the macula organs, otolin also occurs in the cristae, the ampullae of the 

semicircular canals and in the cochlea (Deans et al., 2010) and in all extra cellular matrixes 

of the inner ear, including the tectorial membrane and otoconial membrane (Zhao et al., 

2007; Deans et al., 2010). 
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3.3.1 Developmental multi-step model of otolith assembly and mineralization 

 

Following the results of this dissertation, the originally assumed two-step model for the 

formation of inner ear (Hughes et al., 2006) in lower vertebrates and especially the changes 

in embryonic and larval development in the course of the arrangement of otoliths and 

maculae should be upgraded to a multiple step system.  

It is generally accepted that for the correct formation of the whole otolithic organ, there are 

essential preconditions to be achieved. Some of these requirements are the correct induction 

and formation of the otic cavity, the specification and differentiation of the maculae, the 

establishing of the correct ionic extra cellular and otocyst environment, the production and 

export of the otolith matrix proteins, the setup of the gelatinous membrane, the assembly of a 

protein core and the initiation of the crystal formation on the otolith primordial (Hughes et al., 

2006). These preconditions were concluded from numerous developmental studies 

concerning the early inner ear and otolith formation (Whitfield et al., 2002; Hughes et al., 

2006). All these preconditions have to occur during a short developmental time frame (from 

stage 7 to 9) to realize the inner ear formation (Chapter 2.2). 

  

Based on previous investigations, the initial formation of the otolith primordia was extensively 

investigated. However, knowledge concerning these processes is only heterogeneous and 

especially the developmental details and specific patterns of different phases regarding 

proteomics or breaks in otolith crystallization were investigated in very specialized details. In 

the light of the numerous developmental studies and the results in cichlids, eight phases of 

different successive steps during cichlid fish otolith development could be defined (Chapter 

2.2). 

 

The onset of otolith formation in phase zero (otolith seeding and core formation) is the well-

known seeding process (Riley et al., 1997; Colantonio et al., 2009; Yu et al., 2009) and in 

Oreochromis mossambicus, this process takes place in developmental stage 7 resembling 

the circumstances in the zebrafish. The otolith formation in fish starts with the aggregation of 

free-floating protein particles (seeding particles) within the otic cavity. These seeding 

particles are agglutinating throughout the action of ciliated cells (tether cells) of the 

developing maculae that extend in the otic cavity (Riley et al., 1997). In this process, the 

tether cells adhere the seeding particles onto their modified stereocilia. During this process, 

additional ciliated cells, with a motile cilium, are establishing a fluid flow in the otic cavity, 

which supports the binding of the core particles onto the tether cells (Colantonio et al., 2009; 

Yu et al., 2009) and possibly the distribution of morphogen factors. 

Malfunctions in this process, as described for the zebrafish monolith mutants (Riley and 

Grunwald, 1996; Riley and Moorman, 2000), caused only one single otolith found either on 
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one of the two early maculae or at an ectopic location in the inner ear. Without the monolith 

gene signal, the early tether cells were not capable of binding pre-otolith core particles and 

attaching them to developing sensory maculae (Riley and Grunwald, 1996; Riley and 

Moorman, 2000). In these animals, a single otolith is formed from the free-floating otolith core 

particles and attaches later in development to either of the sensory epithelia, depending on 

the individual orientation of these fish towards the gravity vector (Riley and Moorman, 2000). 

Therefore, a proper seeding process is required for the correct formation of the anterior 

(lapillus and posterior (sagitta) otoliths. 

Here it was shown that during formation of the seeding particles and the initial otolith core 

only the matrix proteins OMP-1, SPARC and otoconin are expressed. The function of 

SPARC and otoconin in the otolith core formation was previously described (Petko et al., 

2008; Kang et al., 2008). According to Petko et al. (2008), otoconin is thought to be an 

important factor in this process and accounts for 90% of the total protein of the otoconial core 

(Verpy et al., 1999; Wang et al., 1998; Hughes et al., 2006).  

However, in contrast to SPARC and otoconin, morpholino knockdowns indicated that the 

protein OMP-1, which was also present during this process, was not necessarily required for 

the correct otolith seeding (Murayama et al., 2005). 

Besides the involvement of OMP-1, otoconin and SPARC in the otolith core formation, these 

proteins have the ability to bind calcium. However, the onset of primordia calcification was 

first detected in the second phase. Following the results in cichlids the initial calcium-binding 

proteins were present before calcium carbonate crystals were detected and therefore it could 

be concluded that these proteins might serve two different functions during otolith formation. 

The first in the assembly of the otolith core and the second in the later initiated calcification. 

However, not all proteins interacting in this process might be currently identified. Here, 

probably the in otoliths unidentified proteins, alpha fetuin and countertrypin (Thalmann et al., 

2006; Zhao et al., 2007) could be required.  

Moreover, the correct ionic extra cellular and otocyst environment, which is required for the 

formation of the otolith core, was also established relatively early during cichlid fish inner ear 

development (stage 7). This was demonstrated in the early presence of carbonic anhydrase 

that catalyze the interconversion of carbon dioxide and water to bicarbonate, in the 

developing inner ear of Oreochromis mossambicus (Beier and Anken, 2006). In addition, the 

carbonic anhydrase functions later in the appropriation of bicarbonate ions for the otolith 

mineralization (Beier et al., 2004; Erway et al., 1986; Mugiya, 1986; Tohse and Mugiya, 

2001). During the appearance of the tether cells, carbonic anhydrase reactivity was 

prominent in the cells of the dorsal otic cavity epithelium as well as in the developing 

maculae, whereas enzyme reactivity was absent in the region of the precociously forming 

ionocytes (Beier and Anken, 2006). The ionocytes are required to maintain ion homeostasis 
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in the endolymph and are responsible for the establishing of a pH value that is necessary for 

carbonate deposition on otoliths (Beier et al., 2004; Mayer-Gostan et al., 1997; Erway et al., 

1986; Mugiya, 1986; Tohse and Mugiya, 2001). Although, the ionocytes appear later during 

inner ear development (Muders, 2002), when otolith calcification has long begun (Beier and 

Anken, 2006). Therefore, the carbonic anhydrase functions in the developing inner ear in two 

processes. The first, in the establishing of the ionic environment for normal export and 

processing of matrix proteins and the second, later on in the otolith mineralization based on 

the ionocytes.  

The end of this phase was characterized by the appearance of the proteinaceous otolith 

primordia. 

 

The first phase was defined on the occurrence of not calcified otolith primordia, the first 

differentiation of the maculae and the appearance of the first sensory hair cells. However, 

this phase was up to now not differentiated in the grounding literature (Hughes et al., 2006), 

but the seeding process (phase zero) was clearly finished throughout the further 

differentiation of the tether cells to the first sensory hair cells. The findings in Oreochromis 

mossambicus support the results of Tanimoto et al. (2011) reporting in the zebrafish that the 

first sensory hair cells, which comprise kinocilium and stereociliary bundles, are originating 

from the tether cells.  

Additionally in this phase, the appearance of further hair cells (up to four in developmental 

stage 8) were detected, which developed independently from the tether cell within the 

otolithic prae-maculae.  

The end of this phase was defined by the onset of primarily calcification. 

 

The second phase is characterized by the onset of the otolith calcification, the appearance 

of the first sensory supporting cells and markers specific to the otolithic membrane. Due to 

the results of the present dissertation, the primordial appearance of the otolith matrix 

proteins, alpha tectorin, otogelin and myosin, light chain 9 had also to be stated as 

characteristic for the second phase. 

The first calcium deposition to the otoliths, as it was proven in this study, occurs in cichlids in 

developmental stage 9, whereas the first non-calcified proteinous otolith core particles had 

appeared at the end of the seeding process (stage 7 late). However, less is known about the 

otolith calcium supply, but  it was previously reported that in zebrafish the calcium-ATPase 

atp2b1a is required for otolith mineralization by means of morpholino knockdowns (Cruz et 

al., 2009). However, the calcium pump atp2b1a is already in existence in the otic placode 

stage, before the otolith primordia had formed (Cruz et al., 2009). 
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Moreover, in this second phase, the supporting cells of the maculae in fish appear. 

Concerning the otolith matrix proteins, alpha tectorin was exclusively expressed in supporting 

cells (Warchole and Speck, 2007) and it was present in the second phase (developmental 

stage 9) onwards in the cichlids.  

In addition, it is discussed that the proteins otogelin and alpha tectorin, which both appear in 

this phase, are the major non-collagenous glycoproteins in all vertebrates inner ear acellular 

gelatinous membranes, including the tectorial membrane of mammals, cupula organs and 

the otolithic membranes of the utricule and saccule (Cohen-Salmon et al., 1997; Legan et al., 

1997; Rau et al., 1999; Simmler et al., 2000; El-Amraoui et al., 2001; Goodyear and 

Richardson, 2002; Xu et al. 2010; Wang et al., 2011). The appearance of both proteins in 

developmental stage 9 indicates a relatively early formation of the otolithic membrane in 

cichlids. A further marker of the otolithic membrane, beta tectorin, was expressed during a 

comparable developmental stage of the zebrafish inner ear (Yang et al., 2011). The end of 

this phase was characterized by a change in the expression pattern of OMP-1 from an entire 

staining of the whole otic cavity to a spatial differentiated one. 

 

In addition to the previously described phases, further four new phases of cichlid fish otolith 

development were defined in the present study, which comprised of the embryonal and larval 

development (Figure 11; phase 3 to 6). These phases were derived from morphological and 

expression data of the otolith matrix proteins and they especially correlate with several 

changes in the otolith morphology and shape of the otolith surfaces. Therefore, the functional 

meaning of these phases might be due to a specific functional formation of the otolith 

morphology and surface. However, these new phases were not reported in literature, 

because all previous investigators mainly focused on fish early inner ear development, or 

later on the adult saccule (Davis et al., 1995, 1997; Kang et al., 2008; Murayama et al., 2002, 

2004, 2005; Petko et al., 2008; Tohse et al., 2008). 

 

Phase three was defined throughout the disappearance of MYL9 and the spatial restriction 

of OMP-1 from an entire staining of the otic cavity to a ventral one.  

 

For phase four, the formation of the definitive utricule, saccule and semicircular canal 

organs were characteristic. Moreover, the appearance of otoconin was restricted to the 

sensory maculae only. 

 

In the time frame of phase five otoconin was completely absent and otolin-1 was initially 

expressed in the inner ear. This phase might mark the transition to functional otolithic organs 

throughout the beginning shaping of the otolith sulcus areas. 
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In the course of this phase six, SPARC gradually disappeared in the otolithic organs and the 

otolin-1 positive region in the saccule extended. Therefore, this phase mark the final 

transition to the last phase of otolith development, the daily growth of the otoliths. 

 

In phase seven, the otoliths continue to grow throughout the life of fish, with daily accretion 

of layers of matrix proteins and deposited calcium carbonate, as is common in other fish 

species (Borelli et al., 2003b). In cichlids the otolith matrix proteins OMP-1, otolin-1, alpha 

tectorin and transferrin remained in the inner ear. However, also otolith matrix protein 

neuroserpin might also be deposited (Chapter 3.2.2). 

It could be assumed that these remaining proteins are mainly required for the otolith growth, 

whereas the others might be responsible for a proper otolith development. Therefore, these 

proteins are of special interest for the gravitational biological research especially in the 

involvement of otolith asymmetries and hence in the susceptibility to kinetotic behavior. 

 

Consequently, it was able to be shown that the otolith formation and mineralization is a highly 

dynamic, multi-regulated process controlled by different proteins. Especially the detected 

phases of different otolith matrix protein compositions accompany and have direct effects on 

the otolith mineralization, morphology and crystallization. The detailed functions of certain 

involved proteins, especially alpha tectorin, otogelin, MYL9 and transferrin during the otolith 

formation was, up to now, not determined and so the reason for the different detected 

phases of otolith matrix protein compositions remained unclear. 

 

 

3.4 Formation of the cichlid fish skeleton during development concerning 

the SPARC and OP-L expression  

  

In this study, it was proved that the development of the inner ear otoliths as part of the 

vertebrate mineralized tissues was separated in eight distinguishable phases. Continuative to 

this result, the primordial appearance of the fish skeleton in conjunction with the expression 

of the matrix proteins was of interest in this dissertation. 

Fish are accepted to be a suitable model organism for the study of cranial and as well axial 

skeletal development and the processes of tissue mineralization. Especially cichlids turned 

out to be of interest to study skull formation. Here particularly the feeding apparatus as part 

of the skull was specifically adapted in the light of evolution throughout their explosive 

adaptive radiation (Fryer and Iles, 1972; Kocher, 2004; Fujimura and Okada, 2008). 

Cichlid fish are an important aquaculture species and are models for research on vertebrate 

physiology, behavior, and evolutionary biology (Lee et al., 2010). Up to date the genetic 
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resources for tilapia are well developed (Lee et al., 2010). This includes a microsatellite-

based genetic map (Lee et al., 2005), a physical map based on BAC fingerprints (Katagiri et 

al., 2005), EST resources that rivals other model fish species (Rise et al., 2004; Li et al., 

2007; Lee et al., 2010) and the Broad Institute has released the first version of the tilapia 

genome. 

In this study, it was focused on the skeletogenesis depending on the bone matrix proteins 

SPARC and OP-L (Chapter 2.6). In the course of several investigations (Bobe and Goetz, 

2001; Fonseca et al., 2007) it was previously shown that OP-L is the fish orthologous to the 

mammalian osteopontin. Osteopontin is a highly phosphorylated glycoprotein containing an 

adhesive amino acid sequence motif that can interact with several integrins (Liaw et al., 

1995). However, only little was known about the tissue specific expression. Bobe and Goetz 

(2001), as well as Fonseca et al. (2007) could show that OP-L is mainly expressed in some 

mineralized tissue like bones or teeth and also in several soft tissues. 

In contrast to OP-L, the molecular constitution of SPARC is more complex (details see 

Chapter 3.2.1) and SPARC is especially found in embryonic and adult tissues that undergo 

active proliferation and dynamic morphogenesis (Holland et al., 1987; Sage et al., 1989; 

Damjanovski et al., 1994, 1998; Yan and Sage, 1999; Bradshaw and Sage, 2001; Renn et 

al., 2006). During fish development, SPARC occurs in nearly every organ and tissue 

including brain, kidney, liver, heart, gill, spleen, skin, musculature, eye, ear, bones, tooth, 

notochord and cartilage (Renn et al., 2006) at least in a distinct developmental timeframe. 

In embryonic and larval development, the expression of bone matrix proteins (SPARC, OP-L, 

OC) occurred in the phase of mesenchymal osteoblast-cell aggregation and during the 

formation of matrixes for the composition of connective tissues. Their occurrence differs in 

temporal and spatial distribution. Especially in lower vertebrates, the evidences for their 

occurrence provided are fragmentary (Li et al., 2009). 

 

 

3.4.1 Formation of the cichlid fish skull skeleton and axial skeleton 

 

The first involvement of the chosen markers in the skull formation was detected in the 

mesenchyme of the splanchnocranium (Chapter 2.6.3.1). Here SPARC was strongly 

expressed and so it was able to confirm the finding of previous investigations (Estêvão et al., 

2006; Rotllant et al., 2008) that SPARC precedes chondrogenesis. In this process, it was 

also detected in gilthead seabram (Sparus auratus; Estêvão et al., 2006) and in zebrafish 

(Danio rerio; Rotllant et al., 2008). However, these findings were not confirmed in Renn et al. 

(2006) for medaka (Oryzias latipes) in the focus of the postcranial skeleton (Renn et al., 

2006). SPARC is a known part of a cascade of genes that regulate cartilage morphogenesis 
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in zebrafish (Rotllant et al., 2008). SPARC is directly involved in differentiation of cells within 

pharyngeal pre-cartilage condensations and functions downstream of the gene sox9a and 

upstream of col2a1a in the cartilage differentiation (Rotllant et al., 2008). From this it is 

concluded that SPARC may function as a transcription factor. The occurrence of SPARC in 

this cascade is supported by the results concerning chondrogenesis in the eldest part of the 

fish skeleton, the splanchnocranium. However, SPARC was not detected in the developing 

cartilages of the chondrocranium and axial skeleton (Chapter 2.6.2 and 2.6.3.2), which is in 

line of the results of Renn et al. (2006). This might indicate an independent appearance of 

the splanchnocranium and all other cartilages. However, it remained unclear why two 

independent cascades with the same target, cartilage, had developed in the course of 

evolution. Self-evident OP-L as an exclusive calcification marker (bones, teeth) was not 

detected during the chondrogenesis. 

Based on this finding it could be assumed, that there could be a phylogenetically relation 

between the chondrocranium and the axial skeleton, which had been specially adapted to 

contribute, reinforce and protect the brain in modern fish species.  

 

In general, formation of the cranial cartilages and bones in Oreochromis mossambicus 

follows the scheme of skull development characteristic for teleosts (Chapter 2.6.3) 

(Aumonier, 1941; Wagemans et al., 1998; Kang et al., 2004) with special emphasis of 

Fujimura and Okada (2008) for O. niloticus. 

The expression of OP-L and SPARC in fish skull bones is comparable to several genes 

involved in the cranio-fascial development, as it was shown in the zebrafish. Here especially 

the gene dermacan and those of the dlx (Kang et al., 2004; Verreijdt et al., 2006) show a 

similar expression pattern during development. This suggests that dermacan and the genes 

of the dlx family are co-expressed with OP-L and SPARC or mediating its expression.  

Dermacan shows the same expression pattern as OP-L and SPARC and is characteristically 

expressed in the zebrafish cranio-fascial dermal bones, in the formation of the opercule, the 

branchiostegal rays and the dentary (Kang et al., 2004). All bones of the visceralsceleton 

show dlx-gene expression, whereas they are expressed in endoskeletal and dermal bones 

as well as OP-L and SPARC. They are expressed in the bones associated with the maxilla 

and mandible like the hyoid and branchial arches and the opercular series (Verreijdt et al., 

2006). 

It was assumed that the OP-L protein plays a similar role in bones of fish like the osteopontin 

in mammals (Fonseca et al., 2007). Osteopontin in mammalian bones is regulating the 

calcium-phosphate crystal distribution during mineralization of the mineralized bone tissue 

and it additionally mediates the activity of osteoclasts (Beck et al., 2000; Ito et al., 2004; 

Pampena et al., 2004; Gericke et al., 2005). OP-L expression was also observed in typical 
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multinucleated osteoclasts, which are rarely occurring in fish. This osteopontin expression is 

similar to that of the mammalian osteoclasts (data not shown).  

Furthermore, OP-L and SPARC were expressed in the flattened osteoblast-like cells, which 

are covering cartilagous elements (Chapter 2.6.2 and 2.6.3). These findings are consistent 

with the previously described perichondral OP-L domains undergoing the enchondral 

ossification (Laue et al., 2006).  

The findings of Avaron et al. (2006) were confirmed regarding the early occurrence of 

osteoblast-like cells, which later in the course of development build the endoskeleton.  

The early occurring osteoblast-like cells observed by Avaron et al. (2006) and in this study, 

are later on building up the bony parts of the endoskeleton. These findings clearly indicate 

that the bony endoskeleton is determined early in development. The osteoblast-like cells 

emerge together with the underlying cartilage, which later form the mineralized bone tissue 

and replace the cartilage. The osteoblast-like cells can be identified around the cartilage of 

several perichondral ossified bones e.g. the vertebrae and the bones of the 

splanchnocranium. 

 

 

3.4.2 Calcification concerning the OP-L and SPARC expression  

 

The calcification of nearly all cranial bones occurs simultaneously with the OP-L and SPARC 

expression (Chapter 2.6.2 and 2.6.3). It was supposed that calcification starts after bone 

matrix protein expression (Renn et al., 2006; Li et al., 2009). This conclusion was based on 

the results derived from alizarin red staining procedure for calcified tissues. This was proven 

and it was found that typically OP-L and SPARC appear together with the initial calcium 

deposition stained by alizarin-complexone. Typically one to two stages later, the calcified 

tissues appear in the alizarin red staining, as it was demonstrated in the zebrafish (Li et al., 

2009). Leading to the conclusion that the calcification initiates simultaneously with OP-L and 

SPARC. 

 

 

3.4.3 Development of the segmented fin rays (lepidotrichia) 

 

Lepidotrichia are bony, bilaterally paired, segmented fin rays found in bony fishes. They 

develop around actinotrichia as part of the dermal exoskeleton, are actually segmented and 

appear as a series of disks stacked one on top of each other (Mountes et al., 1982; Becerra 

et al., 1996; Durán et al., 2011). In developing caudal fin there was found a special sequence 

in which the OP-L and SPARC expression domain emerge, followed up by the calcification 

(Chapter 2.6.2). These findings are in agreement with analysis concerning the differentiating 
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bony lepidotrichia in the caudal fin of rainbow trout (Oncorhynchus mykiss; Géraudie and 

Landis, 1982). Here the OP-L and SPARC expression domains are indicating the 

differentiating osteoblasts, which will later form the bony hemisegments of the lepidotrichia. 

These domains are located lateral of the non-mineralized proteinaceous rays, the 

actinotrichia. During the further growth of fins, the actinotrichia extend parallelly with the 

expression domains of OP-L and SPARC, which mark the development of lepidotrichia. 

 

 

3.4.4 Expression of OP-L in non-mineralized soft tissues 

 

In contrast to Bobe and Goetz (2001), evidence was found that OP-L is not expressed in 

ovary, testis, intestine, stomach, spleen gills and brain from stage 10 to 25 during cichlid fish 

embryonic and as well early larval development. Bobes and Goetz`s findings in the ovary 

and testis of adult trout may indicate that OP-L is only expressed in functional organs and not 

during developmental stages. The reports of Fonseca et al. (2007) was confirmed, that no 

expression in intestine, stomach, spleen and brain was detected.  

 

 

3.5 Fish anosteocytic fish bones: First evidence for an intra cellular 

biomineralization in vertebrates 

 
  
The fully differentiated anosteocytic bones, like these of Oreochromis mossambicus, are 

characterized by several elements unusual for cellular bones, such as a change in the bone 

mineral system, the occurrence of mRNA within the osseus, the absence of osteocytes within 

the osseus and the occurrence of spindle shaped periost cells on the bone surface (Chapter 

2.7).  

 

 

3.5.1 A change of the bone mineral system in cichlids 

 

In contrast to normal cellular bones of mammals and fish, the bones cichlids fish are mainly 

composed of calcium carbonate and rather of normal calcium phosphate. That finding, which 

indicates a change in the mineral system was concluded from the different methods applied 

(Chapter 2.7.2). The change in the mineral system emphasized the evolutionary position of 

Oreochromis mossambicus and is in contrast to the results obtained from the cellular bones 

of the sea breams (Hughes et al., 1994), which process a calcium phosphate skeleton 

(Squarus aurata; Pombinho et al., 2004) and also the well-known mammalian bones. 
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However, changes in the mineral systems between calcium carbonate and calcium 

phosphate can be achieved relative simply on the grounds that the same biochemical 

machinery can function in both mineral systems (Knoll, 2003). 

This different mineralization system might be caused by the availability of phosphate-ions in 

the different environments. In water environments phosphate is rare and often known as a 

limiting factor. In view of these facts, it is assumed that the change from calcium phosphate 

to carbonate in the anosteocytic bones of fish might reflect an evolutionary effect concerning 

this ecological limitation. 

In contrast to mammalian cellular bones, the anosteocytic bones are under normal 

environmental conditions metabolically inactive and undergo little remodeling or mineral 

changes (Moss, 1962; Fleming, 1974; Simkiss, 1974; Dacke, 1979). Moreover, the 

mammalian bones are used as a physiological phosphate reservoir. Consequently, the 

changes detected in the mineralization system could also be due to the metabolic inactivity.  

 

 

3.5.2 The spindle shaped periost cells demonstrate specialized osteocytes  
 
 
To identify the source of the bone calcium carbonate, it was focused on the spindle-shaped 

periost cells on the surface of the bones. In these cells, strong carbonic anhydrase reactivity 

was detected (Chapter 2.7.3). This finding indicates that these cells were involved in the 

bone metabolism.  

In contrast to the spindle-shaped periost cells, in the partly occurring typical osteoblasts of 

cichlids no increased staining was observed (Chapter 2.7.5). The finding for the typical 

osteoblasts corresponds to mammalian bones, where carbonic anhydrase activity is also 

absent (Gay and Mueller, 1974; Kumpulainen and Väänänen, 1982; Väänänen and 

Parvinen, 1983; Väänänen 1984). However, carbonic anhydrase activity is only present in 

mammalian bones in osteoclasts (Gay and Mueller, 1974; Kumpulainen and Väänänen, 

1982; Väänänen and Parvinen, 1983; Väänänen 1984). Though, in the use of the tartate 

resistant acidic phosphatase (TRAP) staining as osteoclast marker, a strengthened 

osteoclast activity during cichlid fish development could be excluded (Chapter 2.7.3). 

However, findings of previous investigations confirmed that multinucleated and the dominant 

flattened mononucleated osteoclasts are rare on the bone surfaces (Witten, 1997, Witten and 

Huysseune, 2009; Chatani et al., 2012). 

Based on the results, that a strong carbonic anhydrase activity only occured in the spindle 

shaped periost cells, combined with the exclusion that these cells are osteoclasts, it is 

conclude that these cells could have the functions of osteocytes in anosteocytic bones. 
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3.5.3 The anosteocytic bones might form a syncytium 

 

Besides the spindle shaped periost cells, additionally carbonic anhydrase reactivity was 

detected within the osseus. Here the activity resembles that of non-mineralized tissues 

(Chapter 2.7.4). Moreover, the occurrence of mRNA within the osseus (Chapter 2.7.1) and 

the occurrence of a fractioned plasma membrane between the spindle shaped cells and the 

osseus (Chapter 2.7.4) was proven. Therefore, it could be assumed that the osseus of the 

anosteocytic bones develop syncytium. 

The stained carbonic anhydrase reactivity within the osseus was a quite surprising finding 

because the carbonic anhydrase was an enzyme located in the cytoplasm and therefore it 

should be absent in this part of the anosteocytic bones.  

Moreover, the investigations concerning the occurrence of mRNA in the whole bony tissues 

in the use of in-situ hybridizations on cryostat sections for the bone matrix proteins OP-L and 

SPARC, indicate the presence of mRNA within the osseus. Those findings were additionally 

verified by the histological pararosa-anilline / methylen green staining (Chapter 2.7.1).  

Consequently, two different methods indicate the presences of mRNA.  

Further evidence for a syncytium was given by the occurrence a fractioned plasma 

membrane, detected by antibody stainings in Oreochromis mossambicus. These findings 

concerning the plasma membrane were confirmed by an electron microscopical study 

reporting, that a “plasma membrane was detected in some sections, but not in others” (Weiss 

and Watabe, 1979). However, the authors of this study did not distinguish between the 

spindle-shaped periost cells and typical osteoblasts. The occurrence of a plasma membrane 

in typical osteoblasts towards the osseus was proved by Wendelaar Bonga et al. (1983). The 

antibody staining of PMCA in this study excludes any occurrence of cellular processes and is 

therefore in line with literature (Weiss and Watabe, 1979; Ekanayake and Hall, 1987, 1988; 

Meunier, 1989; Sire and Allizard, 2002; Franz-Odendall and Hall, 2006; Witten and 

Huysseune, 2009). 

Based on the findings concerning the occurrence RNA and carbonic anhydrase activity, 

which accompany a change in the bone mineral system and additionally the fractional 

occurrence of a plasma membrane between the spindle shaped osteocytes and the osseus, 

it is concluded that the osseus should develop within a syncytium. 

Regarding the carbonic anhydrase staining, there is a marked difference between the activity 

in the anosteocytic osteocytes and the osseus. Based on this fact it is assumed that the 

bone-complex of fish is divided into a cellular, ectoplasmic part and a syncycial endoplasmic 

part. In the ectoplasmic part, high carbonic anhydrase reactivity was shown and contrarily in 

the syncycial endoplasmic, it was low. Only in the syncycial endoplasmic part the mRNA of 

the bone matrix proteins occurred.  
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However, the majority of eukaryote mineralizations are extra cellular, including the vertebrate 

bones, teeth and regular bony tissue. It is only reported for some algae that the deposition of 

the biominerals may occur either intra- or extra cellular (Veis, 2003).  

The biological exigency for an anosteocytic bone syncytium is still unknown and needs 

further investigations. However, the formation of the osseus, derived from investigations of 

higher vertebrates including mammals and humans, is known to be formed extra cellular. 

Furthermore, it could be believed that the evolutionary development of the highly specialized 

fish anosteocytic bones is due to the lack of phosphate ions in aquatic environments. The 

data presented indicate, that the mineralization of the anosteocytic fish bones might be a 

very specialized process. 

 

 

3.5.4. The partly cellular bones of cichlids 

 

Besides the most acellular bones in cichlids, partly cellular bones with entrapped cells were 

observed in the basiobranchials of the branchial arches (Chapter 2.7.5). These “osteocytes” 

were clearly apart from the spindle shaped anosteocytic osteocytes and they possibly 

demonstrate entrapped typical osteoblasts, which did not further develop to anosteocytic 

osteocytes.  

In the use of the pararosa-anilline / methylen green staining, lower staining was observed in 

these cells, compared with the anosteocytic parts (Chapter 2.7.5). This result might indicate 

that these “typical osteocytes” are not integrated in the existent bone syncytium. Therefore, it 

could be assumed that the bones of the basiobranchials are a mixed bone, which shows 

characteristics of the cellular and of the anosteocytic bones. 

The finding of particular entrapped cells in the basiobranchials could probably be due to rapid 

growth of these bones, which might be necessary to stabilize the branchial basket during 

feeding. 

 

 
3.5.5 A new model for the formation of the anosteocytic bone in teleost fish 

 

In common cellular bone of fish and mammals, the osteoblasts secrete collagen and ground 

substance. In the course of this process, osteoblasts are entrapped by collagen fibers and 

converted to prae-osteocytes. Further on, the surrounding preosseous matrix calcifies, the 

prae-osteocytes were embedded in the osseous zone and form osteocytes now (Weiss and 

Watabe, 1979). It was assumed that in acellular bones, the osteoblasts recede from the 

mineralizing front and they therefore never become entrapped as prae-osteocytes (Weiss 

and Watabe, 1979). However, it was assumed that this was the only difference to normal 
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cellular bones, but this clearly exclude the occurrence of mRNA, cytoplasmic proteins and 

enzymes.  

Concerning the findings of an appearance of these compounds in the osseus a new model 

had to be developed. Therefore it was proposed that in the first step of bone formation the 

prae-osteoblasts are accumulating in the mesenchyme followed by an osteoblast-phase. 

These osteoblasts ground substance, collagens and calcium phosphate are deposited and 

forming the prae-osseus. The prae-osseus mainly consists of calcium phosphate (ALP 

activity detected by Witten, 1997) and rather of calcium carbonate. 

In the next step, the osteoblasts elongate and develop to the spindle shaped periost cells 

with a flattened nucleus, which form the osteocytes of anosteocytic bones. This 

differentiation also might accompany the formation of the bone syncytium. 

In the development of the osteoblasts into the spindle shaped “anosteocytic osteocytes” the 

ALP activity in osteoblasts is reduced and finally absent in the "anosteocytic osteocytes” 

(according to Witten, 1997). Moreover, the carbonic anhydrase activity was regulated up and 

the ALP activity was regulated down. This carbonic anhydrase activity finally leads to the 

formation of anosteocytic fish bones using calcium carbonate instead of phosphate.  

During the further growth of the bones, new prae-osteoblasts and osteoblasts might develop 

at the surface of the osseus to spindle shaped anosteocytic osteocytes and become 

integrated in the existing syncytium. 

During the later bone remodeling, based on the rarely occurring osteoclasts, it could be 

assumed that their activity might lead to a temporarily and even spatial opened syncytium. 

When this process is finished, the osteoclasts disappear from the bone surface and the 

partially opened syncytium should be closed immediately by the differentiation of osteoblasts 

into the spindle shaped cells. This may lead consequetly to a reconstruction of the syncytium 

and therefore to a recovery of the syncycial endoplasmic environment.  

 

 

3.6 Gravitational effects onto otolith matrix protein expression and their 

involvement in the susceptibility for kinetosis  

 

Besides the role of calcified structures in support of the body, storage of calcium, defense 

from enemies and detoxification of some toxic elements (Knoll, 2003), especially the inner 

ear otoliths play a mayor role in hearing and as gravity sensing organ (Platt, 1983; Popper 

and Fay, 1993; Riley and Moormann, 2000). 

 

The growth of otoliths (throughout the deposition of calcium carbonate) was carried out on 

the left side compared to the right side only in an equally controlled small amount (Anken et 
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al., 2002). It has been argued that bilateral asymmetry is a common feature at all levels of 

organization. For postural control, vestibular afferents thought to be not too asymmetric 

(based on asymmetric inner ear otoliths) in order to stay in the range of the central nervous 

vestibular compensation of bilaterally different inputs (Anken et al., 1998a, b, 2000; 

Darlington et al., 1992). 

However, 10% of the cichlid larvae of a given batch were shown to exhibit a kinetotic 

behavior at the transfer from 1g Earth's gravity to microgravity in the course of parabolic 

aircraft flights (Baumgarten et al., 1972, DeJong et al., 1996, Rahmann et al., 1996; Hilbig et 

al., 2002a, b; 2003) as well as at the transfer from a long-term stay at 3g hypergravity to 1g 

(Rahmann et al., 1996, Anken et al., 1998a, Beier, 1999). Generally, it is believed that motion 

sickness is caused by a mismatch between expected and sensed gravity direction, since 

microgravity acts on the statolithic organs, which respond to linear acceleration. In cause of 

several investigations it was preciously shown that asymmetry of the utricular otoliths, the 

lapilli, was higher in fish which swam kinetotically during the microgravity phase of parabolic 

flights, as compared to normally swimming siblings (Hilbig et al., 2003; Anken et al., 1998a). 

 

A further aim of this study was to question the involvement of the otolith matrix proteins in the 

origin of the otolith asymmetries and to question the asymmetry hypothesis (v. Baumgarten 

and Thümler, 1979) as elicitor of kinetotic behavior based on the matrix protein expression  

 

 

3.6.1 Otolith matrix protein in the adjustment of otolith asymmetries during 

development under hypergravity 

 

Further studies showed that otolith asymmetry is adjusted to the gravitational environment 

(hypergravity e.g. diminishes otolith asymmetry, Anken et al., 1998a, b; Beier, 1999; Anken 

et al., 2002), obviously in order to correspond to the individual efficacy of the neurovestibular 

compensation (Anken et al., 1998a, b).  

It could be assumed that those findings were probably based on an induced change in otolith 

matrix proteins expression, throughout their important function in otolith growth and 

mineralization. To prove that hypothesis the transitional otolith matrix protein expression 

during cichlid fish inner ear development (Chapter 2.2) was chosen. Here, especially the 

otoconin-otolin-1-transition was suitable. 

 

To achieve a successful experiment of that issue, several preconditions in the selection of 

the developmental stage were required, because the early development, including cleavage, 

blastula stage, gastrulation and neurolation, was especially sensitive for gravitational induced 
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developmental defects (Dorfman and Cherdantsev, 1977; Björklund et al., 1991; Neff et al., 

1993, 1996; Ubbels et al., 1994, 1997; Yokota et al., 1994; Souza et al., 1995; Black et al., 

1996; De Maziére et al., 1996; Niewkoop et al., 1996; Gordon, 1999; Aimar et al., 2000; 

Dournon et al., 2001; Gualandris-Parisot et al., 2001, 2002; Olson et al., 2010; Crawford-

Young, 2006; Kawakami et al., 2006; Olson et al., 2010). 

Moreover, during inner ear development especially the initial step of otolith formation the 

seeding process (Chapter 3.3.1) seemed to be sensitive for gravitational effects. Moorman et 

al. (1998) demonstrated that under simulated microgravity (rotating vall vessel) some of the 

experimental animals had missing otoliths. This finding possibly based on the fact that a 

normal gravitational force vector was required for the appropriate interaction between tether 

cells and seeding particles (Moorman et al., 1998). Furthermore, no effect on the otolith 

formation was determined after exposure to simulated microgravity when the initial seeding 

step was finished and the otolith primordia had appeared (Moorman et al., 1998). 

Therefore, the experimental setup fish embryos, which had reached developmental stage 10, 

were used, because the early developmental steps (including the cleavage, gastrulation and 

neurolation) were finished and the first otoliths had appeared.  

 

In this set of experiments it was proven that the temporal and spatial expression of otolin-1 

and otoconin was not affected, after growth under hypergravity conditions, compared to 1g 

controls (Chapter 2.4). Therefore, the development under changed gravity conditions was 

stable, when the early embryonal development was finished and the organogenesis had 

begun. 

In line with the results for the inner ear, an effect of changed gravity conditions onto the 

organogenesis was also not observed in other tissues in previous investigations (Ijiri, 1998; 

Dournon et al., 2001; Gualandris-Parisot et al., 2002). Contrarily Snetkova et al. (1995), 

Olson et al. (2010) reported some effects of space flight microgravity and simulated 

microgravity, like significant differences in body or tail length, caudal lordosis, or changes in 

notochord size and shape. However, the causes of these developmental effects are based 

on vibration stimuli during space flight and clinostat rotation (Olson et al., 2010). Therefore, 

only slight effects could be ascribed to microgravity (Olson et al., 2010). 

 

Based on the results, the selected matrix proteins seems not to be critical for the adjusted of 

otolith asymmetries in changed gravitational environments (Anken et al., 1998a, b, Beier, 

1999, Anken et al., 2002). Therefore, the calcium incoperation as well the crabonic 

anhhdrase activity (source of carbeonat, Beier et al., 2002; 2004; Anken et al., 2004) might 

be responsible. 
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3.6.2 Otolith matrix protein – 1 expression pattern effect kinetotic behavior 

 

The next experiment under changed gravity condition focused on the possible involvement of 

the OMP-1 and otolin-1 expression pattern in the susceptibility for kinetotic behavior (Chapter 

2.5). 

 

 

3.6.2.1 The use of short-term hypergravity stimulation to introduce kinetosis 

 

In a set of experiments short-time hypergravity stimulation was used the first time to induce 

kinetosis in fish. Applying that method, 10% of the cichlid larvae kinetic behavior was elicited, 

in the transition to normal Earth’s gravity (1g; Chapter 2.5.2). This reaction was comparable 

to previous investigations, concerning kinetotic behavior during the microgravity phases of 

parabolic flights (Hilbig et al., 2002a,b; 2003). 

Moreover, in the individual otolith analysis, it was shown that there was a significant higher 

asymmetry concerning the lapilli, whereas an asymmetry concerning the sagitta was not 

observed (Chapter 2.5.2). These findings are in line with earlier experiments (Hilbig et al., 

2002; Anken et al., 1998a), which showed that specimens behaving kinetotically during the 

low-g-phases of PAFs or at the sudden transfer to normal gravity after development at 

hypergravity (centrifuge) have a significantly higher asymmetry of utricular otoliths (lapilli) as 

compared to the fish who swam normally. These results support the assumption that 

maintaining postural control at altered gravity is mainly based on the central vestibular 

compensation of bilaterally different vestibular inputs (Hilbig et al., 2002). The individual 

visual performance, however, seems to play an important role in the efficiency of the 

individual neuronal compensation (Clement and Berthoz, 1995; Hilbig et al., 1996; Ijiri, 1995). 

Indeed, the occurrence of normal-asymmetric animals indicates that their level of asymmetry 

was beyond the range of the vestibular compensation (at ∆g), which may have caused the 

brain to rely on visual rather than on vestibular cues (Hilbig et al., 2002). 

Consequently showing that short-term hypergravity stimulation is an adequate method to 

introduce kinetotic behavior, in line with the findings of earlier experiments. 

 

 

3.6.2.2 The expression pattern of OMP-1 correlate with the otolith morphology 

 

The first step was the detailed expression analysis of OMP-1 and otolin-1 in developmental 

stage 20 regarding utricule and saccule (Chapter 2.5.1). Thereby it was shown, that the 

OMP-1 positive region in the maculae corresponds with zones of higher amounts of calcium 
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carbonate deposition onto the otoliths. Especially onto the upper and lower side, bolster 

along the acustic sulcus of the sagitta were observed. Previous analyses by calcium tracers 

are in line with these finding, where in the sagitta calcium incorporation takes place at the 

proximal surface of the otolith adjacent to the sensory epithelium (Beier et al., 2003).  

The OMP-1 expressing regions correspond with the meshwork areas (compare Beier et al., 

2006), which are carbonic anhydrase-positive (source of carbonate) and contain the 

ionocytes (source of calcium; Beier et al., 2006).  

This finding indicates, that the calcium carbonate appropriation and deposition is directly 

associated with the occurrence of OMP-1. Therefore it is assumed that secreted OMP-1 was 

placed at the surface of the otolith and that recommitted calcium and carbonate were bound 

by OMP-1 and at last forming calcium carbonate crystals.  

It was a surprising finding that otolin-1 was proven, in contrast to OMP-1, exclusively in the 

saccule of cichlids. However, all previous investigators focused onto the saccule (Davis et 

al., 1995a, 1997; Murayama et al. 2002; 2004) in cause of the hearing process (Platt, 1983; 

Popper and Fay, 1993). As shown, otolin-1 expression follows the shape of the sulcus 

acusticus area of the sagitta (Chapter 2.5.1), although a specific calcium-binding domain is 

absent. 

It was previously reported for the saccule that otolin-1 also occurs in the otolithic membrane, 

which links the otolith to the sensory macula (Davis et al., 1995a, 1997; Murayama et al. 

2002; 2004) and it was shown that it is especially involved in the correct positioning of fish 

otoliths (lapillus and sagitta; Murayama et al., 2005). Therefore, it should be necessary for 

the correct anchoring of all otoliths to the sensory macula (Murayama et al., 2005). 

However, based on the results in cichlids otolin-1 seems to play a more specific role in the 

saccule. Therefore it is assumed that it might be a saccule specific proteinous linker between 

the otolith and the otolithic membrane. 

 

 

3.6.2.3 OMP-1 expression in the utricule in relationship to kinetosis 

 

In this dissertation, it was proven that kinetotically behaving animals have significantly higher 

asymmetry concerning the lapilli, in line with previous investigations (Hilbig et al., 2002; 

Anken et al., 1998a).  

Besides the otolith asymmetry, it was able to show in this dissertation that two alterations in 

the distribution, between OMP-1 positive and negative regions in the utricule occur in 

kinetotic behaving animals compared with normal ones (Chapter 2.5.3). First, the OMP-1 

negative region was enlarged in the median utricule and second, the lateral OMP-1 

expression region was smaller in the utricule of kinetotic animals. These altered expression 
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patterns of OMP-1 in the utricule of kinetotic animals might lead to a malformation of the 

macula contact side. 

It could be assumed, that these findings concerning the gravitation sensing utricule (Platt, 

1983) are based on a miss-specified macula and it has been previously demonstrated, that a 

malformed epithelia, especially concerning the cell density and number of malformed 

receptor cells (Bäuerle et al., 2004) lead to kinetotic behavior. Therefore, it might be 

assumed that the OMP-1 expression pattern and the morphology of the otoliths macula 

contact side result in an altered macula contact affecting the balance of the lapilli and 

consequently these animals should behave kinetotically. Additionally the decrease in the 

length of the lateral OMP-1 expression region, which is due to a shorter region of calcium 

carbonate accumulation onto the otolith, might also lead to a less stabilized otolith. This 

assumption remains unknown, since it is methodologically impossible to analyze utricular 

otoliths as well as the utricular maculae in the same animals (Bäuerle et al., 2004).Therefore, 

also a direct correlation between asymmetric otoliths and epithelia is impossible in the same 

animal.   

In this study, asymmetries concerning the OMP-1 expression between the left and right inner 

ear were not observed. This is possibly based on the highly observed individual variances in 

relation to the number of samples and so slight differences were not visible. 

Besides asymmetric otoliths, previous investigations concerning asymmetric inner ear 

maculae indicated that higher asymmetries concerning the surface areas between the left 

and the right inner ear (Bäuerle et al., 2004) as well as the carbonic anhydrase activity 

(source of otolith carbonate, Beier et al., 2002; Beier and Anken, 2006) generally occur in 

kinetotic behaving animals. It was thus suggested that any form of otolith asymmetry might 

develop in about 10% of a given batch of siblings (Hilbig et al., 2002a, b).  

 

However, the relationship between OMP-1 expression and asymmetric otoliths remains an 

open question and further studies are required to deal with the relationship between 

individual otolith asymmetry and OMP-1 expression pattern especially concerning a mal-

formed macula contact side of the otoliths. 
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Material and Methods  
 

Oreochromis mossambicus embryonic and larval procedures  
 
Obtaining of Oreochromis embryos and larvae 
For breeding of Oreochromis mossambicus, one male was put together with two to three spawn-
ready females in a fish tank. Spawning and fertilization takes place between one and three days 
after a ½ water change with cold water. The females gather the fertilized spawn in their mouth 
from where it could easily be obtained.  
The larvae than are kept in hatcheries at 22°C with a constant turnover to simulate the 
development inside the mother’s mouth. By this, the well-directed withdrawal of the desired 
developmental stages is possible. The identification of the developmental stages was carried out 
according to Anken et al. (1993).  
 
Devitalizing of Oreochromis embryos and larvae 

Larvae were cultivated to the stage of interest and then transferred into 20ml of freshly prepared 
sodium bicarbonate buffered tricaine (MS222) solution, until death was testified. The animal care 
and health officer, according to the guidelines of the „Bundesamt für Veterinärwesen“, approved 
this procedure. 
 
Fixation 
For Fixation for whole mount in-situ hybridization, in-situ hybridization on cryostat sections and 
antibody staining: 
The skulls of devitalized larvae were opened in precooled PBS- and the larvae were transferred 
into 20ml of freshly prepared 4% PFA in PBS- and fixed for 14hrs at 4°C. After fixation, the larvae 
were washed twice with PBS-, transferred into 100% methanol through a graded series of 25%, 
50% and 75% methanol in PBS- and stored at -20°C until use. 
 
For enzyme-histochemical carbonic anhydrase and TRAP staining: 
The devitalized larvae were fixed in Roti®-Histofix over night (14hrs) at 4°C. 
 
 

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)  
 
Isolation of RNA  
Total RNA of desired stages was extracted by phenol-chloroform extraction and ethanol 
precipitation with Peqlab peqGold Trifast solution following the peqGold Trifast protocol. 1ml of 
the solution was used for the isolation of RNA of about 3 larvae. RNA was eluted in 30µl sterile 
DDW, concentration measured photometrically and stored at -80°C until use.  
 
First strand cDNA synthesis (M-MLV) 
cDNA was synthesized from total RNA preparations by reverse transcription using M-MLV 
Reverse Transcriptase. A standard protocol started with 1µg of total RNA to which 0.5µl of 
random hexamers was added and filled up with sterile water to a total volume of 14µl. The 
solution was heated to 70°C for 5min melting secondary structures within the template. Further 
snap cooling on ice prevented these structures from reforming. The reagents were then 
supplemented with 5µl 5x M-MLV Reaction Buffer, 1.25µl 10mM dNTPs, 1µl (200units) of M-MLV 
RT and filled up to a volume of 25µl. After an initial incubation for 10min at room temperature 
(RT), the reaction was put to 60°C for another 60min to complete first strand synthesis. The 
reaction was stopped by a final step at 70°C. The cDNA was stored at -20°C.  
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Oligonucleotides  
For primer design, fish (e.g. zebrafish, tetraodon or fugu) cDNA and/or genomic sequences were 
obtained from the NCBI (http://www.ncbi.nlm.nih.gov/) and the Ensembl 
(http://www.ensembl.org/index.html) database. The sequences were aligned with the MultAlin 
program (Corpet, 1988; http://multalin.toulouse.inra.fr/multalin/), when no sequence data of 
Oreochromis sp. were currently available in the database. Typically, four degenerated primers 
were selected, according to Muelhardt (2006) and used in different combinations in PCRs and 
nestedPCRs. 
The primers used were supplied by the Eurofins MWG GmbH. 
 
Standard PCR protocol  
For a 25µl PCR reaction 1µl of previously prepared template cDNA was mixed with 2mM dNTPs, 
1U of Taq DNA polymerase, 5µl 5x Buffer, 1µl of each forward and reverse primer at a 
concentration of 10µM and filled up to 25µl with sterile double distilled water (DDW). A standard 
PCR cycling program started with (1) 1’ at 95°C, followed by (2) 30sec at 95°C, (3) 30sec or 1min 
at a primer pair specific annealing temperature and (4) 1min at 72°C. Steps (2) to (4) were 
repeated for 35 times before the reaction was (5) stopped and kept in the cycler at 8°C. Step (1) 
and (2) yield a denaturation of the double-stranded template DNA, step (3) allows hybridization of 
the primers to the single-stranded DNA and during step (4) the Taq polymerase elongates the 
sequences at the primer’s 3’ end. For the detection of gene expression using Reverse 
Transcriptase-PCR (RT-PCR) the steps (2) to (4) were repeated between 28 and 35 times, as 
indicated.  
If the product was intended to be further amplified in bacteria (for cloning), an extra 10min at 
72°C were added after 35-40 cycles to make use of the Taq Polymerase’s Terminal Transferase 
activity, that adds an extra deoxyadenosine onto each 3’ end of already existing double-stranded 
PCR product. This creates a single 3’-A overhang that can be utilized for ligation into a cloning 
vector.  
 

NestedPCR protocol 
A more effective approach to amplify correct sequences of the genes of Oreochromis 
mossambicus turned out to be a nestedPCR approach. The nestedPCR is a modification of PCR, 
which intention is to reduce the contamination in products due to the amplification of unexpected 
primer binding sites. 
First, cDNA undergoes a first run of standard PCR with a first set of primers. For this first run an 
annealing temperature of 55°C was chosen to keep the amplification more unspecific. Afterwards, 
products of the first run were diluted 1:10 with DDW and used in a second run with a second set 
of primers that lie more inside of the product. In this run, the annealing temperature was adjusted 
to the used primers (1°C under the calculated melting temperature). If necessary, 0.75µl DMSO 
was added for a further increase of the PCR specificity. The product formed in the second PCR 
has little contamination from unwanted products of primer dimmers, hairpins and alternative 
primer target sequences. Apart from the mentioned differences in temperature, the PCR cycling 
program was the same as for standard PCR.  
In the use of this nestedPCR approach, also if bar marks of the correct size appear in the first 
PCR, these products were cloned into a cloning vector. Moreover, in the use of this approach, the 
time to obtain a correct fragment dramatically increased from three months for the first sequences 
(OMP-1, otoconin and otolin-1) to normal conditions.  
 
 
Successful primers used for the synthesis of in-situ hybridization probes  
 
Alpha tectorin  
First PCR:  
forward: 5´-CCCAGGAGAACTGCTCAGAATG-3´ 
reverse: 5´-GAACTTGGAAGAC(AG)GTGACGTG-3´ 
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nestedPCR:  
forward: 5´-CAGATGGAGGTCTCCATCT-3´ 
reverse: 5´-GGACACCC(GCT)C(GT)CTCTATGAT-3´ 
 
Myosin light chain 9  
forward: 5´-AAGGGAAAGACCACCAAGAAGC-3´ 
reverse: 5´-TTTGGCGCCGTGTTGAGGAT-3´ 
 
Neuroserpin 
First PCR: 
forward: 5´-GGAGACGGTGGA(CT)TTCAG-3´ 
reverse: 5´-AAGAAGAA(GC)GG(AG)TG(AG)TC(AG)-3´ 
 
nestedPCR:  
forward: 5´-CTGGAA(AG)AACCAGTTCAG(AG)CC-3´ 
reverse: 5´-AAGAAGAA(GC)GG(AG)TG(AG)TC(AG)-3´ 
 
Pre-cerebellin like protein 
forward: 5´-GGGAT(AC)TCGGTGCGCTC-3´ 
reverse: 5´-TT(GC)TGCATCAGGCT(AGCT)ACCTG-3´ 
 
OMP-1  
forward: 5´-GAGGAGAAGAAGTGTCTGA-3´ 
reverse: 5´-ACAGCAGCTTCAGGTCCT-3´ 
 
OP-L 
First PCR: 
forward: 5´-TGCTCTT(CT)GC(AC)AC(AG)GTCCTC-3´ 
reverse: 5´-CCTGGCTCTCAAC(AGCT)CAG-3´ 
 
nestedPCR: 
forward: 5´-CAGAGAGCTC(AT)GAAGAA(GC)TGGT-3´ 
reverse: 5`-GGTGCTGGTGTCCTCCTC-3´ 
 
Otolin-1 
forward: 5´-GACCCAGGAGSSAGAGGA-3´ 
reverse: 5´-CCCATTCCAGTCTCTGAG-3´ 
 
SPARC 
forward: 5´-GGGAACCAAGGCCA-3´ 
reverse: 5´-ACTCCTCCAGGGCGATGTA-3´ 
 
 
 

Rapid amplification of cDNA ends (RACE) 
 
In order to obtain a full-length cDNA, the 5’ and 3’ ends of pre-cerebellin like protein were 
obtained by random amplification of cDNA ends (RACE) technique using the Roche “5`/3`RACE 
Kit, 2nd Generation” kit according to the supplier’s instructions with slightly modifications. 3’RACEs 
were also applied to gain further 3’ sequence information for a further verification of the initial 
cloned fragment or to obtain fragments for the synthesis of in-situ hybridization probes, when the 
currently available sequence data were not suitable to obtain a fragment of adequate length. 
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5’RACE 
First strand cDNA synthesis for 5’RACE PCR 
The 5’RACE cDNA synthesis was carried out with the M-MLV Reverse Transcriptase, as 
described above, using 0.5µl of 10mM sequence specific primer instead of random hexamers. 
 
Purification of cDNA with the innuPREP DOUBLEpure kit  
300µl binding-buffer were added to the cDNA, shortly vortexed and centrifuged. Afterwards the 
mixture was put on a spin-filter and centrifuged for at 12000rpm for 2min. Then the spin-filter was 
incubated with 25µl auf pre-warmed (50°C) eluation-buffer at RT for 1min. cDNA was released by 
centrifugation at 8000rpm for 1min.  
 
Tailing reaction 
3.8µl of the cDNA solution were mixed with 1.2µl 5x Terminal Transferase Buffer and 0.5µl of 
2mM dATP and heated to 94°C for 3min. After snap cooling on ice, the mixture was shortly 
centrifuged and 0.5µl Terminal Transferase were added and mixed by pipetting. The solution was 
incubated at 37°C for 20min, than the reaction was stopped by a final step at 70°C. The cDNA 
was stored at -20°C until use. 
 
Anchor- and adapter primer 
The 5’-RACE was performed in a nestedPCR with an anchor primer 5´-
GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT-3´ for the first and 5´-
GACCACGCGTATCGATGTCGAC-3´ for the second PCR. 
 
Successful primers used for the 5’-RACE 
 
pre-cerebellin like protein 
Reverse Transcription: 
Reverse: 5´-TTGCACCAGCTCGCCCAT-3´ 
 
First PCR: 
reverse: 5´-ACCATTGCTGGCTGCCTCGC-3´ 
 
nestedPCR: 
reverse: 5´-CGGACTGCGGAGAACGCCAC-3´ 
 
 
3’RACE 
The 3’RACE uses the natural polyA tail at the 3’ end of all eukaryotic mRNAs for priming during 
reverse transcription. The first strand of cDNA synthesis was carried out under standard 
conditions (as described above), using 0.5µl of 10mM modified poly-T anchor primer 5´- 
GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT- 3 instead of the random hexamers. 
The 3’RACE was performed in a nestedPCR with an adapter primer 5´- 
GACCACGCGTATCGATGTCGAC - 3´ specific to the anchor primer and a sequence specific 
primer. 
 
Successful primers used for the 3’RACE  
For Otoconin, Otogelin and Transferrin a 3’RACE was used to obtain a fragment of an adequate 
length for the following in-situ hybridizations. 
 
Otoconin  
First PCR: 
forward: 5´-TAC(CT)TGCTACTG(CT)GG(CT)CA-3´ 
 
nestedPCR:  
forward: 5´-GTGTGTGAC(AC)(AG)GCTGCAGT-3´ 
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Otogelin 
First PCR: 
forward: 5´-GGGGTAAAGAGGATGGCAAGA-3´ 
 
nestedPCR:  
forward: 5´-GCAAGGATCCACAGCTGGCCG-3´ 
 
pre-cerebellin like protein 
First PCR  
forward: 5´-GACTC(AC)AA(CT)CCCACCTCG-3´ 
 
nestedPCR:  
forward: 5´-GGGAT(AC)TCGGTGCGCTC-3´ 
 
Transferrin 
First PCR:  
forward: 5´-GGCCAGAGTGCCAGCTCACG-3´ 
 
nestedPCR: 
forward: 5´-GCAAGGATCCACAGCTGGCCG-3´ 
 
 

Ligation and transformation 

 
Ligation of PCR products into cloning vectors  
PCR-products were ligated into the linearized pGEM-T Easy vector with the T4 ligase. In a 
standard reaction, 2.5µl ligation buffer, 0.5µl vector and 0.5µl T4 ligase were combined with 1.5µl 
of fresh PCR product. The reaction was incubated overnight (14hrs) at 4°C.  
 
Bacterial transformation and clonal selection  
The ligated vectors were transformed into chemically competent XL1-blue cells using the heat 
shock method. Different volumes (typically 100µl, 150µl) of bacteria-solution were plated on LB-
agar selective plates (100µg/ml ampicillin / 0.5mM IPTG / 80µg/ml X-Gal) and incubated 
overnight (14hrs). The missing blue color of the clones indicated insertion of a PCR product into 
the multiple cloning site. Such clones were selected for amplification and analysis using a mini-
prep procedure.  
 
 

Amplification of gene sequences  
 
Plasmid-DNA preparation  
 
Preparation of small amounts of plasmid DNA (mini-prep)  
Plasmid DNA from E. coli cultures was isolated using a modified alkaline lysis protocol. All 
centrifugation steps were done at RT. 3ml of selective LB medium (100µg/ml Ampicillin) were 
inoculated with a single white bacteria colony from a selective plate and grown overnight (14hrs) 
with shaking at 37°C. 1.5ml of the culture was poured into a micro centrifuge tube and bacteria 
were pelleted in a micro centrifuge at 5000rpm for 5min. Supernatant was discarded and the 
pellet resuspended by heavy vortexing in 100µl P1 buffer. When the bacteria suspension 
appeared uniform, 200µl of P2 buffer were added for alkaline lysis and the tube was inverted 
several times to thoroughly mix the reagents. After 5min the reaction was stopped by neutralizing 
with 150µl of P3, again inverting the tube several times. After 20min of incubation on ice, the 
lysate was cleared from precipitate containing genomic DNA, cell debris, proteins and potassium 
dodecyl sulphate by centrifugation in a micro centrifuge at 13 000 rpm for 10min. The supernatant 
was transferred into a fresh tube and mixed well with 1ml of 100% Ethanol to precipitate DNA. 
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After precipitation for at least 30min at -20°C the plasmid DNA was pelleted by centrifugation at 
13 000 rpm for 10min. The pellet was washed with 70% ethanol, centrifuged briefly, dried and 
resuspended in 50µl sterile DDW.  
 
Preparation of medium amounts of plasmid DNA (midi-prep)  
100ml of selective LB medium (100µg/ml ampicillin) were inoculated with 1ml of a solution of a 
positively tested bacteria clone and grown overnight (14hrs) in a 1000ml conical flask with 
vigorous shaking at 37°C. Bacteria were harvested by centrifugation, lysis and DNA was purified 
following the Promega “PureYield Plasmid Midiprep System” using the vacuum method. 
 
Restriction enzyme digestions of DNA  
To check for insertion of the correct PCR product after mini-prep, inserts were released from the 
plasmids by digestion with the restriction enzyme EcoR1 cutting on both sides of the multiple 
cloning site. Typically to 5µl of plasmid-DNA, 2µl 10x buffer, 0.2 µl BSA and 0.5µl enzyme were 
added. The mixture was filled up with 12.3µl sterile DDW to a final volume of 20µl and incubated 
at 37°C for 1hr. After digestion the whole volume of the reaction was analyzed on an agarose gel.  
For linearization digests typically 20µg of plasmid-DNA was used in a 100µl reaction. 4µl of 
restriction enzyme were used and the digestion was incubated overnight (14hrs) at 37°C. 
Approximately 600ng of the digestion were controlled on a 1% agarose gel.  
 
Agarose gel analysis  
The products of each reaction were checked on a standard 1.0-1.5% agarose gel with a 
concentration of 0.4µl/ml ethidium bromide solution.  
 
Measuring the concentration of nucleic acids  
The concentration of nucleic acids in aqueous solutions was determined via spectrophotometry. 
The ratio of absorption (A) at 260nm and 280nm wavelength indicated the purity of the solution 
(pure nucleic acid solution: 1.8 for DNA, 2.0 for RNA). The content of either DNA or RNA was 
inferred from the A260 value with 1 unit corresponding to 50µg/µl DNA and 40µg/µl RNA.  
 
Sequencing and verification of the inset 
The insert was checked by sequencing using either a Sp6 or T7 sequence specific primer by 
GENterprise Genomics (Mainz, Germany) under standard conditions. All sequences were verified 
by blast against the NCBI database. Sequence details of the otolith matrix proteins alpha tectotin, 
myosin light chain 9, neuroserpin, OMP-1, OP-L, otoconin, otogelin, otolin-1, pre-cerebellin like 
protein, SPARC and transferrin from Oreochromis mossambicus see Appendix I. 
 
 

Whole mount in-situ hybridization 
 
Purification of the linearized plasmid 
To each digestion reaction 10µl NH4 acetate and 220µl 100% ethanol were added. After 
precipitation for at least 15min at -20°C the linearized DNA was pelleted by centrifugation at 14 
000 rpm for 20min. The supernatant was discharged and the pellet dried and resuspended in 
30µl sterile DDW.  
 
In vitro transcription of RNA probes  
200ng linearized plasmid with the insert of interest was used as a template. 20u of either Sp6 or 
T7 polymerase were added to a mixture of template, 4µl Transcription Buffer, 0.5µl (= 20units) 
RNasin, 2µl DTT and 2µl 10x Dig-Mix. After adding sterile DDW to a final volume of 20µl the 
mixture was incubated at 37°C for 2hrs. Then 1µl DNAseI was added and the mixture was 
incubated for another 15min. To each reaction 165µl 100% ethanol, 30µl sterile DDW 5µl NH4 
acetate were added and RNA was precipitated at -20°C for at least 30min. After centrifugation 
13000rpm at 4°C for 20min; the resulting pellet was air-dried and resuspended in 50µl of a 1:1 
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mixture of sterile DDW and formamide. After gel check with 2µl in 10µl DDW on a 1% agarose 
gel, the RNA was stored at -80°C.  
 
Whole mount in-situ hybridization  
Whole mount in-situ hybridization is used to detect the expression pattern of specific genes in 
Oreochromis larvae. Protocol originally adapted from the De Robertis lab (Belo et al., 1997).  
Day 1: All steps (except Proteinase K) until pre-hybridization were performed on ice. On the first 
day of the procedure, tissue was prepared for taking up the antisense RNA probe, which 
hybridizes to the endogenous target RNA. Larvae were rehydrated from storage in 100% 
methanol through a graded series of 75%, 50% and 25% methanol in PBS-. Larvae were washed 
three times for at least 5min in PBS-w and then the tissue was permeabilized for ~20-40min 
(depending on developmental stage) in 10µg/µl Proteinase K in PBS-w at RT. Digestion was 
stopped in 2mg/ml glycine followed by three washing steps in PBS-w for 5min each. The tissue 
was then refixed for 15min at RT in 4% PFA supplemented with 0.2% glutaraldehyde. After 
washing three times in PBS-w for 5min the embryos were transferred into a 1:1 mixture of 
hybridization solution and PBS-w. After equilibration in 100% hybridization solution, a pre-
hybridization period in 900µl hybridization solution at 65°C for 3hrs eliminated endogenous 
phosphatases. Depending on the concentration of the RNA, about 1µl of antisense probe (~20ng) 
diluted in 100µl hybridization solution was added to the vial and the larva was incubated with the 
probe overnight (14hrs) at 70°C.  
Day 2: On the second day excess antisense probe was removed in high stringency washing 
steps and the tissue was prepared for incubation with the anti-digoxygenin antibody. In a first 
step, the solution was replaced by 800µl hybridization mix and left at 70°C for 5min. In three 
steps (5 min each) each 400µl of 2xSSC (pH 4.5) were added and the embryo was washed twice 
for 30 min in 2xSSC (pH 7) at 70°C afterwards. The washing steps in SSC were followed by four 
washing intervals in MABw, twice at RT for 10min and another two times at 70°C for 30min. 
Afterwards, larvae were washed three times in PBS-w at RT for 10min each and were then pre-
incubated in antibody-blocking buffer at 4°C for 2hrs. In a second tube, the anti-digoxygenin 
antibody coupled to alkaline phosphatase was diluted 1/10.000 and pre-blocked for the same 
time. After the 2hrs of pre-incubation, the blocking buffer was replaced with the antibody-solution 
and the embryos were incubated with the antibody overnight (14hrs) at 4°C on a laboratory 
shaker.  
Day 3: On the third day, unbound antibody was removed in extensive washing steps and the 
staining reaction was started. Larvae were rinsed and then washed five times for 45min each in 
PBS-w containing 0.1% BSA. The washing in BSA was followed by two washing steps with PBS-

w for 30min each and larvae were then transferred into AP1 buffer, which adjusts the pH of the 
tissue for the optimal reaction of the alkaline phosphatase. Washing steps in AP1 buffer were 
performed three times for 20min each and then replaced by a 1:1 mixture of AP1 buffer and 
BMPurple, the substrate for the alkaline phosphatase. The staining process was controlled and 
stopped by washing in PBS-w, when the expected signal had reached a dark blue to violet colour. 
A gradual methanol series intensified the signal and the embryos were afterwards stored in 100% 
methanol at -20°C.  
 
Histological analysis of embryos after in-situ hybridization  
After rehydration embryos were equilibrated in a small volume of embedding medium (~1ml). 2ml 
of embedding medium were mixed shortly but vigorously with 140µl of glutaraldehyde and poured 
into a square mold formed of two glass brackets. The mixture was allowed to harden and the 
equilibrated embryo was transferred upon the surface of the block, excess embedding medium 
was carefully removed. Another 2ml of embedding medium mixed with glutaraldehyde were 
poured into the mold so that the embryo was now sandwiched between two layers of embedding 
mix. The hardened block was trimmed with a razor blade and glued onto a plate. The plate was 
mounted into the holder of the vibratome and 30µm thick sections were prepared. The sections 
were arranged onto glass slides, embedded with Mowiol and protected with glass cover slips. 
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In-situ hybridization on cryostat sections  
 
Development of a non-sugar based cryoprotection for in-situ hybridization on sections 
In a first attempt, larvae without fixation and cryoprotection were used for in-situ hybridization on 
sections according to the standard protocol of the institute for physiology, University of 
Hohenheim (Krieger et al., 2002). With this method, the tissue preservation was inadequate due 
to the large ice-crystals that emerged. To advance tissue preservation larvae in developmental 
stage 12 were used in three different approaches. The larva were fixed with either 4%PFA or 
4.5% formaldehyde or stayed unfixed and were treated with a sucrose series (sucrose in PBS-) 
and frozen as described below (Chapter histology). With none of these approaches a specific 
staining in the in-situ hybridization was obtained and it was shown that cryoprotection with 
sucrose is not suitable for this purpose in Oreochromis mossambicus. The reason for this 
remains unclear. 
Different approaches with urea, DMSO and sodium-carboxymethylcellulosis as cryoprotective 
media were carried out, because their chemical properties are similar to those of sugar. The use 
of alcohols and glycol was not in consideration because they often do “smear” on the sections 
(Prof. Dr. R. Hilbig, personal communication). The larvae were fixed in 4%PFA at 4°C as 
described above. Afterwards they were incubated two times for 30min in the particular 
cryoprotective medium and frozen in Jung tissue freezing medium. The sections were either 
stained with toluidine-blue to check tissue preservation or an in-situ hybridization was carried out 
to check functionality. 
 
Urea serves as a biological antifreeze agent in the wood frog (Rana sylvatica) and reduces the 
amount of water in tissue. Urea was used in different concentrations (10%, 20% and 40%) solved 
in PBS-. 
Cryoprotection with urea resulted in successful in-situ hybridization, but with a poor tissue 
preservation. 
 
DMSO (dimethylsulfoxyde) is a commonly used antifreeze agent in cell culture. DMSO slips 
between the emerging ice crystals and by this can stop their further growth. Another advantage of 
DMSO is its membrane-permeability. DMSO was used in different concentrations (5%, 10%, 
20%, 30%, 40% and 50%) solved in PBS-. 
This cryoprotection resulted in a good tissue preservation and successful in-situ hybridization at a 
concentration of 50% DMSO. However, DMSO has a negative impact on the preparation of 
sections and influences the incorporation of Jung tissue freezing medium to the larvae in a bad 
way.  
 
Sodium-carboxymethylcellulosis is available as an antifreeze agent in food production, but 
isn’t used in histology up to now. Sodium-carboxymethylcellulosis was used in different 
concentrations (0.5%, 1%, 1.5% and 2%) solved in PBS-. This cryoprotection resulted in a good 
tissue preservation and successful in-situ hybridization at a concentration of 1.5% sodium-
carboxymethylcellulosis. 
 
This cryoprotection method was developed together with Dipl.-Biol. Miriam Knie. 
 
Sample preparation and cryoprotection 
First, the stored larvae were rehydrated from storage in 100% methanol through a graded series 
of 75%, 50% and 25% methanol in PBS-. Onwards the inner ear was opened at the level of the 
semicircular canals to allow a good entry of the cryoprotection media. Onwards the samples were 
decalcified in an 8% EDTA in PBS- solution, twice for 45min at 4°C. 
After rinsing twice in PBS- for 5min at 4°C, the samples were immersed in the in 1.5% sodium-
carboxymethylcellulosis / PBS- solution for cryoprotection over night (14hrs). Afterwards the 
samples were incubated in Jung Tissue Freezing Medium twice for 30min at 4°C. Gelatine 
capsules were filled with Jung Tissue Freezing Medium and the larva was placed centered, head 
towards the capsule bottom inside. For freezing the capsule was placed in precooled 2-
methylbutane and stored at -80°C until sectioning 
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Cryotom sections 
The gelatine capsule was removed and the probe was mounted at the cryo-microtome Leica 
CM3050. Sections (14µm) were prepared at -25°C and thaw mounted on silanated objective 
slides (HistoBond+). Until further usage, the sections were stored at -80°C.  
The sectioning (14µm) for in-situ hybridization on cryostat-sections was carried out in a double 
section series. One section series was hybridized with the antisense and the other with the sense 
(control) probe. 
 
In-situ hybridization on cryostat-sections 
Whole mount In-situ hybridization showed to be not suitable for the investigation of the inner ear 
sensory and non-sensory tissues. Either the probe or the antibody wasn’t able to penetrate the 
larvae and reach the region of interest. For this, in-situ on sections was the method of choice. 
The protocol was originally adapted from the institute of physiology (e.g. Krieger et al., 2002) and 
slightly modified. 
Day 1: The slides were pre-fixed with 4% PFA in carbonate-buffer for 30min at 4°C. During this 
fixation, the probe was prepared as follows. Per slide, 1µl of antisense probe was diluted in 100µl 
hybridization solution and heated up to 65°C for 10min, then cooled on ice for at least 5min. After 
fixation, the slides were washed in PBS- for 1min, followed by incubation in 0.2M HCl for 10min. 
Then the slides were incubated in PBS- containing 1% Triton X-100 for 2min and washed two 
times for 30s in PBS-. Finally slides were rinsed for 8min in 50%Formamide/5x SSC. For in-situ 
hybridization, the tissue sections were covered with 100µl of the prepared probe, covered with a 
coverslip and incubated in a humidity chamber at 65°C overnight (14hrs). 
Day 2: Post hybridization the coverslips were gently removed and slides were washed twice for 
30min in 0.1 SSC at 65°C. Then they were rinsed in 1M Tris-buffer pH 7.5 and treated with 
antibody-blocking buffer for 30min at RT. The anti-digoxygenin antibody coupled to alkaline 
phosphatase was diluted 1/750 and pre-blocked for the same time. Afterwards the antibody-
blocking buffer was replaced by 100µl of antibody solution per slide, covered with a coverslip and 
incubated with the antibody for 30min at 37°C. Then the coverslips were gently removed and the 
slides were washed twice in 1M Tris-buffer pH 7.5 for 15min, followed by two washing steps in 
AP1 for 15min each. Subsequently, hybridization signals were visualized using BMPurple as 
substrate. The staining process was controlled and stopped by washing in PBS-, when the 
expected signal had reached a dark blue to violet color. The slides were embedded with Hydro-
Matrix® and protected with glass cover slips. 
 
 

Otolith preparation  
 
Preparation of adult otoliths  
After devitalizing of the adult fish, the head was removed throughout a cross section at the end of 
the opercule. Onwards the lower jaw was removed and the head was incubated in 1% KOH for 
2h. After rinsing in DDW, the otic capsule was opened up from the downside, and the otoliths 
were excavated. After removing all tissue residues, the otoliths were rinsed several times in 
DDW, air-dried and stored at –80°C until use. 
 
Preparation of juvenile otoliths 
The preparation of the lapilli and sagitta was carried out in DDW. The otic vesicle was opened 
with a forceps and the otoliths were excavated. After extraction of the otoliths, all tissue residues 
were removed from them. The cleaned otoliths were mounted with the flattened side downwards 
on a microscope slide in glycerol. In all steps, the otoliths of the left and right side were handled 
separately. 
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Extraction of the otolith matrix proteins and nano-LC-ESI-MS/MS analysis 
 
Otolith matrix protein extraction 
For this analysis, 7mg of otoliths were rinsed in DDW and treated with supersonic for 30 sec. 
After several replacements of the DDW, all protein residues on the otolith surface were removed 
by enzymatic digestion with proteinase K (solution of 10µg/ml) at 55°C for 14hrs. After intensive 
rinsing in DDW, all further proteinous residues, including the proteinase K, were removed by 
chloroform-methanol-extraction. The chloroform-methanol-extraction was repeated three times to 
ensure any contamination. The following decalcification and simultaneously precipitation of the 
otolith matrix proteins was carried out a solution of 20% TCA (trichloroacetic acid) for 1.5hrs at 
RT. After centrifugation (14000rpm, 20min), the supernatant was removed and the proteinous 
pellet was washed with –20°C cold acetone and further centrifugation (14000rpm, 20min, 4°C). 
After air drying the pellet was resuspended in 20µl 1x SDS sample buffer and incubated at 80°C 
for 10 minutes. For the following analysis and the verification of the removal of all proteins that do 
not occur within the otoliths, a control without the TCA decalcification step was performed.  
Differing from that method, which was originally developed for the sagitta, for the analysis of the 
lapilli and asteriski, 5mg (lapilli) and 2mg (asteriski) were used. This modification was due to their 
tiny structure, because it was not possible to isolate higher amounts of otoliths without 
threatening the cichlid fish breeding stock. 
 
SDS-PAGE 
The SDS-PAGE (sodium dodecyl sulfate polyacrylamid gel electrophoresis) was carried out 
under standard conditions according to Lämmli (1970). 
The polyacrylamide gel was separated in a stacking gel and running gel. The running gel consists 
of 10% acrylamide and the stacking gel of 4.5% acrylamide. The running gel contained 1ml 
running gel buffer, 1.3ml acrylamide stock, 1.7ml DDW and for the polymerization 20µl TEMED 
and 25µl 10% ammonium persulfate solution. The stacking gele contained 0.5ml stacking gel 
buffer, 0.3ml acrylamide stock, 1.2ml DDW, 5µl TEMED and 12.5µl 10% ammonium persulfate 
solution. For mass spectrometry, all solutions were prepared freshly. 
 
Electrophoresis conditions 
After adding of the 20µl sample to the acrylamide gele, the electrophoresis was carried out in a 
vertical gel chamber. The proteins were separated at constant current of 30mA until the 
bromphenolblue front of the SDS sample buffer had migrated approximately 1cm into the 
stacking gel. Onwards the gel was removed.  
 
Colloidal comassie blue staining 
The removed gel was stained by colloidal comassie blue (Roti®-Blue) according to the 
manufacturer’s protocol overnight (14hrs) in the staining solution. To remove colloidal dye 
complexes from the gel surface, the gel was incubated in 100ml washing solution while shaking 
for 5min. After documentation, the sample and the control lines were mottled. One line was 
analyzed in total and from the other one the single bands were separated and analyzed 
individually by mass spectrometry. 
 
Nano-LC-ESI-MS/MS analysis 
The nano-LC-ESI-MS/MS analysis was carried out by the live science center of the University of 
Hohenheim. 
The samples were reduced (10mM dithiothreitol, treatment), alkylated (40mM iodacetamide, 
treatment) and subjected to in-gel digestion with tyrosine. The extracted peptides were analyzed 
by nano-LC-ESI-MS/MS on a capillary LC system coupled directly to a high capacity ion trap 
(HCT) mass spectrometer (Bruker Daltonics, Bremen, Germany). The obtained spectra were 
interpreted by Bruker DaltonicsDataAnalysis 3.2, Biotools 2.2, Mascot peptide mass fingerprint, 
MascotMS/MS ion search (http://www.matrixscience.com) and MS product 
(http://prospector.ucsf.edu/) software. 
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Determination of the otolith crystal polymorph   
 
For the determination of the crystal polymorph of otoliths between calcite and aragonite, the two 
chemical methods, common in mineralogy were used.  
The first method was carried out according to Meigen (1901), Leitmeier and Feigel (1934) and to 
Sterzel and Chorinsky (1967) with boiling of the otoliths in a 0.5M solution of cobaltnitrate solution 
for 4min. After staining, aragonite and vaterite appeared violet, whereas calcite appeared gray, 
greenish, yellowish or brownish, but never violet. 
The second method was carried out according to Leitmeier and Feigel (1934) with a staining 
solution containing 670mM mangan-(II)-sulfate-1-hydrate and 32mM silversulfate. For the 
determination of the calcium polymorph, the otoliths were incubated for 3min in the staining 
solution. After staining aragonite appeared dark gray or black, whereas calcite remained 
unstained. 
 
 

Histology  
 
Sample preparation 
First, larvae were rehydrated from storage in 100% methanol through a graded series of 75%, 
50% and 25% methanol in PBS-. Larvae were washed in PBS- containing 5% sucrose (PBSSu) 
for 15min. Afterwards decalcification in 5%PBSSu with 5% EDTA overnight (14hrs) at 4°C and 
shaking followed. In the case of the calcium staining according to Kossa, 1901, the calcium 
phosphate staining and the calcium carbonate staining, non-decalcified sections were used. The 
larvae were transferred in 10% PBSSu and incubated at 4°C for 15min. The solution was 
exchanged by 20% PBSSu and larvae were incubated at 4°C for another 45min. The larvae were 
transferred in a 2:1 mixture of 20% PBSSu and Jung tissue freezing medium and incubated at 
4°C for 30min. Afterwards the larvae were transferred in a mixture 1:2 mixture of 20% PBSSu 
and Jung Tissue Freezing Medium and incubated at 4°C for 30min. Gelatine capsules were filled 
with Jung Tissue Freezing Medium and the larva was placed centered, head towards the capsule 
bottom inside. For freezing, the capsule was placed in precooled 2-methylbutane and stored at -
80°C until sectioning.  
 
Toluidine blue staining 
Sections were fixed in Roti®-Histofix for 5min, rinsed in DDW and stained in toluidine blue 
solution for 15sec. Onwards the sections were rinsed thrice for 2min in 100% ethanol and 
embedded in Euparal. 
 
RNA/DNA staining with pararosaniline / methylen green 
The pararosaniline / methylen green staining was carried out according to Nelles (1988). The 
cryostat tissue samples were air dried for 20min, fixed for 5min in acetone, rinsed in DDW and 
incubated in fresh prepared pararosanilin staining media for 2hrs. After thrice rinsing in DDW, the 
samples were counterstained for 2min with 2% methylen green solution. Onwards the samples 
were rinsed thrice in DDW and embedded in Hydro-Matrix® mounting medium.  
 
Calcium staining  
The calcium staining on cryostat sections was carried out according to v. Kossa (1901) (Romeis, 
1968). Non-decalcified cryostat tissue samples were incubated in a 5% silver nitrate solution for 
40min, rinsed with DDW, incubated in a 1% pyorgallus acid solution for 1.30min, rinsed again in 
DDW and fixed with a 5% sodium thiosulfate solution for 3.5min. Onwards sections were rinsed in 
DDW and embedded in Hydro-Matrix® mounting medium. 
 
Calcium phosphate staining  
The calcium phosphate staining on cryostat sections was carried out according to Roehl (1905) 
(Romeis, 1968).  
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Non-decalcified cryostat tissue samples were incubated in an aqueous solution of 5% HNO3 and 
1% ammonium molybdate for 30sec. After rinsing in 5% HNO3 the sections were incubated for 
5min in a 1% zinn-2-chloride solution and embedded in Hydro-Matrix® mounting medium. 
 
Specific calcium carbonate staining 
In this new method, sections of non-decalcified cryostat tissue samples were used. After air-
drying, the samples were incubated in a solution of 167mM sulphuric acid and 2.67mM cobalt 
sulfate for 4min. Throughout this incubation the calcium carbonate was transformed into carbon 
dioxide and calcium sulfate. Simultaneously the carbon dioxide was transformed to cobalt 
carbonate via the cobalt sulfate. The reaction was carried out in an only slightly acidic 
environment to prevent any transformation of the calcium phosphate. After rinsing in DDW, the 
cobalt carbonate was further transformed with a solution containing 1% ammonium sulfide (4min) 
to black cobalt sulfide. Onwards the sections were rinsed in DDW and embedded in Hydro-
Matrix® mounting medium. 
 
Enzyme-histochemical carbonic anhydrase staining 
The enzyme-histochemical carbonic anhydrase staining was carried out according to Beier et al. 
(2004c).  
For this purpose the sugar-based cryoprotection, as described above was used. The cryostat 
sections were air-dried at RT for 10min and onwards covered by freshly prepared carbonic 
anhydrase staining media. The pH value of the carbonic anhydrase staining media was adjusted 
to 6.8 while the sections were allowed to dry. The sections were incubated in the carbonic 
anhydrase staining media for 20min under permanent shaking using a special incubation 
chamber, which adjust the liquid height at 3mm above the sections. This allows an optimal CO2 
diffusion and simultaneous maximal substrate amount. Onwards the sections were rinsed in PBS- 
and incubated in a 1% ammonium sulfide solution for 3min. Afterwards the slides were rinsed 
with DDW and embedded with Hydro-Matrix® mounting medium. 
 
Enzyme-histochemical TRAP staining 
The enzyme-histochemical TRAP staining was carried out according to Davis and Ornstein 
(1959), Pearse (1968) and Witten (1997).  
Here, the sugar-based cryoprotection was used as described above. The sections were 
preincubated for 30min (25°C) in 100mmol di-sodium tartrate dihydrate solution (dissolved in 
0.1M acetate buffer, pH 5.5) and onwards incubated in the TRAP staining solution for 40min at 
37°C. After rinsing the in DDW the sections were embedded with Hydro-Matrix® mounting 
medium. 
 
PMCA antibody staining 
For the determination of a plasma membrane between the spindle-shaped periost cells and the 
osseus, antibody stainings of the membrane-bound PMCA were used. The stained sections are 
originating from Dipl.-Biol. Miriam Knie. 
1ml of antibody-blocking buffer was given on the microscopic slide and incubated at RT for 30min 
in a humidity chamber. The primary (either against PMCA2 or PMCA1-4) and secondary (goat 
anti-mouse IgG or donkey anti-goat IgG, both coupled with alkaline phosphatase) antibodies 
were diluted 1:200 and pre-blocked for the same time. The antibody-blocking buffer was removed 
and 100µl primary antibody was spread over the slide. Than the slide was covered with a cover 
slip and incubated at 37°C for 30min in a wet chamber. The primary antibody was removed by 
two washing steps in PBS- for 15min each. 100µl of secondary antibody was spread over the 
slide, covered with a cover slip and incubated at 37°C for 30min in a humidity chamber. Two 
washing steps in PBS- for 15min each removed the secondary antibody. To adjust the pH of the 
tissue for the optimal reaction of the alkaline phosphatase the slides were washed two times in 
AP1 buffer. The slides were given in a 1:5 mixture of AP1 buffer and BMPurple, the substrate for 
the alkaline phosphatase and stained at 37°C for 30min. The staining process was stopped by 
washing in PBS-, when the expected signal had reached a dark blue to violet color. The slides 
were embedded with Hydro-Matrix® and protected with glass cover slips. 
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Histology on methacrylate sections  
The fish larvae were fixed in Bruin’s fixation, dehydrated with a descending ethanol series (70%, 
90” and 96%) and embedded in methacrylate. Sections (3µm) were prepared using an Autocut-
Mikrotom. The sections were stained with toluidine blue and toluidine blue/bas. fuchsine (Romeis, 
1968) and embedded in Eukitt. 
The sections used are originating from Bäuerle (2001) and Bäuerle et al. (2004). 
 
 

Whole mount skeletal stainings  
 
Calcium up-take staining by alizarin-complexone 
Alizarin-complexone is a fluorescent chromophore that specifically binds calcium. The staining 
procedure was carried out according to Beier et al. (2004b). The pH value of a 100µg/l alizarin-
complexone solution was adjusted to that of the fish larvae water (pH 8.04) using of 0.1M HCl 
and 0.1M NaOH. Living fish larvae were immersed in 100µg/l alizarin-complexone solution over 
night (14hrs). Onwards the living fish were transferred in fresh water to remove unbound alizarin-
complexone. Afterwards the experimental animals were deeply anaesthetized with tricaine 
solution and stored in 100% ethanol until use. 
The stored samples were rehydrated in PBS via a descending series (75%, 50%, 25% ethanol) 
and cleared using 1% KOH / PBS solution for 2hrs. Afterwards the samples were washed in PBS 
for 15min and stored in 25% ethanol until documentation.  
 
Whole mount cartilage and bone stainings  
The whole mount cartilage and bone stainings were performed following standard methodology 
according to Potthoff (1984) with certain modifications. 
The stored samples were rehydrated using a descending methanol series (75%, 50%, 25%) in 
0.5x SSC, 5min each. To remove pigmentation, the samples were bleached in the bleaching 
solution for 140min under cold-light source. To remove the hydrogen peroxide, the bleached 
samples were washed twice 10min in PBS, twice 10 min in PBS- and dehydrated using an 
ascending methanol series (25%, 50%, 75% and 100%), 5 min each. Onwards the samples were 
stored in acetone to remove fat for three days. 
 
Staining of cartilage by alcian blue. The samples were equilibrated twice in 100% and twice in 
75% ethanol for 10 min each. Afterwards the cartilage was stained in alcian blue staining solution 
(0.1% alcian blue / 70% Ethanol / 30% glacial acetic acid) for 3hrs. Right then the samples were 
washed 70% ethanol for 30min and rehydrated using a descending ethanol series (75%, 50%, 
25%, 5min each) and cleared using 0.25%, 0.5% and 1% KOH solution for 20 min each. Samples 
were neutralized by rinsing in saturated sodium borate solution twice for 10min, and digested in 
1% tyrosine in saturated sodium borate solution until the head tissue was transparent. Finally, 
samples were rinsed in 1% KOH solution and stored in 25% ethanol until documentation. 
 
Staining of bones by alizarin red. After equilibration in 100% ethanol (twice 10min) the samples 
were rehydrated throughout a descending ethanol series (75%, 50% and 25%, 5min each), 

cleared with KOH and digested by trypsine as described above. Afterwards the bones were 
stained with alizarin red staining solution (0,02% alizarin red, 1%KOH) over night (14hrs). Finally, 
the samples were rinsed intensively in 1% KOH solution and stored until documentation. 
 
 

Hyper-g experiments  
 
To investigate changed gravity conditions onto fish development and behavior the laboratory 
animals where kept under hypergravity conditions (centrifuge). 
The swing out centrifuge used for this experiment was of special design and construction, 
developed by the Institute of Zoology and contains eight holders for square media bottles of 
125ml volume each. 
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Keeping laboratory animals under hyper-g conditions 
A maximum of 25 animals were kept per square media bottle and pellets of activated coal were 
added for the absorption of metabolism products. The centrifuge was stopped every 24h and the 
water was replaced by fresh water. 
Control animals were kept under the same conditions within the centrifuge interior space at 
normal Earth’s gravity (1g). 
 
Gravitational effects on the otoconin-otolin-transition 
Laboratory animals were kept under hyper-g conditions (3g) developmental stage 10 onwards. 
When the animals reached developmental stage 14, every 24hrs 10 hyper-g and 1g control 
animals were devitalized and fixed for further expression analysis.  
The expression analysis was performed by in-situ hybridization on cryostat-sections. To verify the 
presence of otoconin in the inner ear, the utricule was used. To analyze the initial expression of 
otolin-1 the saccule was used. The sections of the utricule and saccule were placed on separate 
microscope slides under microscopical control during sectioning.  
 
Kinetosis and otolith matrix protein expression 
Laboratory animals were kept under hyper-g conditions (4g) over night (14hrs) in developmental 
stage 20. After arresting the centrifuge, the animals were divided in two groups according to their 
behavior (kinetotic or normal swimming). Animals of each group were fixed for expression 
analysis as well as for the otolith analysis. 
 
Analysis of the omp-1 and otolin-1 expression pattern 
Sections for the expression analysis by in-situ hybridization on cryostat-sections were prepared 
as a double section series on two microscopic slides. One slide was hybridisized with the OMP-1 
antisense probe and the other with the otolin-1 antisense probe. After documentation of the 
sections, the size of the OMP-1 and otolin-1 positive and negative regions in the inner ear were 
measured using Axiovision 4.7. For this the scale of the respective image was used. 
The measurement of the expression regions and non-expression regions of omp-1 and otolin-1 in 
the inner ear was carried out in the use of Axiovision 4.7 and the scale of the respective image 
was used. 
 
 

Documentation  
 
Whole mount in-situ hybridization, cartilage and bone stainings 
The documentation was carried out with the stereomicroscope (SteREO Discovery.V12) and 
pictures were taken with a digital-camera (Aciocam Hrc).  
 
Vibratome, cryostat and paraffin sections 
Sections were documented with a photo-microscope (Axioscop 40; camera: Aciocam Mrc), using 
different magnifications. 
 
Alizarin complexone fluorescence staining 
The whole-mount alizarin-complexone stained samples were documented with the fluorescence 
stereomicroscope (MZ FLIII; filter: excitation filter 546 nm, beam splitter 565 nm, barrier filter 
OG590; camera: Axiocam MRC).  
Additional documentation was carried out with a fluorescence-microscope (Axio Imager M.1; 
filter: excitation filter 546 nm, beam splitter 565 nm, barrier filter OG590; camera: Aciocam MRm).  
 
Inner ear development of alive fish larvae 
The inner ear development was documented with a photo-microscope (Axio Imager M.1; camera: 
Aciocam MRm); using brightfield, phase contrast and darkfield microscopy, at different 
magnifications 
 
Axiovision rel. 4.7 software (Zeiss, Oberkochen) was used for documentation in all cases. 
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Scanning electron microscopy 
Scanning electron microscopy of otoliths was performed following standard procedures (sputter 
coater Baltec SCD050; scanning electron micropscope: DSM 940A). 
The used scanning electron microscopical images of otoliths originate from Schick (2007). 
 
Image processing 
For image processing (contrast, background, arrangement, layout, etcetera) Photoshop 7.0 and 
Illustrator 10 (both Adobe Systems, San Jose, U.S.A.) were used.  
 
 

Statistical analysis  
 
The statistical analysis was carried out with the student t-test (Sachs, 1974) in the use of 
Microsoft Excel. 
Nomenclature of significances: n.s. = not significant (p>0.05), * = significant (p<0.05-0.01), ** = 
highly significant (p<0.01-0.0001) and *** = three star significant (p<0.0001). 
 
 

Buffers, Solutions and Media   
 
For devitalizing Oreochromis larvae: 
 
Tricaine (MS 222) solution (1l) 
150mg Tricaine S 
300mg Sodium-bicarbonate 
 
For in-situ hybridization:  
 
Carbonate buffer pH 9.5 
0.1M NaHCO3 
solve in 1l DDW 
adjust pH to 9.5 with 0.1M Na2CO3 
 
Phosphate Buffered Saline 10x (PBS, 1l)  
80g NaCl  
2g KCl  
14.4g Na2HPO4  
2.4g KH2PO4  
800ml DDW  
adjust pH to 7.4, add DDW to 1L, autoclave  
 
PBSw (500ml)  
500ml PBS-  
500µl Tween20  
 
Alkaline Phosphatase Buffer (AP1, 1l)  
100ml 1M TRIS pH 9.5  
20ml 5M NaCl  
50ml 1M MgCl  
add DDW to 1l  
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Maleic Acid Buffer 5x (MAB, 1l)  
58.05g (100mM) Maleic Acid  
43.83g (150mM) NaCl  
800ml DDW  
adjust pH to 7.5 with 10N NaOH, add DDW to 1l, autoclave  
 
Sodium Citrate Buffer 20x (SSC, 1l)  
175.3g NaCl  
88.2g Sodium citrate  
800ml DDW  
adjust pH to 7.0, add DDW to 1l, autoclave  
 
Hybridization solution (1l)  
10g Boehringer Block  
500ml Formamide  
250ml SSC 20x  
Heat to 65°C for 1 hour  
120ml DDW  
100ml Torula RNA (10mg/ml in DDW; filtered)  
2ml Heparin (50mg/ml in 1x SSC pH 7)  
5ml 20% Tween-20  
10ml 10% CHAPS  
10ml 0.5M EDTA  
 
Antibody Blocking Buffer  
10% Heat Inactivated Goat Serum  
1% Boehringer Block  
0.1% Tween-20  
dissolve in PBS at 70°C, vortexing frequently, then filter (0.45µm) 
 
Embedding medium for vibratome sections 
2.2g Gelatine 
135g Bovine Serum Albumin  
90g Sucrose  
dissolve in 450ml PBS  
 
Mowiol (Mounting medium)  
96g Mowiol 488  
24g Glycerol  
24ml DDW  
stir for 2h, then add  
48ml TRIS 0.2M pH 8.5  
stir for 20min at 50°C  
centrifuge for 15min at 5000rpm, keep supernatant and store at -20°C 
 
For bacteria culture:  
 
Super Optimal Catabolite repression medium (S.O.C.)  
0.5% Yeast extract  
2.0% Tryptone  
10mM NaCl  
2.5mM KCl  
10mM MgCl2  
10mM MgSO4  
20mM Glucose  
autoclave  
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Lysogeny Broth (LB) medium  
1% Tryptone  
1% NaCl  
0.5% Yeast extract  
adjust pH to 7.0, autoclave.  
 
LB agar  
1% Tryptone  
1% NaCl  
0.5% Yeast extract  
adjust pH to 7.0, add 15g/l agar before autoclaving  
 
For DNA preparation:  
 
P1  
50mM TRIS HCl  
10mM EDTA pH 8  
add RNaseA (DNase free) to a final concentration of 100µg/ml  
 
P2  
0,2M NaOH  
1% SDS  
 
P3  
3M Potassium acetate, pH 5.5  
 
Tris Acetate EDTA Buffer (TAE)  
40mM Tris-acetate  
2mM EDTA  
adjust pH to 8.0 
 
For SDS-PAGE: 
 
Acrylamide stock (100ml) 
30g Acrylamide 
0.8g Bisacrylamide 
in DDW 
 
Running gel buffer (100ml) 
0.8g SDS 
in 1.5M Tris ph 8.8 
 
Running buffer (1l) 
14.4g Glycine 
1g SDS 
in 0.025M Tris pH 8.3 
 
5x SDS sample puffer 
375mM TRIS-HCl pH 6,8 
3% SDS 
50% Glycerol 
5% Mercaptoethanol 
0,08% Bromphenol blue 
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Stacking gel buffer (100ml) 
0.4g SDS 
in 0.25M Tris ph 6.8 
 
Roti®-Blue staining solution (100ml) 
20ml Roti®-Blue (5x concentrated) 
20ml Methanol 
60ml DDW 
 
Washing solution (100ml) 
25ml 99.8% Methanol 
75ml DDW 
 
For histology: 
 
Carbonic anhydrase staining media 
 
Solution A 
0.004M COSO4*7H2O 
0.058M H2SO4 
0.004M KH2PO4 
in DDW 
 
Solution B 
0.009M NaHCO3 
in DDW 
Solution A and B were mixed equally. 
 
Enzyme-histochemical TRAP staining 
 
Pararosanilin stock 
1g Pararosaniline  
20ml DDW 
5ml HCI (konz.)  
gently warmed, filtrated and stored at 4°C in the dark 
 
Solution A 
60mg Sodium nitrate 
1.5ml DDW 
1ml Pararosanilin stock  
30 ml of 0.1M acetate buffer (pH - 3.0)  
The ph-value was adjusted to 5.0-5.2 with NaOH. 
 
Solution B 
1mg Naphthol AS-TR phosphate  
1.5ml N,N-dimethylformamide  
 
TRAP staining media 
Solution B was added drop wise to solution A, plus 7 drops of 10%MgCl2 solution and filtered 
after incubation for 15min at 25°C. 
 
Pararosaniline-methylen-green staining 
 
H2PO4 solution (1l)  
9.078g H2PO4 
in DDW 
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Na2HPO4 solution (1l)  
11,876g Na2HPO4 * 2H2O in DDW 
 
Phosphate buffer according to Sörensen (pH 5.8) 

To adust the pH value to 5.8, 7.9ml of Na2HPO4 solution was filled to 100ml with the 
H2PO4 solution. 
Solution A 
0.1g Pararosaniline  
25 ml 2N HCl 
gently warmed, filtrated and stored at 4°C in the dark 
 
Solution B 
40mg Naphtylazetate  
0.4ml Acetone 
80ml Phosphate buffer according to Sörensen (pH 5.8, 0.067M). 
 
Pararosaniline staining media  
1.5ml solution A and 1,5ml 4% sodium nitrate solution were mixed, added to 80ml solution B and 
the pH value was adjsted to 5.8 with 2N NaOH. 
 
Toluidine-blue staining solution 
1% Toluidine blue O 
1% Sodium borate 
in DDW 
 
For whole mount skeletal stainings: 
 
Bleeching solution 
2ml Formamide 
1,25 ml 20xSSC 
6,75 ml 30% H2O2 
 
 

Sources of supply: Chemicals and lab-ware   
 
2-Methylbutan        Roth, Karlsruhe 
Acetic acid         AppliChem, Darmstadt 
Acetone        Roth, Karlsruhe 
Acrylamide        Roth, Karlsruhe 
Activated coal        Roth, Karlsruhe 
Agarose         Roth, Karlsruhe 
Albumin fraction V        AppliChem, Darmstadt 
Alcian blue        Sigma, Schnelldorf 
Alizarin-complexone       Sigma, Schnelldorf 
Alizarin red        Chroma-Gesellschaft, Stuttgart 
Ammoniummolybdate      Merck, Darmstadt 
Ammonium persulfate      Merck, Darmstadt 
Ammonium sulfide       Sigma, Schnelldorf  
Ampicillin         AppliChem, Darmstadt 
Anti-Digoxigenin-AP        Roche, Mannheim 
Bisacrylamide        Roth, Karlsruhe 
BM Purple         Roche, Mannheim 
Boehringer Block        Roche, Mannheim 
Bromphenol blue        Merck, Darmstadt 
BSA (Bovine serum albumin)             AppliChem, Darmstadt 
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CAS-Block                  Zymed (Invitrogen) Karlsruhe 
CHAPS         Sigma, Schnelldorf 
Chloroform         Merck, Darmstadt 
Cobaltnitrate        Roth, Karlsruhe 
Cystein         Roth, Karlsruhe 
Chromatography paper      Whatman, Dassel 
DEPC          Roth, Karlsruhe 
Desoxynucleosidtriphosphate (dNTPs)                    Promega, Mannheim 
Dig-Mix         Roche, Mannheim 
Dimethylsulfoxid (DMSO)       Roth, Karlsruhe 
Disodium hydrogen phosphate      AppliChem, Darmstadt 
Dithiotreitol (DTT)        Promega, Mannheim 
DNase 1        Fermentas, St- Leon-Rot 
dNTPs (deoxynucleotide triphosphates)    Promega, Mannheim 
Glass cover slips        Roth, Karlsruhe 
DigMix         Roche, Mannheim 
EDTA          Roth, Karlsruhe 
Ethanol         Roth, Karlsruhe 
Ethidiumbromide        Roth, Karlsruhe 
Eukitt         Sigma, Schnelldorf 
Euparal        Roth, Karlsruhe 
Formaldehyde        AppliChem, Darmstadt 
Forceps (#3, #5)               Fine Science Tools, Heidelberg 
Formamide         Roth, Karlsruhe 
Formamid, deionized        Roth, Karlsruhe 
Fuchsine        Roth, Karlsruhe 
Gelatine         Roth, Karlsruhe 
Gelatine capsules       Plano, Wetzlar 
Glucose         AppliChem, Darmstadt 
Glutaraldehyde        AppliChem, Darmstadt 
Glycerol         Roth, Karlsruhe 
Glycine         AppliChem, Darmstadt 
Goat serum         Sigma, Schnelldorf 
HCl (37%)         Merck, Darmstadt 
Hepes          AppliChem, Darmstadt 
Heparin         Sigma Schnelldorf 
Hydro-Matrix®                 Micro-Tech-Lab, Graz; Austria 
Iodacetamide        Merck, Darmstadt 
IPTG (Isopropyl-β-D-thiogalactopyranosid)    Roth, Karslruhe 
Jung Tissue Freezing medium              Leica Microsystems, Nussloch 
Kaliumhydroxide       Merck, Darmstadt 
Lambda-DNA  Promega, Mannheim 
Ligase (T4-Ligase)        Promega, Mannheim 
Magnesium chloride        Roth, Karlsruhe 
Magnesium sulfate        AppliChem, Darmstadt 
Maleic acid         Roth, Karlsruhe 
Mangan(II)-sulfate-1-hydrate      Merck, Darmstadt 
Mercaptoethanol       Roth, Karlsruhe 
Methacrylate (Historesin)      Leica, Heidelberg  
Methanol         Roth, Karlsruhe 
Methylen green       Merck, Darmstadt 
Micro centrifuge tubes       Sarstedt, Nümbrecht 
M-MLV Reverse Transcriptase     Promega, Mannheim 
Mowiol         Roth, Karlsruhe 
Naphthol AS-TR phosphate       Sigma, Schnelldorf 
Naphthylacetate       Roth, Karlsruhe   
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Nitric acid         Merck, Darmstadt 
NH4 acetate        Roth, Karlsruhe 
N,N-dimethylformamide      Roth, Karlsruhe 
Objective slides (regular)       Roth, Karlsruhe 
Objective slides (HistoBond+)            Marienfeld, Lauda-Königshofen 
Oligonucleotides        Operon, Cologne 
Parafilm         Roth, Karlsruhe 
Paraformaldehyde        AppliChem, Darmstadt 
Pararosanilin        Merck, Darmstadt 
pGEM-T-Easy-Vektor       Promega, Mannheim 
Plastic pipettes        Sarstedt, Nümbrecht 
Potassium acetate       AppliChem, Darmstadt 
Potassium chloride       AppliChem, Darmstadt 
Potassium dihydrogen phosphate     Merck, Darmstadt 
2-Propanol        Roth, Karlsruhe 
Proteinase K         Roth, Karlsruhe 
Pyrogallus acid       Roth, Karlsruhe 
Random Hexamers       Promega, Mannheim 
Rhodamine dextran           Molecular Probes, Karlsruhe 
RNA marker        Promega, Mannheim 
RNAse A         Roth, Karlsruhe 
RNAsin         Promega, Mannheim 
Roti®-Blue (5x)       Roth, Karlsruhe 
Roti®-Histofix        Roth, Karlsruhe 
Silversulfate        Roth, Karlsruhe 
Sucrose         AppliChem, Darmstadt 
Sodium acetate        Roth, Karlsruhe 
Sodium acetate trihydrate      Roth, Karlsruhe 
Sodium bicarbonate       Roth, Karlsruhe 
Sodium borate       Merck, Darmstadt 
Sodium-carboxymethylcellulose     Roth, Karlsruhe 
Sodium carbonate        Roth, Karlsruhe 
Sodium chloride        Roth, Karlsruhe 
Sodium citrate        Roth, Karlsruhe 
Sodium dihydrogen phosphate      AppliChem, Darmstadt 
Sodium dodecylsulfate (SDS)     Roth, Karlsruhe 
Sodium hydroxide        AppliChem, Darmstadt 
Sodium hydrogencarbonate      Merck, Darmstadt 
Sodium nitrate       Roth, Karlsruhe 
Sodium pyrophosphate      Roth, Karlsruhe 
Sodium thiosulfate       Merck, Darmstadt 
Sp6-RNA-Polymerase       Promega, Mannheim 
Specific primers Eurofins MWG Operon, 

Ebersberg 
Square media bottles 125ml Nalgene Labware, Belgium 
Syringe filters         Whatman, Dassel 
T7-RNA-Polymerase        Promega, Mannheim 
Taq-DNA-Polymerase (Go-Taq)      Promega, Mannheim 
TEMED        Roth, Karlsruhe 
Terminal Deoxynucleotidyl Transferase, Recombinant  Promega, Mannheim 
Toluidine blue O       Chroma, Münster 
Torula RNA         Sigma, Schnelldorf 
Tricaine         Serva Electrophoresis,  

 Heidelberg 
Tricholoracedic acid (TCA)      Merck, Darmstadt 
TRIS base        AppliChem, Darmstadt 
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TRIS HCl         AppliChem, Darmstadt 
Triton-X100         Serva, Heidelberg 
Trypsin        Roth, Karlsruhe 
Tryptone         AppliChem, Darmstadt 
Tween-20         AppliChem, Darmstadt 
Urea          Roth, Karlsruhe 
UV-light source       Biometra, Göttingen 
X-Gal          Roth, Karlsruhe 
Xylenecyanol        Roth, Karlsruhe 
Yeast extract        AppliChem, Darmstadt 
Zinn-2-chloride       Merck, Darmstadt 
 
Kits: 
5`/3`RACE Kit, 2nd Generation      Roche, Basel, Switzerland 
DNA-Purification-Kit (Easy-Pure)      Biozym, Hessisch Oldendorf 
innuPREP DOUBLEpure Kit      Analytic Jena, Jena 
pGEM-T Easy Vector System      Promega, Mannheim 
PureYield Plasmid Midiprep System     Promega, Mannheim 
PeqGOLD TriFast   Peqlab, Erlangen 
 
Proteins and Antibodies: 
Anti-digoxigenin AP        Roche, Mannheim 
Donkey anti-goat IgG AP  Santa Cruz Biotech., 

Heidelberg 
PMCA1/4 mouse monoclonal IgG Santa Cruz Biotechnology, 

Heidelberg 
Restriction enzymes and buffers      Promega, Mannheim 
 
Special Hardware:  
Aciocam Hrc        Zeiss, Oberkochen 
Autocut-Mikrotom       Reichert-Jung, Leica, Bensheim 
Axiocam MRC        Zeiss, Oberkochen 
Aciocam MRm       Zeiss, Oberkochen 
Axio Imager M.1       Zeiss, Oberkochen 
Axioplan 2         Zeiss, Oberkochen 
Axioscop 40        Zeiss, Oberkochen 
Barrier filter OG590        Zeiss, Oberkochen 
Cryo-microtome Leica CM3050     Leica microsystems, Nussloch 
Leica MZ FLIII        Leica, Bensheim 
Peltier Thermal Cycler PTC-200      Biozym, Hessisch Oldendorf 
Scanning electron micropscope DSM 940A    Zeiss, Oberkochen 
Sputter coater Baltec SCD050 Boeckeler Instruments, Tucson, 

U.S.A 
SteREO Discovery.V12      Zeiss, Oberkochen 
Vibratome, Leica VT1000s      Leica, Bensheim 
 
Animals: 
Fish: Mozambique mouthbreeder (Oreochromis mossambicus, Perciformes, Labroidei, 
Cichlidae).  
They were and kept species-appropriate at a 12h light-cycle in the animal facility of the Institute of 
Zoology, University of Hohenheim.  
 
Some parts of the Materials and Methods sections have been adapted from Vick (2009).  
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Appendix   

 

Appendix I: Sequences of otolith matrix proteins  

 

Oreochromis mossambicus alpha tectorin mRNA, partial cds 

GenBank: Not submitted 
 
 
LOCUS       -                   578 bp    mRNA    linear    

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   - 

VERSION     - 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   0  (bases 1 to 578) 

  AUTHORS   Weigele,J.  

  TITLE     - 

  JOURNAL   Unpublished 

REFERENCE   1  (bases 1 to 578) 

  AUTHORS   Weigele,J.  

  TITLE     - 

JOURNAL   Institute of Zoology, University of Hohenheim, Garbenstrasse 30, 

Stuttgart, Baden-Wuerttemberg 70599, Germany 

FEATURES             Location/Qualifiers 

     source          1.. 578 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..> 578 

                     /codon_start=1 

                     /product="alpha tectorin" 

                     /protein_id="-" 

                     /db_xref="-" 

      /translation="QMEVSISKCKLFQLGFEREDVRINDEHCAGIEGEDFISFHINNT 

 KGHCGSIVQSNGTHIMYKNTVWIESVNNAGNIITRDKTINVEFSCAYELDLKISLETV 

 LKPMLSVINLTLPTQEGNFITKMALYKNSSYRHPYREGEVVLSTRDILYVGVFVEGAD 

 ENQLILIVNMCWATPSRYSSDRLRYIIIERGC" 

ORIGIN       

        1 CAGATGGAGG TCTCCATCTC CAAGTGTAAG CTCTTCCAGC TGGGCTTTGA ACGCGAAGAT 

       61 GTCCGGATCA ACGACGAGCA CTGCGCTGGC ATTGAGGGAG AGGACTTCAT CTCCTTCCAC 

      121 ATTAACAACA CTAAGGGACA CTGCGGTTCC ATTGTACAGT CCAACGGCAC ACACATCATG 

      181 TATAAAAACA CTGTGTGGAT AGAAAGTGTG AACAACGCTG GGAACATCAT CACCAGAGAC 

      241 AAAACCATCA ACGTGGAGTT TTCCTGCGCC TATGAGCTGG ACCTGAAGAT CTCACTGGAG 

      301 ACTGTCCTCA AACCCATGCT CAGCGTTATT AACCTCACCC TACCGACCCA GGAAGGAAAC 

      361 TTCATTACCA AGATGGCTCT GTATAAAAAC TCCTCGTACC GCCATCCATA CAGAGAGGGG 

      421 GAGGTGGTGC TCAGCACTCG AGACATCCTG TACGTAGGCG TCTTTGTGGA AGGAGCGGAT 

      481 GAAAACCAGC TCATCCTTAT AGTGAACATG TGCTGGGCCA CGCCGTCGCG CTACAGCAGT 

      541 GATCGACTCC GCTACATCAT CATAGAGCGC GGGTGTCC 

// 
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Oreochromis mossambicus myosin light chain 9 mRNA, partial cds 

GenBank: Not submitted 
 
 
LOCUS       -                  486 bp    mRNA    linear    

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   - 

VERSION     - 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   0  (bases 1 to 486) 

  AUTHORS   Weigele,J.  

  TITLE     - 

  JOURNAL   Unpublished 

REFERENCE   1  (bases 1 to 486) 

  AUTHORS   Weigele,J.  

  TITLE     - 

JOURNAL   Institute of Zoology, University of Hohenheim, Garbenstrasse 30, 

Stuttgart, Baden-Wuerttemberg 70599, Germany 

FEATURES             Location/Qualifiers 

     source          1.. 486 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..> 486 

                     /codon_start=1 

                     /product=" myosin light chain 9 " 

                     /protein_id="-" 

                     /db_xref="-" 

      /translation="KGKTTKKRPQRATSNVFAMFDQSQIQEFKEAFNMIDQNRD 

   GFIDKEDLHDMLASLGKNPSDEYLEGMMSEAPGPINFTMFLTMFGERLNGTD 

   PEDVIRNAFACFDEEGSGVIHEDHLRELLTTMGDRFTDEEVDELFREAPIDK 

   KGNFNYAEFTRILKHGAK" 
ORIGIN    

        1 AAGGGAAAGA CCACCAAGAA GCGCCCGCAG AGAGCCACCT CCAATGTCTT TGCTATGTTT 

       61 GATCAGTCTC AGATTCAGGA GTTTAAAGAG GCGTTCAACA TGATCGACCA GAACAGAGAT 

      121 GGTTTCATCG ACAAGGAAGA TCTCCATGAC ATGTTGGCCT CTCTGGGTAA GAACCCTTCT 

      181 GATGAATATC TGGAGGGGAT GATGAGCGAA GCACCAGGGC CCATTAACTT CACCATGTTC 

      241 CTTACCATGT TTGGAGAGAG GCTCAATGGA ACAGACCCCG AGGATGTCAT CCGCAATGCC 

      301 TTTGCCTGCT TTGATGAGGA GGGATCTGGT GTGATCCACG AGGACCATTT GAGAGAGCTG 

      361 CTGACCACCA TGGGTGACCG CTTCACAGAT GAAGAAGTGG ACGAGTTATT TCGGGAGGCT 

      421 CCCATCGACA AGAAGGGCAA CTTCAACTAT GCAGAGTTCA CCCGCATCCT CAAACACGGC 

      481 GCCAAA 

// 
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Oreochromis mossambicus neuroserpin mRNA, partial cds 

GenBank: HQ667766.1 
 
 
LOCUS       HQ667766            611 bp    mRNA    linear     VRT 25-JUN-2011 

DEFINITION  Oreochromis mossambicus neuroserpin mRNA, partial cds. 

ACCESSION   HQ667766 

VERSION     HQ667766.1  GI:336440857 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 611) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Occurrence of otolith matrix proteins in the inner ear of sub-adult 

            chichlid fish, Oreochromis mossambicus, detected with an enhanced 

            protein purification technique 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 611) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (30-NOV-2010) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..611 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..>611 

                     /codon_start=2 

                     /product="neuroserpin" 

                     /protein_id="AEI54712.1" 

                     /db_xref="GI:336440858" 

                     /translation="WKNQFRPENTRTFSFSRDDGSEVQTLMMYQQGDFYYGEFSDGSQ 

                     EAGGVYQVLEMPYEGEGMSMMIVLPRQEVPLASLEPIIKAPLLEEWANNVKRQKVEVY 

                     LPRFKVEQKIDLKDTLQELGIKNIFTDNADLSAMTDVEDLYIGKAVQKAYLEVTEEGA 

                     EGAVGSGMIALTRTLVLYPQVMADHPFFLIIRNRRTGSILFMG" 

ORIGIN       

        1 ctggaagaac cagttcaggc cggagaacac caggaccttt tccttcagca gagatgacgg 

       61 ctctgaagtc cagacactca tgatgtacca gcagggagac ttctactatg gcgagttcag 

      121 tgacggctcg caggaggccg gcggtgtgta ccaggtgttg gaaatgccct acgagggaga 

      181 gggcatgtcc atgatgatcg ttcttcctcg gcaggaagta cctctggcct ccctggagcc 

      241 catcattaaa gcgccgctgc tggaggagtg ggctaacaat gtcaaacgac agaaggtgga 

      301 agtctaccta ccgaggttta aggtggagca gaagatcgat ctgaaggaca ctctgcagga 

      361 actgggaata aagaacatct tcaccgacaa cgccgatctc tctgccatga cagatgttga 

      421 ggatctgtac attgggaaag cagtgcagaa ggcctacctg gaggtgacag aggagggggc 

      481 agagggagct gttgggtcag gaatgattgc cctgaccagg acgctggtcc tgtacccaca 

      541 ggtcatggct gatcacccat tcttcctcat tatcagaaac aggagaacag ggtccatcct 

      601 cttcatgggc a 

// 
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Oreochromis mossambicus osteopontin-like protein (OP-L) mRNA, partial cds 

GenBank: JN854244.1 
 
 
LOCUS       JN854244            673 bp    mRNA    linear     VRT 11-DEC-2011 

DEFINITION  Oreochromis mossambicus osteopontin-like protein (OP-L) mRNA, 

            partial cds. 

ACCESSION   JN854244 

VERSION     JN854244.1  GI:359391729 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;             

Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei;             

Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes;             

Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae;            

Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 673) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Developmental expression of SPARC and the osteopontin-like protein 

            in the cichlid fish Oreochromis mossambicus 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 673) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (13-OCT-2011) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..673 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     gene            <1..>673 

                     /gene="OP-L" 

     CDS             <1..>673 

                     /gene="OP-L" 

                     /codon_start=3 

                     /product="osteopontin-like protein" 

                     /protein_id="AEV45619.1" 

                     /db_xref="GI:359391730" 

                     /translation="ESSEEVVRQPKPPALRKQAPVVLKARPPPVQNVVAAAAAGSGES 

                     AETSEEEEHQQQVAAEALPEVKSVVTDTTSDSPSVNTQDSEDGDDDDEAEESETEEEE 

                     DESSDSSESGESSTPAPSTVAPVVVTETPAPEPTDDSIVATVVTDTARGDNLGGYPSE 

                     YKSIVYVEEKSYHKAPGPYKSYEFVDTGKKTAYSMTGGNEVEKLPKVYKTIYVNPELL 

                     EEDTST" 

ORIGIN       

        1 cagagagctc tgaagaagtg gtgagacaac caaaacctcc agcgctcaga aaacaggcac 

       61 ccgtggttct taaggctcgc cccccacctg tgcagaatgt tgtagcagct gcggctgctg 

      121 gttcaggtga gagcgcagaa acttcggaag aggaggagca tcagcagcag gtggcagccg 

      181 aggctctacc tgaagtcaaa tctgtcgtca cagacacaac ttcagattcg ccctcagtta 

      241 acacgcagga cagtgaagac ggtgatgatg atgatgaagc agaggagagt gaaacagagg 

      301 aggaggagga tgaatccagc gacagctcag agtctggtga gtcctccacg cctgctcctt 

      361 ctacagtagc ccccgtggtt gtcacagaga caccggcccc tgagccgact gatgactcca 

      421 ttgtggccac cgtcgtcacc gatacagccc gcggtgacaa cctgggaggc taccccagcg 

      481 agtacaagtc catcgtctat gtggaggaaa aatcctacca caaggctccc gggccctaca 

      541 agtcctatga gtttgtggac acaggaaaga agacagccta ttcaatgacc ggcggcaatg 

      601 aggtggagaa gctgccaaag gtgtataaga ctatttatgt caaccctgaa ctcctggagg 

      661 aggacaccag cac 

// 
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Oreochromis mossambicus otoconin mRNA, partial cds 

GenBank: Not submitted 
 
 
LOCUS       -                   676 bp    mRNA    linear    

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   - 

VERSION     - 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   0  (bases 1 to 676) 

  AUTHORS   Weigele,J.  

  TITLE     - 

  JOURNAL   Unpublished 

REFERENCE   1  (bases 1 to 676) 

  AUTHORS   Weigele,J.  

  TITLE     - 

JOURNAL   Institute of Zoology, University of Hohenheim, Garbenstrasse 30, 

Stuttgart, Baden-Wuerttemberg 70599, Germany 

FEATURES             Location/Qualifiers 

     source          1.. 676 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..> 676 

                     /codon_start=1 

                     /product="otoconin" 

                     /protein_id="-" 

                     /db_xref="-" 

 /translation="VCDRLQCVCDKTTAECMAAAHFNHSLPTPQCHGPTPPCRR 

 ASRPPKPLRFSPQSSEESDMVCDRLQCVCDKTTAECMAAAHFNHSLPTPQCH 

 GPTPPCRRASRPPKPLRFSPQSSEESDMEVGDASSEEDTAANTPPPQQPPHS 

 HDSSDLKDNEKLTPSAGSPGDVTHPPPLPPSPAASSEETGERLTLSGVQNQN 

 LRPSAGQGQGQQPGERKEEEQEGGEEEKEEEEEEEGGKEEEVEEEXETXKXE 

 EXX“ 
 

ORIGIN       

        1 GTGTGTGACA GGCTGCAGTG TGTATGCGAC AAAACCACAG CAGAGTGCAT GGCGGCCGCA 

       61 CACTTTAACC ACAGTCTGCC GACGCCGCAG TGCCACGGGC CGACGCCCCC CTGCCGCCGA 

      121 GCCAGCAGAC CCCCCAAACC TCTGAGGTTC TCCCCCCAGT CCAGCGAGGA GTCGGACATG 

      181 GAGGTCGGGG ACGCCAGCAG TGAGGAGGAC ACGGCTGCAA ACACACCTCC ACCTCAGCAA 

      241 CCTCCTCACA GCCATGACAG CTCCGACCTG AAGGACAACG AGAAGTTGAC TCCTTCTGCT 

      301 GGATCACCCG GAGACGTGAC ACATCCTCCT CCTCTCCCTC CTTCTCCTGC TGCCTCCAGT 

      361 GAGGAGACCG GGGAGCGACT GACACTCAGC GGGGTTCAAA ACCAGAACCT GAGGCCGAGT 

      421 GCAGGGCAGG GCCAGGGGCA GCAACCGGGA GAGAGAAAGG AGGAGGAGCA AGAGGGAGGA 

      481 GAAGAAGAGA AGGAGGAGGA AGAGGAGGAG GAAGGTGGAA AAGAAGAAGA AGTAGAGGAA 

      541 GAGGANGAAA CNGANAAANA GGAGGAGGAN NAATAGAAGC TNACGAATTC CTTCTCTGTG 

      601 ACAGANGTGA TGTGATGTCA TTTTGGGANC TTGGACTCNA CGCTTTCTGA CATCTTTGAT 

      661 TAAAAAAAAA AAAAAA 

// 
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Oreochromis mossambicus otogelin mRNA, partial cds 

GenBank: Not submitted 
 
 
LOCUS       -                   795 bp    mRNA    linear    

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   - 

VERSION     - 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   0  (bases 1 to 795) 

  AUTHORS   Weigele,J.  

  TITLE     - 

  JOURNAL   Unpublished 

REFERENCE   1  (bases 1 to 795) 

  AUTHORS   Weigele,J.  

  TITLE     - 

JOURNAL   Institute of Zoology, University of Hohenheim, Garbenstrasse 30, 

Stuttgart, Baden-Wuerttemberg 70599, Germany 

FEATURES             Location/Qualifiers 

     source          1.. 795 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..> 795 

                     /codon_start=3 

                     /product="otogelin" 

                     /protein_id="-" 

                     /db_xref="-" 

      /translation="CKRVAIRTTIRKDDCRSNAPVTVYSCDGKCPSATIFNFNI 

 NSHARFCKCCRESGLQTRSVALYCSRNATVVEYSFQEPLDCSCQWN" 
ORIGIN       

        1 CATGTAAGCG CGTGGCCATT CGGACAACCA TTAGAAAAGA TGACTGCAGG AGCAATGCAC 

       61 CGGTTACAGT ATATTCCTGC GATGGCAAAT GTCCGTCAGC CACCATATTC AACTTTAACA 

      121 TCAACAGTCA CGCCAGATTC TGTAAATGCT GCCGTGAGAG TGGACTGCAA ACCCGCTCCG 

      181 TCGCACTCTA CTGCTCTCGC AATGCCACAG TCGTGGAGTA CAGCTTCCAA GAGCCTCTAG 

      241 ACTGTTCGTG CCAGTGGAAC TAAAAACAGC TGAATGAGAG CAAGACAAGT GAAGAGAATG 

      301 TCTAAATAAC AGGGTGGGGT AGGGGGATAT CTGAATATTG TTTTACTAAT GGACAAACAC 

      361 GAAAACCAGC CATGTCTTTT TTGTTGTCGT TGTCTTAATA CACTTTACAG CACTGACTTT 

      421 GAGTCATAGT TGTAACTAAA AGATATGAGA ATAACTGATT TAAGGGGCGG ATTGTTTTTC 

      481 AGATAGTTTT CTTGCACTTT AGCTTTGTTT TCTGTAAGTC CTGCAGTGCC AACCCATTCA 

      541 GCTTCTAGTG CTTTCAGCTG ATGGTACCCT AAGCTCTTTA TCCTACAGTA TATGAACATG 

      601 TTGTTGCATT TTTAAATAGC TGTTGTGTTT AAACACTGTA TATGAATTTT GGTTTGTCTT 

      661 ATAAGATTCA TTTAGCCTTT ATGCTTTGTT GTCTTAGAAA AGTTGAATCT CTTTCTCAAA 

      721 TGTAATTTTG CCCTCCTTTT AGTTTTTACA GTAGTTTAAT AAAAGATTTA ACAGTGAAAA 

      781 AAAAAAAAAA AAAAA 

// 

 

 

 

 

 

 



Appendix   171 

Oreochromis mossambicus otolin-1 mRNA, partial cds 

GenBank: HQ667764.1 
 
 
LOCUS       HQ667764            730 bp    mRNA    linear         VRT 25-JUN-2011 

DEFINITION  Oreochromis mossambicus otolin-1 mRNA, partial cds. 

ACCESSION   HQ667764 

VERSION     HQ667764.1  GI:336440853 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 730) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Occurrence of otolith matrix proteins in the inner ear of sub-adult 

            cichlid fish, Oreochromis mossambicus, detected with an enhanced 

            protein purification technique 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 730) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (30-NOV-2010) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..730 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..>730 

                     /codon_start=1 

                     /product="otolin-1" 

                     /protein_id="AEI54710.1" 

                     /db_xref="GI:336440854" 

                     /translation="DPGERGEPGLNGTKGIPGPEGLMGPPGIXGSKGQKGEQGQPSEC 

                     LPGEKGEKGDHGPPGXRGEMGPPGLNGADGAKGERGEPGPPGGKGDTGPRGLPGGRGL 

                     AGLRGEKGPRGPRGPRGPKGPPGQSAVQVRSAFSVGLFPSRSFPPPGLPVKFDKMFYN 

                     GEGHWDPGLNKFNVTYPGVYLFSYHITVRNRPVRAALAVNGMRKLRTRDSLHGQDIDQ 

                     ASNLALLQLNEGDQVWLETLRDWNG" 

ORIGIN       

        1 gacccaggag aaagaggaga gcctggcctg aatgggacta aaggcatccc tggcccagaa 

       61 gggctgatgg gtcccccagg gattcntggg tcaaagggtc agaaaggtga gcaagggcag 

      121 ccaagtgagt gtttaccagg tgagaaagga gagaaaggtg atcatggacc cccaggtnta 

      181 agaggtgaga tgggcccccc aggactgaat ggagctgatg gtgcaaaggg agaaaggggg 

      241 gagccagggc ctccaggagg gaagggtgat actggaccta gaggcctccc aggtgggagg 

      301 ggactggcag ggttgagggg agagaaggga cctagaggtc ctcgtgggcc tcggggtccc 

      361 aaaggacctc caggtcagag tgccgttcag gttcgatctg ccttcagtgt aggtttgttc 

      421 cccagccgct ccttccctcc accgggcctg cctgtgaagt ttgataagat gttttacaat 

      481 ggggagggac actgggaccc gggactcaat aagttcaacg tcacataccc cggggtctac 

      541 ctattcagct atcacatcac tgtgcgcaac cggcctgtgc gtgctgccct ggcggttaat 

      601 ggaatgcgga agctacggac aagagactct ctgcatggcc aagacatcga tcaggcatct 

      661 aatctcgcgc tgctgcagct gaacgaaggt gaccaggtct ggctggagac actgagagac 

      721 tggaatggag 

// 

 
 

 
 
 
 

 

 



Appendix   172 

Oreochromis mossambicus otolith matrix protein 1 mRNA, partial cds 

GenBank: HQ667763.1 
 
 
LOCUS      HQ667763            701 bp    mRNA    linear         VRT 25-JUN 2011 

DEFINITION  Oreochromis mossambicus otolith matrix protein 1 mRNA, partial cds. 

ACCESSION   HQ667763 

VERSION     HQ667763.1  GI:336440851 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;            

Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei;            

Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes;            

Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 701) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE  Occurrence of otolith matrix proteins in the inner ear of sub-adult             

cichlid fish, Oreochromis mossambicus, detected with an enhanced            

protein purification technique 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 701) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (30-NOV-2010) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..701 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..>701 

                     /codon_start=1 

                     /product="otolith matrix protein 1" 

                     /protein_id="AEI54709.1" 

                     /db_xref="GI:336440852" 

                     /translation="EEKKCLDLAGNATARNVKGTLQCVRGLNTRDCMEKIKNGTADAA 

                     SMFGDDIYAAGFCHGLELAAGESYNGVDGISYYVVAMARRSSSDLSLLEMHERSSCHP 

                     GIRTTVGWTVPIGYLVNTSQISVGEQCNFPRVVGNFFGYSCVPGIKDPQHDPRGNNPK 

                     NLCEARIGDENDRHICANNHRERHYGESGALRCVAENLGDVAFVKHTTVFDNLDGKNQ 

                     ESWALDLEVEDLKLL" 

ORIGIN       

        1 gaggagaaga agtgtctgga tttggccgga aacgccacag ctcgaaatgt aaaaggaaca 

       61 ctgcagtgtg tccgaggctt aaacaccagg gactgtatgg aaaaaatcaa gaatgggact 

      121 gcagatgcag cctccatgtt tggagatgac atctatgctg ctggtttctg ccatggcctg 

      181 gagcttgctg caggagagtc ctacaatggt gtagatggta tcagctacta tgtggtggca 

      241 atggcacgcc gctcctcctc agacctgtcc ctgctcgaga tgcatgagcg cagctcttgt 

      301 caccccggca ttcgtaccac agtggggtgg actgttccca ttggctactt ggtcaacaca 

      361 tcccaaatca gtgtaggaga gcagtgcaac ttcccgagag tggtggggaa cttcttcggt 

      421 tatagctgcg tgccgggcat taaggatccc cagcacgatc ccagaggcaa caatccaaag 

      481 aacctctgcg aggcccgtat aggagacgag aacgacagac acatctgcgc caacaaccac 

      541 agagagcggc attacggaga atcgggagct ctgaggtgcg tggctgagaa cctcggcgac 

      601 gtggcttttg tcaaacacac aacagtcttt gacaatttgg atggtaagaa ccaagagtcc 

      661 tgggccctgg atctggaggt ggaggacctg aagctgctgt a 

// 

 
 

 
 
 
 

 
 
 
 

 



Appendix   173 

Oreochromis mossambicus pre-cerebellin-like protein mRNA, complete cds 

GenBank: HQ667762.1 
 
 
LOCUS       HQ667762            719 bp    mRNA    linear        VRT 25-JUN-2011 

DEFINITION  Oreochromis mossambicus pre-cerebellin-like protein mRNA, complete 

            cds. 

ACCESSION   HQ667762 

VERSION     HQ667762.1  GI:336440849 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 719) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Occurrence of otolith matrix proteins in the inner ear of sub-adult 

            cichlid fish, Oreochromis mossambicus, detected with an enhanced 

            protein purification technique 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 719) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (30-NOV-2010) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..719 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             71..646 

                     /codon_start=1 

                     /product="pre-cerebellin-like protein" 

                     /protein_id="AEI54708.1" 

                     /db_xref="GI:336440850" 

                     /translation="MLAFCLLSAVWLAASPVRAQNETEPIVLEGKCLVVCDSNPTSDP 

                     TGTALGISVRSGSAKVAFSAVRNTNHEPSEMSNRTMVIYFDRVLVNVGRNFDEERSNF 

                     IAPRKGIYSFNFHVVKVYNRQTIQVSLMHNGWPVISAFAGDQDVTREAASNGVLIQME 

                     KGDRAYLKLERGNLMGGWKYSTFSGFLVFPM" 

ORIGIN       

        1 aaaggggaat agacccaccc cggtttgagg tgtgaagacg acctgaacaa gttcaccgct 

       61 cggttccggt atgctggcgt tttgcctttt aagtgccgtg tggcttgcgg cgagtccggt 

      121 ccgcgctcag aacgagacgg aaccaatcgt cctggaggga aagtgcctcg tggtgtgcga 

      181 ctccaacccg acctcggacc ccacgggcac agcgctcggg atctcggtgc gctcgggaag 

      241 cgcaaaggtg gcgttctccg cagtccggaa caccaaccac gaaccctccg agatgagcaa 

      301 ccggactatg gtcatctact tcgatcgggt tcttgtaaat gttgggagga attttgacga 

      361 agagagaagt aacttcattg caccacggaa aggaatttac agttttaact tccacgtagt 

      421 taaagtctac aatcgccaaa ctatacaggt gagcctgatg cacaacggtt ggccagtgat 

      481 ttcggcattt gccggggacc aggacgtgac gcgcgaggca gccagcaatg gtgttctgat 

      541 ccagatggag aagggagacc gggcctacct caaattggag agaggaaacc taatgggagg 

      601 atggaaatac tccaccttct caggcttcct ggtgttcccc atgtagagag gaagaggagg 

      661 aggaggtgca aggatggaaa caaaggatgg gcgagctggt gcaagctgga aaaaaaaaa 

// 
 
 

 
 
 
 

 
 
 
 

 



Appendix   174 

Oreochromis mossambicus SPARC mRNA, partial cds 

GenBank: HQ667765.1 
 
 
LOCUS       HQ667765            628 bp    mRNA    linear          VRT 25-JUN-2011 

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   HQ667765 

VERSION     HQ667765.1  GI:336440855 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   1  (bases 1 to 628) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Occurrence of otolith matrix proteins in the inner ear of sub-adult 

            cichlid fish, Oreochromis mossambicus, detected with an enhanced 

            protein purification technique 

  JOURNAL   Unpublished 

REFERENCE   2  (bases 1 to 628) 

  AUTHORS   Weigele,J. and Hilbig,R. 

  TITLE     Direct Submission 

  JOURNAL   Submitted (30-NOV-2010) Institute of Zoology, University of 

            Hohenheim, Garbenstrasse 30, Stuttgart, Baden-Wuerttemberg 70599, 

            Germany 

FEATURES             Location/Qualifiers 

     source          1..628 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..>628 

                     /codon_start=1 

                     /product="SPARC" 

                     /protein_id="AEI54711.1" 

                     /db_xref="GI:336440856" 

                     /translation="LKKGKVCEVDESNTPMCVCQDPSTCPPVEGDFEHVCGTDNKTYE 

                     SSCHFFATKCTLEGTKKGHKLHLDYIGPCKLIEPCLDSELTEFPLRMRDWLKNVLVTL 

                     YERDEDNNLLTEKQKLRVKKIYENEKRLQAGDHSLDLLAHDFEKNYNMYIFPVHWQFG 

                     QLDQHPVDGYLTHTELAPLRAPLIPMEHCTTRFFEQCDADADKYIALEE" 

ORIGIN       

        1 ctgaagaagg gaaaggtgtg tgaggtggat gagagcaaca ctcccatgtg tgtgtgccag 

       61 gacccctcca cctgcccacc agtggaagga gactttgagc atgtttgcgg aactgacaac 

      121 aagacctacg agtcctcctg ccacttcttt gccaccaagt gcaccctgga gggaaccaag 

      181 aagggtcaca agctgcacct cgactacatc ggcccctgca aactcatcga gccctgtctg 

      241 gacagcgagc tgacagagtt cccgctgcgt atgagggact ggctgaagaa cgttctggtg 

      301 acactgtacg agcgtgacga ggacaacaac ctgctgaccg agaagcagaa gctcagggtg 

      361 aagaaaatct atgagaatga gaagaggctt caggccggcg atcactccct ggacctgctc 

      421 gcccacgact tcgagaagaa ctacaacatg tacatcttcc ctgtccactg gcagttcggc 

      481 cagctcgacc agcaccccgt cgacggatat ctgacccaca cagagctcgc ccctctgcgc 

      541 gctcctctca ttcccatgga gcattgcacc acccgcttct ttgagcagtg cgatgctgat 

      601 gccgacaaat acatcgccct ggaggagt 

// 

 

 
 
 
 

 
 
 
 
 

 
 
 



Appendix   175 

Oreochromis mossambicus transferrin mRNA, partial cds 

GenBank: Not submitted 
 
 
LOCUS       -           749 bp    mRNA    linear    

DEFINITION  Oreochromis mossambicus SPARC mRNA, partial cds. 

ACCESSION   - 

VERSION     - 

KEYWORDS    . 

SOURCE      Oreochromis mossambicus (Mozambique tilapia) 

  ORGANISM  Oreochromis mossambicus 

            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 

            Actinopterygii; Neopterygii; Teleostei; Euteleostei; Neoteleostei; 

            Acanthomorpha; Acanthopterygii; Percomorpha; Perciformes; 

            Labroidei; Cichlidae; African cichlids; Pseudocrenilabrinae; 

            Tilapiini; Oreochromis. 

REFERENCE   0  (bases 1 to 749) 

  AUTHORS   Weigele,J.  

  TITLE     - 

  JOURNAL   Unpublished 

REFERENCE   1  (bases 1 to 749) 

  AUTHORS   Weigele,J.  

  TITLE     - 

JOURNAL   Institute of Zoology, University of Hohenheim, Garbenstrasse 30, 

Stuttgart, Baden-Wuerttemberg 70599, Germany 

FEATURES             Location/Qualifiers 

     source          1.. 749 

                     /organism="Oreochromis mossambicus" 

                     /mol_type="mRNA" 

                     /db_xref="taxon:8127" 

     CDS             <1..> 749 

                     /codon_start=3 

                     /product="transferrin" 

                     /protein_id="-" 

                     /db_xref="-" 

 /translation="KDPQLADLIWQSLDRVQTDHSFNLFSSEAYAPAKDLMFKDSTVR 

 LLRVPPNTDSFLCLGANYMSIIHSLKKEQASDDPSPAIRWCAVGHAETAKCDTWSISS 

 VSGETTSIECQSAPTVEECLKKIMRAEADAIAVDGGQVFTAGKCGLVPVMVEQYDQEL 

 CSRSDALTSSYYAVAVVKKGSGVTWENLKGKKSCHTGIGRTAGWNIPMGQIYKTEHDC 

 DFTKFFSSGCAPGAEPTSPFCSLCVDIDTRG" 

ORIGIN       

        1 GCAAGGATCC ACAGCTGGCC GACTTGATCT GGCAGAGCCT TGACCGAGTT CAGACTGACC 

       61 ACAGCTTTAA CCTCTTCTCA TCTGAAGCCT ACGCACCTGC CAAGGACCTG ATGTTCAAAG 

      121 ATTCAACAGT GAGGCTCTTG AGGGTGCCCC CAAACACAGA CTCCTTCCTG TGTCTGGGTG 

      181 CTAACTACAT GAGCATCATC CATTCCCTTA AAAAAGAGCA GGCATCAGAC GATCCATCCC 

      241 CTGCCATTAG GTGGTGTGCT GTGGGCCATG CTGAGACCGC CAAGTGTGAC ACGTGGAGCA 

      301 TCAGCAGTGT GTCTGGGGAG ACCACCTCCA TTGAATGCCA GAGCGCCCCT ACAGTTGAAG 

      361 AGTGCCTGAA GAAGATTATG CGTGCAGAGG CCGACGCAAT AGCCGTGGAT GGAGGTCAGG 

      421 TGTTTACGGC TGGAAAGTGT GGCCTGGTTC CTGTCATGGT GGAGCAGTAT GATCAAGAGT 

      481 TGTGCAGCCG CTCTGACGCC CTAACCTCCT CATACTATGC TGTTGCTGTG GTAAAGAAGG 

      541 GTTCAGGGGT GACCTGGGAG AATCTGAAGG GCAAGAAGTC TTGCCACACA GGAATCGGCA 

      601 GAACTGCTGG CTGGAACATC CCCATGGGTC AAATCTACAA AACAGAACAT GACTGTGACT 

      661 TCACTAAGTT CTTCAGTAGT GGCTGTGCCC CCGGAGCAGA GCCCACCTCT CCGTTCTGTT 

      721 CTCTGTGTGT CGACATCGAT ACGCGTGGT 

// 

 


