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Resumo 

As proteinas dependentes da vitamina K, proteína Gla do osso (BGP ou 

osteocalcina) e proteína Gla da matriz (MGP) são pequenas proteinas que ligam o cálcio, 

tendo sido recentemente descobertas em peixe. Neste trabalho são descritas pela primeira 

vez as sequências dos ADNs complementares para as BGPs e as MGPs de peixe zebra 

{Danio rerio) e linguado {Solea senegalensis). Os padrões de expressão e acumulação 

destas proteinas foram investigados ao longo do desenvolvimento destes peixes, com 

particular interesse na altura da metamorfose do linguado. Em peixe zebra detectou-se a 

expressão e de bgp e wigp em todos os tecidos calcificados ou em calcificação, incluindo 

osso e a cartilagem calcificada dos arcos branquiais. Esta expressão foi confirmada 

através de RT-PCR e de PGR em tempo real em espécimes da mesma idade e estado de 

desenvolvimento. Em linguado verificou-se um acentuado aumento de expressão de BGP 

e MGP durante a metamorfose em paralelo com o desenvovimento de estruturas axiais e 

aumento de calcificação do esqueleto. A imunolocalização da BGP e da MGP revelou 

que estas proteinas se acumulam principalmente na matrix de estruturas calcificadas ou 

em calcificação, confirmando os resultados obtidos por hibridação in situ. Em contraste 

com o observado para outros peixes marinhos, em linguado e no peixe zebra a MGP 

apenas se acumula nos tecidos calcificados de forma semelhante ao descrito para 

mamíferos. Estes resultados sugerem diferenças nos padrõres de acumulação de MGP 

entre peixes marinhos e de peixes de água doce. Através do uso do antagonista da 

vitamina K, a warfarina, pudemos observar a formação de calcificações ectopicas nos 

sistemas arteriais de peixe zebra e de charroco, à semelhança do obseivado para 

mamíferos. Estes resultados sugerem uma conservação da função da MGP entre peixes e 

mamíferos. De um ponto de vista evolutivo, estes resultados indicam que o peixe zebra 

se adequa como modelo para estudos de expressão genética da MGP e para determinar a 

sua função. 

Foram investigados os padrões de desenvolvimento esquelético de peixe zebra e 

linguado através de coloração do esqueleto com azul de alcian e vermelho de alizarina. A 

avaliação da ocurrência de malformações em linguado, revelou um elevado número de 

malformações, que afectam 44% dos indivíduos em particular na coluna vertebral e no 
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complexo caudal. As causas para estas deformações não foram aqui estudadas, embora as 

elevadas incidências possam revelar problemas nas condições de cultivo ou na dieta. 



Abstract 

The vitamin K dependent bone Gla protein (BGP or osteocalcin) and matrix Gla 

protein (MGP) are small calcium binding proteins only recently discovered in fish. In this 

study we cloned for the flrst time the cDNAs for BGP and MGP of zebrafish {Danio 

rerio) and Senegal sole (So/ea senegalensis) and investigated lhe tissue distribution and 

accumulation of BGP and MGP during larval development and in adult tissues of the 

zebrafish and throughout metamorphosis in Senegal sole. In zebrafish, the presence of 

bgp and mgp mRNA was revealed by in situ hybridization in ali mineralized tissues 

during and after calcification, including bone and lhe calcified cartilage of branchial 

arches. This expression was confirmed by Real Time PGR in specimens of same age and 

developmental stages. Immunolocalization of BGP and MGP demonstrated that these 

proteins accumulate mainly in lhe matrix of skeletal structures already calcified or in the 

process of calcifying, confirming in situ hybridization results. Results obtained in 

Senegal sole further indicate that, during metamorphosis, there is an increase in 

expression of both bgp and mgp, in parallel with the calcification of axial skeleton 

structures. In contrast with results obtained for previously studied marine lishes, in sole 

as in the fresh water zebrafish, MGP accumulates in both calcified tissues and in vessel 

walls of the vascular system, as also seen previously in higher vertebrates. These results 

suggest a major difference in the pattern of MGP accumulation between marine and 

freshwater fishes, the latter being more reminiscent of those results obtained in mammals. 

Furthermore we were able lo induce vascular caleification by treating zebrafish and 

toadfish with the vitamin R antagonist warfarin, obtaining results similar to the observed 

in mammalian system. From an evolutionary point of view, these results further indicate 

that zebrafish is a suitable model to conduct studies on mgp gene expression and 

function. 

The normal skeletal development was followed in zebrafish and Senegal sole 

developmental stages by skeletal staining with alcian blue and alizarin red. An evaluation 

of the occurrence of skeletal malformations in Senegal sole revealed a high number of 

malformations with 44% of the individuais presenting malformations particularly in the 

caudal region and in the vertebral column. The causes for these malformations were not 

identified in this study, but the high incidence of malformations may reflect culture 
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problems due to rearing and/or feeding conditions that may affect the normal skeletal 

development. 
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Introduction 

Introduction 

11- General introduction 

Since the discovery of bone Gla protein (BGP or osteocalcin) in 1976 and later 

matrix Gla protein (MGP) in 1985, a great effort has been done by the scientific 

community to characterize and understand the flmctions these proteins have in the 

skeleton as well as the mechanisms that regulate them. In the last decade, and in addition 

to results obtained in the classical mammalian systems, BGP and MGP have been 

purified from various teleost and eartilaginous fishes. Both amino aeid and nucleotide 

sequences were obtained, providing the molecular tools to further investigate the patterns 

of expression and accuniulation and to understand the functions that these calcium 

binding proteins exert in fish skeletal and vascular systems. Based on the existing 

information, the current information regarding BGP and MGP are overviewed in this 

introduction, with special interest on its regulation, expression and accumulation patterns. 

The current knowledge on the development of eartilaginous and bony structures in the 

fish skeleton will also be introduced. 

12- Vitamin K-dependent proteins 

The family of gamma-carboxyglutamic acid (Gla) containing, vitamin K- 

dependent proteins is composed by three main groups (see table 1) comprising: 1) the 

proteins involved in blood coagulation, ,clotting factors II (prothrombin), VII, IX and X 

and plasma proteins C,S and Z; 2): those originally isolated from bone and cartilage, bone 

Gla protein (BGP) also called osteocalcin and matrix Gla protein (MGP); and 3) a group 

of less studied proteins including the vitamin K-dependent gamma-carboxylase. 

Vitamin K was discovered by Dam in the 1930 s by finding that the hemorrhagic 

syndrome observed in chicks feed lipid free diets was associated with lower prothrombin 

activity and a reduction in the synthesis of factors VII, IX and X. It was later 

demonstrated that vitamin K is a cofactor for the hepatic vitamin k-dependent gamma- 

2 



Introduction 

glutamyl carboxylase, in the the post-translational conversion of the precursors of vitamin 

k-dependent proteins to their active forms (Suttie, 1990, Liu et ai, 1996, Venneer and 

Braam, 2001). In fact the only known function of vitamin K is that it serves as a cofactor 

for gamma-glutamyl carboxylase promoting the conversion of selective protein-bound 

glutamate residues into gamma-carboxy glutamate (Gla) (Vermeer and Braam, 2001). 

The first indications for vitamin K-dependent proteins involvement in bone 

metabolism carne from the observation that babies bom from women who had been 

treated with vitamin K antagonists during the first trimester of pregnancy displayed a 

serious bone malformation known as chondrodysplasia punctata or fetal warfarin 

syndrome (Pettifor and Benson, 1975). This deformity is characterized by hypoplasias of 

the nasal bridge and distai phalanges, ectopical calcifications in the growth plate and 

excessive bone calcifications (Pettifor and Benson, 1975, Vermeer and Braam, 2001; 

Simes, 2002). 

The vitamin K-dependent gamma-glutamyl carboxylase is a microsomal enzyme 

which catalyzes the posttranslational conversion of glutamyl to gamma-carboxylglutamyl 

residues (Liu et ai, 1996) (see figure II). The carboxylation reaction is vitamin K 

dependent and in the absence of vitamin K or in the presence of a vitamin K antagonist 

(e.g. warfarin) carboxylation in vivo is impaired (Suttie, 1985, Liu et ai, 1996) and it has 

also been observed that calcium binding capacity is altered with the degree of 

carboxylation (Poser and Price, 1979; Vermeer et ai, 1984). This reduction of activity is 

due to the discovery that the carboxylase also carboxylates itself in a reaction dependent 

on vitamin K (Berkner and Pudota, 1998). The presence of Gla residues has been 

associated with the ability of vitamin k-dependent proteins to bind divalent cations, 

hidoxyapatite and acid phospholipids (Venneer, 1984, 1990; Lim et ai, 1977). The 

binding to mineral and mineral ions is mediated by the gamma-carboxylated glutamic 

acid residues, conferring the specific activity to the protein, since carboxylation affects 

their Ca2'-mediated interaction with phospholipid bilayers (Berkner and Pudota, 1998). 

From the identification of the cDNA sequences for these vitamin K-dependent 

proteins and comparative sequence analysis a homologous peptide was discovered, which 

is not observed in noncarboxylated proteins, and that subsequently was shown by 

mutation analysis to be a recognition sequence for the carboxylase (Jorgensen et al., 
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Introduclion 

1987). In most cases, this peptide is a propeptide thal is cleaved liom llic vilamin K 

dependem proteins while they tbllow their secretion pathway. There is also a limited 

amount of homology among lhe vilamin K-dependent proteins within lhe Gla domain, 

with a high eonservation for clotting factors VII. IX. X. and proteins S, C. Z, 

prothrombin. and gasó whereas MGP and BGP are more divergem (Berkner and Pudota, 

1998). With lhe exception of MGP. ali known vilamin K-dependent vertebrate proteins 

are initially synthesized as preproproteins. Tire hydrophobic prepeptide. or signal peptide. 

is cleaved during or shortly after protein translocation into the cistcrnae ol lhe 

endoplasmic reticulum and the propeptide that is targeted to the carboxylase by a high- 

affinity carboxylase-binding site is removed after gamma-glutamyl carboxylation m the 

endoplasmic reticulum and prior to secretion. MGP is initially synthesized as a preprotein 

with a signal peptide. bui the sequence corresponding to the propeptide is not removed 

prior to secretion (Engelke e, ai. 1991: Rishavy cr ai. 2004). In ali Gla proteins, the 

carboxylase recognition sequence is adjacent to lhe vilamin K-dependent Gla domain and 

full carboxylation results in Ca2+-binding by the Gla residues rendering lhe vilamin K- 

dependent proteins active in several different functions that include hemostasis, 

apoplosis. phagocytosis, signal transduction, and Ca2+ homeostasis (Rishavy c, ai. 2004). 
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Inlrodiiclion 

Tahlc II- Rcsumcd inlbrmalion conccrning vilamin K dependem proieins previousl) described in manimals. AH lhe informalion refers 
lo mammals unlcss indicated olherwise. 

Prolein Fiinction(s) Siles of expression Number 
of Cila 

Tissues of accumulation References 

BGP Negative regulator ol" 
bone formalion; 
maturation of 
hydroxyapatite 
crystals. 

Bone. blood plalelets. loolh Calcilled skeletal tissues. 
renal calculi. blood plasma. 

Poser and Price. 1979; Pricc cl u/.. 
1977. 1983; Nishimolo cl ai. 1992; 

1 luq d ai. 1987; Cancela d ai, 
1995; Shanahan d ai. 1999. 2000; 

MGP Inhibition of lissue 
calciílcation; 
modulai ion of BMP 
signaling 

heart. kidney, liver. lung. 
cariilage. arterial vvalls 
(VSMC. macrophages) 

5 a Calcilled lissues(bone. 
denlin. cariilage). plasma, 
atherosclerotic plates 

Price d ai. 1985. 2002; Shanahan d 
ai. 1999. 2000; Lno d ai. 1995: 
Fraser and Price. 1988; Cancela t7 
ai. 2001: Loeser d ai. 2001; 
Nevvman d ai. 2001; 1 lale d ai. 
1988; Canfield d ai. 2000; Pinto d 
a!.. 2003; Si mes d a!.. 2003. 

Nephroealein Inhibitor of calei um 
oxalale crystal 
formation 

Kidney 2-3 Kidney. renal calculi Nakagawa d ai. 1983. 1987. 1991; 
McKee d ai. 1995 

Prothrombin Blood coagulai ion; 
adi vai ion of factor 
IX 

Liver 10 Blood plasma Furie and Furie, 1988: Di Scipio t'/ 
a!.. 1977; Dowd d ai. 1995: Bajaj d 
ai. 1982: Bristol d ai. 1996) 

Factor VII Blood coagulai ion: 
adi vai ion of factor 
IX 

Liver 10 Blood plasma Furie and Furie, 1988; Larson d ai. 
1996 

Faclor IX Blood coagulalion; 
converl prothrombin 
to ihrombin; 
activation of faclor X 

Liver 12 Blood plasma Di Sc\p\o d ai, 1977; Furie and 
Furie. 1988; Larsen cl ai. 1996; 
Sommer d ai. 1994. 

Factor X Blood coagulalion; 
converl prothrombin 
to thrombin 

Liver 1 1 Blood plasma Furie and Furie. 1988; Salte and 
Norherg. 1991 
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Table Il-continued 
Protein Z Coagulation Liver 13 Plasma Gundberg and Nishimoto, 1999; Yin 

et ai, 2000; Tabatabai et ai, 2001 

Protein C Anticoagulation Liver 11 Blood Furie and Furie, 1988; Suzuki, 1990; 
Stenflo e/a/., 1990 

Protein S Anticoagulation, 

bone tumover 

Liver, endothelial cells, brain, 
spleen, bone matrix 

10 Blood plasma, cartilage, 
bone. 

Di Scipio et ai, 1977; De Fouw et 
ai, 1986; Furie and Furie, 1988; 
Suzuki, 1990; Benzakour and 
Kanthou, 2000 

PRGP1 Signal transduction Spinal chord 12 Spinal chord Kulmanera/., 1997,2001 

PRGP2 Signal transduction Thyroid 9 Thyroid Kulman et ai, 1997, 2001 

TMG3 Signal transduction Widespread 13 Skeletal muscle, heart Kulman et ai, 2001 

TMG4 Signal transduction Widespread 9 Skeletal muscle, heart Kulman et ai, 2001 

Gasó Celi growth and 
survival, growth 
factor, 

VSMC, heart, liver, kidney, lung, 
cartilage 

11-12 heart, liver, kidney, lung, 
cartilage, VSMC 

Manfioletti et ai, 1993; Nakano et 
ai, 1995; Stitt et ai, 1995; Yanagita 
et ai, 2002 

y-glutamyl 
carboxylase 

carboxylation of 
vitamin K- 
dependent proteins 

Liver and other tissues 3 Endoplasmatic reticulum Berkner and Pudota, 1998; Berkner, 
2000; Wu et ai, 2001; Pudota et ai, 
2001; Rishavy e/a/., 2004 

a- One of the five Gla residues in Mus musculus MGP is not conserved (Ikeda, et ai, 1991). Shark and teleost MGPs have only four 
Gla residues (Rice et ai, 1994; Simes et ai, 2003) 
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13- Discovery and Purification of BGP 

BGP was first purified from bovine bone by Price et ai, (1976a) and soon after, 

the primary structure of this protein was established by amino acid sequencing, revealing 

a 49 amino acid protein with three Gla residues located at positions 17, 21 and 24 and 

responsible for binding interactions with hydroxyapatite crystals.. It was also recognized 

a disulfide bond between two cystein residues and a proline rich sequence (Price et ai, 

1976a, b). After this first identification, the potential involvement of BGP in calcium 

regulation and skeletal homeostasis was immediately recognized (Price et ai, 1981) and 

the protein was purified from several other vertebrate species ranging from human to fish 

indicating a conserved localization throughout evolution. 

-40 

H,N(met ASP -30 ARG THR LEU SER LEU LEU THR LEU LEU ALA LEU THR ALA PHE CYS LEU SER 
LEU 

-20 ALA 
-10 (GLU GLN LYS SER MET PHE ALA LYS ASP SER GLU SER ASP SER PRO LYS ALA GLY 

GLY 

1 1 10 SER 
LYS VAL VAL ASN ARG LEU ARG ARG TYR LEU ASN ASN GLY LEU GLY ALA PRO ALA 

PRO 
30 20 TYR 

Ga Ga Ga ASP CYS ASN PRO ASN LEU CYS VAL ARG H S PRO LEU PRO PRO ASP 
GLU 

40 50 

val)CO,H 
LEU 

ALA ASP HIS LE GLY PHE GLN ASP ALA TYR LYS ARG ILE TYR GLY THR THR 

Figure II- Amino acid sequence of the rat prepro bone Gla protein. The mature 

protein starts at position 1 and the propeptide ends at -1 (indicate in figure and in legend 

location of pre and propeptides). The residues marked in gray represent y- 

carboxyglutamic acid. The solid line represents the disulfide-bond between Cys23 and 

Cys29. Predicted amino acid sequence according to nucleotide sequence analysis (Pan and 

Price, 1985). (Modified after Price, 1992). 
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Introduction 

I4-Discovery and purification of BGP in lower vertebrates 

The presence of BGP in teleost fish has been known since Price et al (1977) first 

isolated BGP from the scales of swordfish and obtained the amino acid sequence (see 

Table 12 for summary of known BGP sequences). Other BGP amino acid sequences were 

obtained later from bluegill (Nishimoto et ai, 1992) and gilthead seabream (Cancela et 

al, 1995). More recently the cDNA sequences for gilthead seabream and Argirosomus 

regius were obtained by reverse transcription- polymerase chain reaction (RT-PCR) of 

total RNA isolated from bone and branchial arches (Pinto et ai, 2001; Simes et ai, 

2003). 

Table 12- Summary of ali known BGP sequences available and the bibliographic 
references where these sequences can be found. 

Scientific name (common name) Accession References 
Rattus norvegicus (Nonvay rat) M25490 Pan and Pricc, 1985 
Mus musculus (house mouse) L24429-31 Celeste et«/., 1986 
Capra h ir cus (goat) 10051SOA Huq et ai, 1984 
Ovis aries (sheep) 1010264A Mcnde et al., 1984 
Bos taurus (domestic cattle) NM 174249 Price et al., 1976a, Kicfer cí«/., 1990 
Sus scrofa (pig) AY129956 Huq eíal., 1984 
Canisfamiliaris (domestic dog) AF205942 Colombo et al., 1993 
Felis catus (domestic cat) P02821 Shimomura et ai, 1984 
Equus cabal!us (horse) P83005 
Homo sapiens (Human) X04I43 Posere/a/., 1980, Kieferera/., 1988 
Macaca fascicularis (crab-cating macaque) P028I9 Hauschka et al., 1982 
Orvcíolagus cuniculus (Europcan rabbit) P39056 Virdi et al., 1991 
Setonix sp. (wallaby) 1005I80C Huq et ai, 1984 
Gallus gallus (chicken) U10578 Carrc/«/., 1981, Neugcbauer cí o/., 1995 
D r ornai us novaehollandiae (emu) PI5504 Huq et ai, 1987 
Xenopus laevis (African elawed frog) AY043179 Cancela et al., 1995; Viegas et al., 2001 
Rana catesbeiana (bullfrog) ABI 15667 Dohi et ai, 2004 
Dania rerio (zcbrafish) AY078413 Prcscnt studv 
Cyprinus carpia (common carp) A59458 PIR acccssion number. 
Halohatrachus didacíylus (toadflsh) AF144707 Laizé et al., 2005 
Oncorltynchus mykiss (rainbow trout) AY233378 Laizé et al., 2005 
Solea senegalensis (Senegal sole) AF059349 Present study 
Tetraodon nigroviridis (green pufferfish) Nishimoto et a!., 2003 
Takifugu ruhripes (torafugu) Nishimoto et al., 2003 
Argyrosomus regius (meagre) AF459030 Simes et ai, 2003 
Sparus aurata (gilthead seabream) AF289506 Cancela et ai, 1995; Pinto et ai, 2001, 
Lepomis macrochirus (bluegill) P28317 b Nishimoto et ai, 1992 
Xiphias gladius (swordfish) P02823 b Price et ai, 1977 
Oreochromis niloíicus (Nilc tilapia) AY294644 Laizé et al., 2005 
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The BGP cDNA sequences for amphibians have also been recently described for 

xenopus (Viegas et a/.,2002) and bullfrog (Dohi et ai, 2004). Interestingly, for bullfrog 

BGP two diferent mature protein forms were found, described as P-l and P-2. These two 

forms have the same secondary structure except for P-2 lacking the four N-terminal 

amino acids (Dohi et ai, 2004). BGP is typically about 45-50 residues in length and 

presents a high degree of sequence homology throughout ali the taxon with a strict 

conservation of position for Gla and cysteine residues (Laizé et al, 2005). The BGP 

primary structure shows a large degree of conservation from fish to man, with amphibian 

BGPs being closer to mammalian than to físh sequences (Cancela et al, 1995; Pinto et 

al, 2001; Simes et al, 2003; Viegas et al, 2002; Dohi et al, 2004). 

15- BGP in serum 

The presence of BGP in blood plasma was initialy detected by radioimmunoassay 

in human and bovine using an antibody developed in rabbit against the COOH-terminal 

region of calf BGP (Price and Nishimoto, 1980). The reported presence of a protein with 

the same properties as the intact bone BGP suggested the possibility that this serum BGP 

originated from bone remodeling. However, it was later determined that the origin of 

serum BGP is from new cellular synthesis and not from the release of protein by bone 

matrix resorption. This fact was proven by analyzing the serum BGP of warfarin injected 

rats and verifying that, within 3 hours, serum BGP was mostly decarboxylated in contrast 

to bone BGP that was mainly y-carboxylated, even 8 hours after treatment (Price et al, 

1981). Posteriorly a study by Sugiyama and Kaway (2001) proved that carboxylation of 

BGP is not dependent on bone tumover by determining the negative correlation of serum 

carboxylated BGP with serum bone formation markers. 

The fact that BGP is a marker for osteoblastic proliferation and function makes 

the detennination of serum BGP concentration a diagnostic tool for bone formation, with 

clinicai relevance, reflecting bone formation at the systemic levei (Sabatakos et al., 

2000). Following biosynthesis and cellular secretion, most of the BGP is bound to bone 

matrix hydroxyapatite, but about 20% of this de novo produced protein is released into 

the blood stream and is therefore available for detection by immunological techniques 
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(Knapen et ai, 1996). In addition, since the amino acid sequence of human BGP was 

determined, evidence for incomplete BGP y-carboxylation (Poser et ai, 1980) was 

reported. Later, through N-terminal protein sequence analysis of the methyl-esterified 

protein, that allows the measurement of the percentage of y-carboxylation at each 

glutamate residue, it was found that human BGP is incompletely y-carboxylated (67 

±14%) in the Glu residue at position 17 (Caims et ai, 1994). BGP appears both in normal 

form with the 3 Gla residues fully y-carboxylated or with undercarboxylation of the Gla 

residue at position 17 (Poser et ai, 1980; Cairns et ai, 1994). Other studies showed that 

postmenopausal woman with lowest leveis oí plasma BGP hydroxyapatite binding 

activity have decreased bone mineral density in hip bonés and are six times more likely to 

suffer subsequent osteoporotic fractures than postmenopausal woman with the highest 

plasma BGP binding activity, suggesting incomplete y-carboxylation of BGP. To further 

support these findings, vitamin K supplementation was shown to restore normal 

hydroxyapatite binding activity to plasma BGP in these postmenopausal woman (Szulc et 

ai, 1993; Cairns et ai, 1994). This study showed that serum leveis of decarboxylated 

BGP are a reliable indicator of the severity of osteoporosis in postmenopausal women 

(Szulc et ai, 1996) and supports the hypothesis proposed by Murshed et ai (2004) that 

similarly to thrombin (Furie and Furie, 1988), only decarboxylated BGP may have a 

diagnostic function. 

16- BGP in bone matrix 

BGP is referred as being synthesized and secreted only by osteoblastic cells in 

late stages of bone maturation and mineralization, and is considered to be an indicator of 

osteoblast differentiation (Bortell et ai, 1993; Boguslawski et ai, 2000). It is the most 

abundant non-collagenous protein of bone extracellular matrix and is found essentially in 

mineralized bone matrix and dentine (Price, 1987, Price, 1990), being synthesized only 

by osteoblasts in bone, and cementoblasts and odontoblasts in tooth (Bronckers et ai, 

1985, 1994, 1998; Price, 1990; Ducy and Karsenty, 1995; Ducy, et ai, 1996). In higher 

vertebrate models, BGP developmental appearance was first detected with the onset of 

mineralization, with an increase in protein synthesis during skeletal growth, in 
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concomitance with hydroxyapatite deposition (Hauschka and Reid, 1978; Lian et ai, 

1982). Previous studies carried out in mammals reported that Bgp appears to be absent 

during early stages of osteoblast maturation, being undetectable in undifferentiated or 

recently differentiated osteoblasts near the growth plate but clearly detectable in mature 

osteoblasts (Mark et ai, 1988; Ikeda et ai, 1992; Liu et ai, 1994). Likewise, studies of 

the accumulation of Bgp protein in osteoblastic cells by immunolabeling could only 

detect this protein in cuboidal cells with a clear osteoblastic phenotype (Liu et ai, 1994) 

The orientation of BGP binding to the bone mineral has been investigated by 

NMR spectroscopy (Dowd et ai, 2003). According to this study, the C-terminal 

pentapeptide (FYGPV in bovine BGP) is extending outward becoming accessible to 

neighboring cells. The carboxy terminus of BGP possesses chemotactic activity and the 

outward orientation allows it to carry out recruitment and signal transduction functions 

through binding to cell surface receptors on osteoclasts and osteoblasts (Dowd et ai, 

2003; Hoang et ai, 2003). The calcium binding domain, comprising the three Gla 

residues at positions 17, 21 and 24, would project from the same face of the helical tums 

and be exposed to the calcified surface (Dowd et ai, 2003). Recent evidences for a BGP 

mediated modulation of hydroxyapatite crystal morphology and growth come from the 

identification of pig BGP structure since it was observed that it exists an excellent surface 

complementarity between the Ca2" coordinating surface of BGP and the prism face of 

hydroxyapatite, suggesting that BGP may show selective binding characteristics to 

hydroxyapatite (Hoang et ai, 2003). 

17- Function of BGP 

The evolutionnary conservation of BGP primary and tridimensional structure, in 

particular the calcium binding Gla containing motif, indicates that this protein has an 

important metabolic role in the matrix of calcified tissues. However, despite the large 

amount of information gathered since BGP was first discovered and the increasing 

number of known sequences for different species, its molecular mechanism of action in 

bone still remains uncompletely understood.. 

11 



Inirotluclion 

The mosl prominenl in vitro properties of BGP are ils al llnily Ibr hvclrowapalile 

and ils abilily lo retard lhe erystallizalion ofhvdroxyapaliie IVoih supersaiuraied soluiions 

of ca lei um phosphale (Price d al.. 1976a. Price. 1984. 1985) indicaling a regulalion of 

lhe rate ofapaiile crystal growlh in soluiion (Romberg. et a!.. 1986: llunlere/ uL. 1996). 

These mineral binding properties are losl once y-earboxyglulamie acid residues are 

lhermally decarboxylaied lo glutamic acid residues (Poser d ai. 1979). The thermal 

decarboxylation ofBGP generales an abnormal IKiP similar lo lhal produced b\ animais 

ireated vvith warfarin (Price. 1984). 

One ofihe approaches lo determine lhe funclion ofBGP vvas lo produce a prolein 

funciionally inaclivated using lhe vilamin K anlagonisi warfarin lhal inhibits lhe y- 

carboxyialion of (ilu residues lo Cila in nevvly sMilhesi/ed BGP and thereb\ reduces ils 

afllnilx for hydroxyapalile and consec|uenllv ils bone leveis (Price and \\ illiamson. 1981. 

Price and Sloper. 1983). The major drawback of ihis /// vivo approaeh is lhal vilamin K 

dellciency causes bleeding and dealh since synthesis of vilamin K dependem coagulalion 

faclors is also affected (Price and Williamson. 1981). In Iaci lhe major physiological 

effecl of vilamin K dellciency is a prolonged coagulalion lime. caused b\ 

undercarboxylation of Gla residues in lhe N-lerminal region of proihrombin and 

coagulalion faclors VII. IX and X produced in liver (Price and Kaneda. 1987). In order lo 

have onlv an extra-hepatie effecl of warfarin and eounlerael ils effecl on coagulalion. a 

prolocol for irealing rals wilh warfarin was developed by Price and Williamson (1981 ) 

capable ofreducing BGP leveis lo 2% of normal wilhoul effeets in coagulalion (Price and 

Kaneda. 1987). I lowever. this did nol preveni olher exlrahepalic Gla proleins from being 

inaclivated ihus masking lhe effecl resulling onl\ from a lack of funclional BCiP. 

The mosl relevam clues aboul BGP funclion carne ihrough lhe use of mouse 

genelies coupled wilh genelic engineering. wilh lhe obtenlion of BGP deliciem mice 

(knockout). where BGP genes were deleled. These mice showed no eclopic BGP 

expression and no effeels on lhe expression of olher non-collagenous proleins. The mice 

were normal al birlh. wilh no skeletal defecls and no changes in exiracellular mairix and 

bone minerali/alion were delect along development. I lowever a progressive inerease in 

bone mass was observed. due lo an inerease in osleoblaslic funclion bui nol in lhe number 

of osleoblasls. In addilion. an inerease in lhe number of osleoclasls was also observed bui 
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without a significam increase in bone resorption. These experimental data provided 

strong evidences for BGP to be a negative regulator of bone formation (Ducy er ai. 

1996). Later, in another in vivo experiraent using BGP knockout mice, the bone mineral 

was analyzed by Fourier transform infrared microspectroscopy and it was demonstrated 

that in these knockout animais the absence of BGP acting on mineral-binding resulted in 

hydroxyapatite crystals that did not forni correctly and the mineral phase remained 

immature when compared to wild type animais that presented bigger and more perfect 

crystals (Boskey et ai, 1998), suggesting that BGP may play a role in the maturation of 

hydroxyapatite crystals in the bone extracellular matrix. 

18- Regulation of BGP expression 

The BGP gene is know to be regulated by a high number of signaling molecules. 

BGP sene transcription is controlled by the combined activity oi nuclear factors binding 

to basal promoter regions and to positive and negative prometer elements in response to 

physiological mediators (Bortell et ai, 1992). The signaling and biological etfects ot 

steroids and other related hormones, including different forms of vitamins A and D3, are 

mediated through their specific receptors. These receptors are members of a large group 

of ligand-activated proteins that bind specific sequences in the promoter regions of target 

aenes, acting as transcriptional activators or repressors (Gou et ai.. 199 ). Fhere are 

evidences that the transcription factor tumor necrosis factor (TNF) binds to a responsive 

element within the human BGP promoter resulting in a down-regulating the human BGP 

gene (Li et ai, 1993). 

The mouse BGP cluster is composed by three genes, two oí vvhich (OG1 and 

OG2) encode for BGP and their coding sequences are 96% identical. OG1 and OG2 are 

expressed only in osteoblasts, whereas the third gene, BGP related gene (ORG). is 

expressed in kidney but not in bone (Desbois et ai, 1994a, Ducy et ai, 1996). lhe BGP 

sene cluster is regulated by cys-acting elements in the 5 Ranking region ot the gene 

promoter that are required for osteoblast specific expression of BGP (Ducy and Karsenty, 

1995) in particular two elements specific to osteoblasts identified in the region betwccn - 

147 and -34 [OSE1 (-64 to -47) and OSE2 (-146 to -132)], which are essential for 
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expression of OG2 (Ducy and Karsenty, 1995). It was later shown that a 1.3-kb fragment 

of the mouse bgp (OG2) promoter contains ali the regulatory elements necessary to 

confer differentiated osteoblast- and postnatal- specific expression in vivo (Frendo et al. 

1998). 

The transcription factor Cbfal is expressed in cells of the osteoblastic lineage 

during development and regulates osteoblast-specific expression of bgp and osteopontin, 

being capable of inducing osteoblastic differentiation of nonosteoblastic cells (Ducy et al. 

1997, 1999). In vitro studies revealed that Cbfal binds to OSE2-Iike elements in the 

promoter regions of BGP, al(l) collagen, bone sialoprotein, and osteopontin genes, 

while enhancing the expression of leveis of these genes (Ducy et al, 1997; Komori et al, 

1997; Hoshi et al, 1999). Further investigations using Cbfal-defícient mice showed that 

bgp expression is decreased along with impaired osteoblastic differentiation, maturational 

arrest of hypertrophic chondrocytes and absence of bone formation (Ducy et al, 1997; 

Komori et al, 1997; Hoshi et al, 1999; Kim et al, 1999; Karsenty, 2000; Choi et al, 

2001). However it was shown in vitro that Cbfal-defícient mice calvariae cultures, in the 

presence of BMP-2, had induced expression of bgp suggesting that other transcription 

factor may act over the expression of BGP under specific environments (Komori et al, 

1997).. 

In normal diploid osteoblasts, expression of the BGP gene occurs only after 

cessation of proliferation, at the onset and during mineralization of the extra-cellular 

matrix, as reflected by transcription and mRNA accumulation in the cells and BGP 

protein biosynthesis (Bortell et al, 1992; Gou et al, 1997). In contrast, in vitro results 

indicate that in some cell lines, like ROS 17/ 2.8 osteosarcoma cells, BGP can be 

expressed during and after proliferation and in association with vitamin D3 treatment 

(Bortell et al, 1992). In this transformed cell line, modifications in transcription factor 

binding at primary basal regulatory elements and in the vitamin D-responsive element 

(VDRE) leads to expression of BGP and other bone related genes in both proliferating 

and non-proliferating cells (Bortell et al, 1993). The primary basal regulatory elements 

modified in these cells are i) the OC box that includes a CCAAT motif as a central core 

and ii) the TATA/ glucocorticoid-responsive element (GRE) domain. Two forms of 

vitamin D receptor (VDR) are present in proliferating osteoblasts but only one with lower 
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molecular weight is seen in osteoblasts after the down-regulation of proliferation (Bortell 

et ai, 1992; Bortell et ai, 1993). This down-regulation of proliferation is required to 

signal the induction of gene expression that is characteristic of post-proliferative stages of 

osteoblast differentiation (Bortell et ai, 1993) indicating a time and development/ 

dependent activation of transcriptional controling elements of osteoblast specific genes. 

In human and rat, 1,25-dihydroxyvitamin D3 (1-25 (OH^Ds) was shown to 

enhance BGP gene expression at three diferent leveis i) transcription, ii) mRNA 

accumulation and iii) protein synthesis. The VDRE is a key component of steroid 

hormone-mediated transcriptional enhancement of the BGP gene expression, and is 

located between nt -466 and -437 in rat and between nt -512 and -485 in human BGP 

gene promoter regions (Bortell et ai, 1992). In contrast to the up-regulation of the BGP 

gene observed in human and rat, 1-25 (OH^Ds inhibits the expression of BGP by both 

OG1 and OG2 genes in a concentration-dependent manner, both in vitro and in vivo 

(Zhang et ai, 1997). In addition the mouse BGP gene promoters contains a VDRE-like 

sequence that is inoperative due to a 2 bp substitution, when compared to rat VDRE, 

which abolishes VDR binding (Zhang et ai, 1997). This inhibition of mouse BGP was 

proposed to be due to an indirect effect of 1-25 (OH^Ds by acting on a gene genetically 

located upstream of BGP, that abolishes binding of OSF2/Cbfal to OSE2, an osteoblast- 

specific c/s-acting element that controls OG2 osteoblast-specific expression. The same 1- 

25 (OH)2D3 inhibition of BGP expression was also observed by Broess et al. (1995) in 

differentiated osteoblasts of chicken (Zhang et ai, 1997). 

Molecular pathways like the cAMP-dependent protein kinase A (PKA) and 

protein kinase C (PKC) have been implicated in regulation of BGP expression. This 

regulation is made through mediation of the signaling action of molecules like cAMP, 

parathyroid honnone (PTH), insulin like growth factor I (IGF-I) and fibroblast growth 

factor (FGF), that have ali been referred as having an effective activating action over the 

BGP promoter (Boguslawski et ai, 2000). It has also been found that BGP expression in 

vitro is upregulated with increasing calcium concentrations, along with Cbfal, 

osteopontin and collagen I (Dvorak et ai, 2004). This increase can be due to Cbfal 

upregulation since BGP and osteopontin are the major genes downstream of Cbfal (Ducy 

et ai, 1997, 1999; Dvorak er <3/., 2004). 
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In fish, there is very few data on the regulation of the BGP gene aí the prometer 

levei. It was recently shown that in zebra fish, Cbfal exerts a positive regulation on the 

zfBGP promoter, much in the same way as described for mammals. Furthermore, the 

mouse Cbfal was able to transactivate the fish BGP gene to a comparable extent as the 

fish Cbfal indicating a conservation in protein structure and function throughout 

evolution (Pinto et ai, 2005). 

19- Discovery and Purification of MGP 

MGP is a 84 amino-acid protein (depending on species) with a MW of 

approximately 10 Kdal, that was initially purified from demineralized bovine bone 

powder (Price et ai, 1983; Price and Williamson,1985). Following this original report, 

MGP protein sequences and/or cDNA sequences have been identified in several other 

vertebrate species (for a review of ali known MGP sequences consult Table 13). The 

MGP sequences allready available reveal a high conservation of structure observed 

troughout ali the taxon, with particular conservation in the amino acid sequences for the 

phosphorilation domain, ANxF domain, Gla containing motif and disulfide bond position 

(Laizé et ai, 2005). After the discovery of MGP in bone matrix, it was later found to be 

present also in several cartilages including growth plate, costal tracheal cartilage, 

vertebral processes, nasal septum and auricular cartilage (Otawara and Price, 1986; Hale 

et ai, 1988; Fraser and Price, 1988). The protein isolated from bovine was originally 

described to be 79 residues in length. but later it was found that it was due to a C-terminal 

proteolytic cleavage and that effectively the mature protein had 84 amino acids (Price et 

ai. 1987; Kiefer et ai, 1988). MGP has the ability to bind mineral ions through the 

glutamic acid residues that have been carboxylated. Among the unique features that 

differentiate MGP from other vitamin K dependent proteins is the fact that MGP lacks a 

propeptide, having the gamma-carboxylase recognition sequence encoded within the 

mature protein (Price et ai, 1987). The absence of a propeptide in MGP shows that the 

gamma-carboxylation and secretion of this vitamin K-dependent protein is not directly 

linked to the proteolytic cleavage of a propeptide sequence (Price et ai, 1987). 

16 



Introduction 

In vivo MGP has been described to associate with the organic matrix of cartilage 

and bone. It has been found that MGP has little water solubility in the absence of 

denaturants which is a feature to be noticed given its high percentage of hydrophilic 

amino acids and its small size (Otawara and Price, 1986; Hale et ai, 1988; Price et ai., 

1983). 

Table 13- Summary of ali known MGP sequences available and the bibliographic 
references where these sequences can be found. 

Scientific name (conimon name) Accession References 
Raííus norvegicus (Norwav rat) NM 012862 Otawara and Pricc, 1986 
Mus museu!us (house mouse) NM 008597 Ikcda et«/., 1991 
Bos ta urus (domestic cattlc) NM 174707 Price et ai, 1994 
Sus scrofa (Pig) AF525316 Laizc et«/., 2005 
Homo sapiens (Human) M55270 Kiefer et ai, 1988 
Oryctolagus cuniculus (Europcan rabbit) D21265 Sohma et al., 1994 
G ali us g ali us (chicken) Y13903 Wiedemann et ai, 1998 
Xenopus laevis (African clawed frog) AF234631 Cancela et al., 2001 
Galeorhinus galeus (soupfin shark) P56620b Rice elal., 1994 
letal urus pune tatus (channel catfish) AF526377 Laizé et al., 2005 
Danio rerio (zebrafish) AY072811 Present study 
Halohatrach us didaetylus (toadfish) AY239015 Laizé et ai, 2005 
Oncorhynch us mykiss (rainbow trout) A Y182238 Laizc et a!., 2005 
Salmo salar (Atlantic salmon) AY182239 Laizé et a!., 2005 
Solea senegalensis (Senegal sole) AY113679 Present study 
Takifugu ruhripes (torafugu) AY112747 Laizé et al., 2005 
Tetraodon nigroviridis (green pufferfish) AF479081 Laizé et ai, 2005 
Chilomycíerus schoepfi (striped burrfish) AY2989I0 Laizé et ai, 2005 
A rgyrosomus regias (meagre) AF334473 Simes et a!., 2003 
Sparus aurata (gilthead scabream) AY06565I Pinto et ai, 2003 

MGP was found to be expressed in a wide variety of vertebrate tissues such as 

cartilage, kidney, lung, aorta, bone and tooth (Hao et ai, 1995; Hale et ai, 1988; Fraser 

and Price, 1988; Hashimoto et ai, 2001) and the cells responsible for MGP expression 

include osteoblasts, vascular smooth muscle cells (VSMC), chondrocytes, pneumocytes, 

kidney cells, fibroblasts and cementoblasts (Hale et ai, 1988; Fraser and Price, 1988; 

Fraser et ai, 1988; Hashimoto et ai, 2001; Cancela and Price, 1992; Shanahan et ai, 

1993; Wallin et ai, 1999). Despite the broad range of cell types expressing MGP, it 

seems that only chondrocytes, endothelial cells and vascular smooth muscle cells 

synthesize significant leveis of MGP in vivo (Luo et ai, 1997; Conceição, 2002; Simes et 

ai, 2003). 
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Although MGP mRNA is present in several tissues, MGP is a secreted protein and 

only accumulates lo significam leveis in lhe extracellular matrix of mineralized tissues 

including bone, cartilage, calcified cartilage and dentin (Hale et ai, 1988; Fraser and 

Price, 1988; Fraser^/., 1988; Rice et ai, 1994; Cancela et ai, 2001; Hashimoto et ai, 

2001; Simes et ai, 2003). Despite lhe low leveis of MGP detected in normal blood 

vessels, MGP is increased in patients with atherosclerosis where it is associated with 

calcium and lipid in lhe intima (Canfield et ai, 2000). These findings suggested that 

MGP accumulates in sites of calcification and the protein produced in non calcified 

tissues is secreted and escapes to the plasma (Hale et ai, 1988; Rice at ai, 1994). The 

fact that MGP and other inhibitors of calcification are constitutively expressed in a wide 

range of soft tissues is consistem with the view that the prevention of calcification is an 

active function of soft tissues (Vermeer and Braam, 2001). During skeletogenesis, 

expression of the gene encoding MGP has been used as a reliable marker oí the 

chondrogenic lineage, with osteoblasts appearing uniformly negative (Rice et ai, 1994; 

Luo et ai, 1995; Lawton et ai, 1999). In the cartilages that constitute the growth plate 

MGP expression was found to be associated to proliferating and hypertrophyc 

chondrocytes, being absent in early differentiated and maturing/early hypertrophyc 

chondrocytes (Luo et ai, 1995). In the rat, MGP was found to be present at high leveis in 

newly formed bone at 2 days after birth, maintaining a high levei of protein in bone until 

adulthood (Otawara and Price, 1986). 

Figure 13- Amino acid sequence of the human matrix Gla protein. The residues marked in 

gray represem y-carboxyglulamic acid. The solid line represents the disulfide-bond 
belween Cys54 and Cysôo- Negative numbers corresponds to the pre peptide and mature 
protein starts at position 1. Adapted from Cancela et ai (1990). 
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110- Regulation of MGP expression 

The gene structure and regulatory prometer sequences for human MGP were 

obtained by Cancela et ai (1990). In the promoter, several structural consensus motifs 

that bind known transcription factors were identified including TATA and CA AT boxes, 

characteristic of polymerase II-transcribed genes and several putative binding sites for 

AP1, AP2, cAMP-dependent transcription factors and steroid honnone receptors 

including vitamin D3 and retinoic acid (Cancela et a/., 1990). The MGP gene is known to 

be regulated, in particular, by retinoic acid (RA) (Cancela and Price, 1992, Kirfel, et ai, 

1997). Retinoids play an important role in development, cellular proliferation, and 

differentiation and are well-known inhibitors of cell growth. RA exerts biological effeets 

by binding to at least two distinct classes of intracellular proteins including the RA 

receptors (RARs) and the retinoid X receptors (RXRs), both of which are members of the 

nuclear receptor superfamily. While both the RARs and RXRs are effective activators of 

some genes, RA is also known to repress MGP gene expression. It has been reported that 

RA is able to repress MGP gene expression in different cell lines (Kirfel, et ai, 1997; 

Sheik et ai, 1993). The inhibitory effeets of RA on gene transcription can be exerted 

through various mechanisms such as competition between receptors and other 

transcription factors for overlapping binding sites or by competition for limiting cofactors 

(Kirfel, et ai, 1997). This comes in contrast to some other references that decribe RA as 

having a positive effect over expression of MGP in osteosarcoma cells (Fraser et ai, 

1988) and in osteoblsts, chondrocytes and fibroblasts both in fetal and adult tissues 

(Cancela and Price, 1992). 

Vitamin D3 also has contradictory effeets on lhe expression of MGP depending on 

the cell type or cell line analyzed. Shanahan et ai (1998) reported that 1,25- 

dihydroxyvitamin D3 increases the leveis of MGP expression on rat VSMC while in 

human VSMC it has the apposite effect. These differences in expression can be due to the 

MGP promoter specific properties in rat and human. In contrast, MGP is upregulated by 

vitamin D in rat and human osteosarcoma cells and in rat primary chondrocyte cultures 

(Fraser et ai, 1988; Fraser and Price, 1990; Barone et ai, 1991; Cancela and Price, 

1992). In addition no effeets over MGP expression were observed in human fibroblasts, 

19 



Introduction 

chondrocytes and osteoblasts when added alone, but when added together with RA it 

attenuated the stimulatory effects of RA on these cells. These decrease can be explained 

by the formation of heterodimers between RA and 1,25-dihydroxyvitamin D3 receptors 

and in this way decreasing the availability ot RA receptor to acl over lhe MGP promoter 

(Cancela and Price, 1992). 

Other molecules have been described to have an action over MGP expression like 

the parathyroid hormone (PTH), that stimulates MGP via a cAMP-dependent pathway, 

that may be balanced by reduced 1,25-dihydroxy vitamin D3 dependent transcription 

(Tintut et ai, 1998). This stimulation of MGP expression can explain the inhibitory 

effects of PTH over mineralization (Gopalakrishnan et ai, 2001). It was observed that 

MGP leveis increase as soon as three hours after addition of PTH to cell cultures and 

similar effects were also observed in vivo and correlated to PTH inhibition of 

calcification and osteoblast activity (Gopalakrishnan et ai, 2001). It has been recently 

reported that induction of Runx2 expression upregulated MGP expression in cell cultures 

of osteoblastic and fibroblastic lineages (Stock et ai, 2004) 

111- MGP function 

In normal physiological conditions, MGP is present in the extracellular matrix of 

arteries and cartilage but not of bone and the fact that it was originally isolated from 

demineralized bone powder could be explained by the large number of arteries present in 

bone (Luo et ai, 1997). Although MGP null mutants were developed to study the effect 

of MGP deficiency on bone metabolism, the most important and unexpected information 

from these transgenic mice was the rapid calcification ot a number ol solt tissues, 

including the large arteries, bronchi, and trachea (Luo et ai, 1997). The profound impact 

of MGP deficiency was proved by lhe fact that null mutants were ali healthy at birth, but 

developed massive calcifications of the large vessels within the first weeks ol life, 

leading to death by internai haemorragy due to rupture of the thoracic and abdominal 

aortae within 8 weeks after birth (Luo et ai, 1997; Schinke and Karsenty, 2000). An 

increase in expression of MGP mRNA was observed in VSMC in culture and related to 

formation of calcification nodules and this increase in MGP was proposed to be a 
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feedback mechanism as cellular response to accumulation of calcium (Proudfoot et a/., 

1998). A more recent study by Speer et ai (2002) revealed that MGP-knockout mice 

shovved a strong up-regulation of osteopontin and when both MGP and osteopontin genes 

were inactivated simultaneously, this resulted in a significant increase in vascular 

mineralization, up to three times more at 4 weeks after birth. As a result, dead of these 

mice occurred significantly earlier than in MGP ''' mice. These results suggest an 

alternative mechanism for controling vascular calcification involving osteopontin (Speer 

et ai, 2002) eventually contradicting the hypothesis proposed by Proudfoot et ai (1998). 

Recently Taylor et al. (2005) in a tentative search for relations between SNPs in 

MGP and osteopontin failed to find individual effects of the polymorphisms in coronary 

calcifícation, with weak and not statistically significant correlations. Similar vascular 

disorders to those obtained in MGP deletion studies were obtained by treating mice with 

warfarin injections, resulting in individuais that displayed calcifications at the elastic 

lamellae of the media in the aorta (Price et al., 1998, 2000). Discrepancies exist on the 

relevance of MGP on serum since it was recently referred that decreased serum leveis of 

MGP are correlated with increased severity of coronary arterial calcifícation (Jono et ai, 

2004), however Braam et al. (2000) showed that serum MGP concentrations were found 

to be significantly increased in patients with severe atherosclerosis which seems more 

consistent with the high MGP mRNA expression observed in atherosclerotic vessels and 

plaques observed in other studies. In fact, a role for extracellular matrix proteins has 

previously been proposed in the pathogenesis of arterial calcifícation in the scenery of 

atherosclerosis, and a relation between osteoporosis and arterial calcifícation has been 

suggested (Doherty et ai, 2003). In humans, vascular calcifícation may occur in two 

distinct forms: calcifícation of the túnica media (also known as Mõnckeberg sclerosis) 

and calcifícation of the intima wich is widely associated with atherosclerosis (Shanahan 

et ai, 1998, 1999). It has been shown that the calciíying vessel wall shares many 

similarities with bone, and that cells from the arterial wall are capable, in some 

circumstances, of assuming an osteoblast-like phenotype (Dhore et ai, 2001) with 

expression and accumulation of bone and cartilage proteins such as BGP, osteopontin, 

osteonectin, bone morphogenetic proteins, bone sialoprotein and MGP (Proudfoot et al, 

1998; Shanahan et ai, 1993, 1998, 1999; Engelse et al, 2001). The regulation of the 
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processes leading to vascular calcification seems to be more complex in humans than in 

rodents, as becomes evident in studies envolving patients with Keutel syndrome, which is 

an autosomal recessive disorder characterized by abnormal cartilage calcification related 

to different mutations in the MGP gene (Munroe et ai, 1999). Keutel syndrome are 

therefore regarded as human models for MGP deficiency, but remarkably, Keutel 

syndrome patients do not develop massive arterial calcification has a common feature 

like observed in knockout mouse (Braam et ai, 2000, Wallin et ai, 2001; Doherty et ai, 

2003) which can explain their long life spans. 

A relation between MGP and chondrocyte differentiation was also suggested by 

Yagami et ai, (1999) who showed that in hypertrophyc chondrocyte cultures in vitro 

calcification was triggered by treatment with the vitamin K-antagonist warfarin but this 

did not affect immature chondrocytes and verified that MGP modulates chondrocyte 

matrix mineralization but mainly controls mineral quantity but not quality. Moreover, 

warfarin-induced calcification was counteracted by MGP overexpression in the presence 

of vitamin K. This work provided further support for an effect of MGP on cell 

differentiation since it is showed that overexpression of MGP in developing limbs delays 

chondrocyte maturation and blocks endochondral ossification (Yagami et ai, 1999). This 

is consistent with the results obtained by Newman et al, (2001) demonstrating that 

overexpression of MGP in hypertrophic chondrocytes reduces mineralization. In addition, 

MGP expression is biphasic and stage-specific during chondrocyte differentiation and has 

an effect on chondrocyte viability since expression of MGP induces apoptosis in 

maturing chondrocytes, whereas decreased expression induces apoptosis in proliferative 

and hypertrophic chondrocytes. These results suggest that MGP is vital for hypertrophic 

chondrocyte survival (Newman et al, 2001). 

There are several evidences for a modulatory role of MGP on BMP2 action. 

BMP2 belongs to the TGF-p superfamily of growth factors, and it is a potent inducer of 

bone and cartilage (Ducy and Karsenty, 2000). When MGP was initially purified from 

bone, it was observed that BMP2 was strongly associated with MGP, and the two 

proteins could only be separate by the use of strong denaturants (Price et al, 1983; Urist 

et al, 1984). Like MGP, BGP and other bone matrix proteins, BMP2 has been detected in 

calcified atherosclerotic arteries and calcifying vascular cells (Bostrom et al, 1993; 
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Dhore et ai, 2001). The capacity of interaction between the two proteins was 

demonstrated by Wallin et ai (2000), who studied the modulation of binding between 

MGP and BMP2 using ligand blotting. Posterior studies have demonstrated that MGP 

inhibits BMP2-induced osteogenic differentiation in the multipotent mesenchymal cell 

line C3H10T1/2 and in marrow stomal cells (Bostrom et ai, 2001; Zebboudj et ai, 

2002). Bostrom et ai (2001) suggested that the probable in vivo scenario is that MGP 

binds BMP2, preventing its interaction with cell surface receptors and retaining BMP 

during integration with bone matrix, an hypothesis which is consistent with the 

previously described observation of BMP being tightly associated with MGP during 

protein purification. Further evidence was given by the observation that binding of BMP2 

to its receptor, as well as Smadl signaling system activation, is decreased in the presence 

of intermediate leveis of MPG and that MGP promotes association of BMP-2 to the 

extracellular matrix (Zebboudj et ai, 2002). 

The modulation of BMP2 by MGP was confirmed in human calcifying vascular 

cells with different relative expression of these proteins. It was reported that calcification 

in vascular cells with high relative expression of BMP2 was inhibited by MGP, while 

calcification in vascular cells with low relative expression of BMP2 was stimulated by 

MGP (Zebboudj et ai, 2003). It has also been demonstrated in vitro that both MGP and 

BMP2 accelerated nodule formation in vascular cells, but while MGP decreased nodule 

size BMP2 increased it, probably through a BMP2-induced decrease in MGP expression. 

This data suggest that MGP is a conditional enhancer or inhibitor of BMP2 induced 

calcification, and that enhancement or inhibition depends on the BMP2 levei relative to 

that of MGP (Zebboudj et ai, 2003). It has been reported the presence of a gradient of 

MGP on the normal vessel wall, with MGP expression high at the luminal side and 

declining toward the center of the media. This gradient is also observed in atherosclerotic 

vessels revealing that calcification occurred in areas where MGP is absent, toward the 

center of the wall (Engelse et ai, 2001). The fact that MGP is expressed does not reflect 

the percentage of MGP that is properly y-carboxylated since there are references to a 

marked reduction of about 70% in y-carboxylase activity in atherosclerotic vessels 

(Deboervanderberg et ai, 1986). This has been observed by immunohistochemistry in 

aortic wall calcified lesions of aging rats, revealing that although there were increased 
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concentrations of MGP, it did not bind to BMP2. This was observed to be due to the facl 

that MGP was poorly y-carboxylated, providing evidences that the Gla containing region 

mediates binding between BMP2 and MGP only when the calcium-induced conformer of 

the Gla region is present (Sweatt et ai, 2003). In this way it seems possible that age 

related arterial calcification may be a consequence of partial y-carboxylation of MGP, 

allowing unopposed BMP2 activity in the calcified arteriosclerotic lesions to induce 

precursor cells to becoming calcifying osteoblastic cell. Since one function of MGP as a 

matrix protein is to bind BMP2 via its vitamin K-dependent Gla region, we predict that 

the N- or C-terminal part of the protein is attached to the matrix leaving the Gla region 

free for BMP-2 binding (Wajih et ai, 2004). 

Recently the study of developmental appearance of MGP in xenopus identified 

the presence of two different gene transcripts, one of them being maternally inherited 

while the other was transcribed only when transcription was activated from the genome 

of the zygote. This indicated a different temporal expression of the two MGP transcripts 

during early development and suggests another function for MGP, possibly in relation 

with embryo palteming and localization of BMP2, which is known to be required for 

normal embryo development (Conceição et ai, 2005). 

112- Relationship between posttranslational modifications of Bgp and Mgp and 

function. 

112.1 Effect of gamma-carboxylation 

BGP and MGP both serve as substrates for the enzyme gamma-carboxylase, 

which converts glutamic acid to y-carboxyl-glutamic acid (Gla) (Kirfel, et ai, 1997). This 

post-translational modification confers to these proteins a high affinity for hydroxyapatite 

crystals, which form the principal mineral crystal present in the extracellular matrix of 

mineralized tissues (Roy and Nishimoto, 2002; Hoang et ai, 2003) and is also essential 

for stabilizing the tertiary structure of these proteins (Spronk et ai, 2001). The 

complexity of calcium binding to BGP was demonstrated by determining the X-ray 

crystal structure for pig BGP, showing a proteic structure with 3 a—helices and a 
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negatively charged surface centring on helix a 1 that comprises ali 3 Gla residues and 

coordinates five calcium ions in a hydroxyapatite lattice (Hoang et ai, 2003). These 

results were confírmed for fish BGP confirming its evolutionary conservation (Frazão et 

ai, 2005). 

The importance of Gla residues for calcium binding has been shown by replacing 

them in mouse MGP by aspartic acid residues, Ihus establishing that Gla residues are 

required for MGP anti-mineralization function. There have been reports of increased 

expression of MGP associated with vascular calcification of vessels wall, revealing a 

translational control mecanism as response to calcification. However the presence ot 

mRNA in normal and diseased arterial vessels does not mean that the resulting protein 

product is functional, particularly if these are Gla containing proteins, whose function 

depends on the post-translational processing by the gamma-carboxylase on the vessel 

wall (Urist et ai, 1984). The activity of MGP is not dependent of hepatic gamma- 

carboxylase, since it was demonstrated by Wallin et ai (1999) that the vessel wall has a 

different gamma-carboxylation system than that observed in the liver. The mechanism tor 

the selectivity of vitamin K as an antidote for warfarin in liver but not in the arterial wall 

is unknown and in order to understand this difference, it is imperative that the gamma- 

carboxylation system in the vessel wall is understood (Wallin et ai, 1999). 

It has been shown that the leveis of circulating undercarboxylated BGP are a 

valuable nutrition marker reflecting skeletal provision of vitamins K and D (Sokoll et ai, 

1981; Vergnaud et ai, 1997; Zofková et ai, 2003) and that there is a strong correlation of 

this parameter with the risk of fractures in eldcrly women (Szulc et ai, 1993, 1996). Low 

leveis of vitamin K intake have been related to calcification on the aortic valves of 

elderly women (Jie et ai, 1995), and it was also found that the leveis of vitamin K and 

gamma-carboxylase decrease with increasing age and with the progression oí vascular 

disease (Vermeer, 1990). In addition, supplementing the diets with vitamin K reduces the 

risk of vertebral and hip fractures without increasing bone mass in patients with 

osteoporosis, suggesting that vitamin K. affects bone quality (Sugiyama and Kawai, 

2001). 

Treatments with the vitamin K antagonist warfarin are currently used in medicine 

to prevent risk of thromboembolism since it inhibits Gla-containing clotting factors, but 
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this also contributes to increase non-functional MGP and BGP (Conceição, 2002). 

Treatments with warfarin in rats are known to cause excessive calcification in the 

skeleton and vascular system (Price et ai, 1982; 1998; 2000). It was also demonstrated 

by Caraballo et a/., (1999) that regular intake of vitamin K antagonists is correlated with 

low bone mass. 

112.2 Effect of phosphorylation 

Another postlranslational mechanism of regulation of MGP is phosphorylation ol 

three serine residues. Phosphoserine residues were identified in lhe motif Gla-Ser-X-Glu- 

Ser-X-Glu-Ser-X-Glu near the N-terminus of ali known MGPs (Price et ai, 1994; 

Conceição et ai, 2002; Simes et ai, 2003). Phosphoserine was identified in residues 3, 6 

and 9 of xenopus (Cancela et ai, 2001), shark, lamb, human, rat and bovine (Price et ai, 

1994) MGPs. Simes et ai (2003) identified phosphoserine in residues 3, 6, 7 and 9 of A. 

regius MGP. The first Gla residue in the motif is not conserved in shark, A. regius and 

xenopus (Cancela et ai, 2001; Simes, 2002; Simes et ai, 2003). Other secreted proteins 

like milk caseins or salivary proteins have the same motif for phosphorylation, but show 

different secretion properties depending on the degree ot phosphorylation (Price et ai, 

1994). MGP tends to be only partially phosphorylated when secreted to lhe extracellular 

matrix, in contrast to milk or saliva proteins. It has been proposed that the degree of 

serine phosphorylation regulates the activity of the secreted protein, and that change in 

phosphorylation leveis and protein activity can be induced by action of the secretory 

protein kinase pathway (Akhoundi et ai, 1994) and by extracellulai phosphatases. 

However no evidences have been presented correlating changes in MGP function with 

the degree of phosphorylation. A possible involvement of phosphorylation as a sorting 

signal for MGP and the relevance of the signal for MGP function have been recently 

proposed but is still under more detailded investigation (Wajih et ai, 2004). 
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112.3 Effect of proteolytic cleavages of the mature proteins 

A C-terminal proteolytic processing was determined in bovine, human and 

shark MGPs (Hale et ai, 1991; Rice et ai, 1994). Two fornis of MGP were isolated from 

demineralized and urea extracts of bovine cortical bone, one with 79 residues and C- 

terminus Phe-Arg-Gln and other with 83 residues and C-terminus Phe-Arg-Gln-Arg-Arg- 

Gli-Ala. The 84 residue structure of bovine MGP predicted from the mRNA sequence 

(Kiefer et ai, 1988) was not detected in the bone extracts and it was proposed that the 

lysine at position 84 was removed by the action of a carboxypeptidase B-like enzime 

prior to secretion (Hale et ai, 1991; Price, 1992). A model has been proposed for the 

generation of the 79 residue protein, in which a sequence of proteolitic cleavages would 

include a trypsin-like cleavage at Argso-Argsi or Arg8i-Gly82 lollowed by a 

carboxypeptidase B-like cleavage to remove the remaining C-terminal Arg (Hale et a/., 

1991; Price, 1992). It has been proposed that this cleavage is a mechanism for 

insolubilizing MGP, and in this way retain it in bone tissue (Braam, et al, 2000). 

A clcaving site for plasmin was described in the C-terminus of BGP at residues 

Arg43 and Arg44 of the bovine protein (Novak et al, 1997). Cleavage by plasmin ocurred 

both in serum and in mineral bound BGP that was released into solution, sugesting that 

plasmin could play a role in the regulation of bone remodeling (Novak et al, 1997). 

Another cleavage site was identified recently in fish MGP (Simes et al, 2003). 

The presence of an Ala-Asn-Ser-Phe (ANSF motif, residues 20-23 of A. regius MGP) 

was identified as a conserved proteolytic cleavage site also present in mammalian and 

shark MGPs (Price, unpublished results), results confirmed in ali cases by the isolation, 

during the purification process of MGP, of this shorter form (revised in Simes et al, 

2003). More recently, the comparison of ali known sequences of MGP has confirmed that 

the presence of this sequence motif (ANXF, where X can vary) is a conserved feature of 

ali MGPs, from shark to human, and 100% conserved throughout more than 400 million 

years of evolution (Laizé et al, 2005). However, the functional relevance of this cleavage 

site is not known. 

N-terminal cleavage of the transmembrane signal peptide occurs in MGP and 

BGP. In rat and bovine MGP, which is syntesized as a pre-protein, this cleavage is 
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predicted to occur after the cysteine residue at position -1, beconung tyrosine at position 

+ 1 the first residue in the N-terminal sequence of mature rat and bovtne MGP (Pnce et 

cl. 1987). In BGP, the initial primary strueture of the translated product has been 

determined by sequencing its cDNA from human, rat and mouse (Pan and Price, 198o; 

Celeste e, cl 1986) and revealed the presence of a transmembrane signal, a propept.de 

and a mature protein identical to the one extracted ffotn bone. Treatment of rat 

osteosarcoma cells with warfarin and vitamin K simultaneouly showed that the N- 

terminal sequence of secreted BGP into the culture media was identical to the BGP 

extracted ffom rat bone establishing that the proteolytic processing of pro-BGP takes 

place prior to secretion and is independem of gamma-carboxylation (Pan e, ai. 1985; 

Price. 1992). BGP cleavage products have been identified by RIA in serum of normal 

adults and patients with bone methabolic disease (Gamero et ai. 1994). This study 

allowed the identiftcation of four serum reactive forms of BGP other than the normal 

molecule. including one fonn resulting ffom the cleavage of BGP at residues 43-49 that 

was found in lame amounts in patients with bone metabolic disease. This molecule was 

proposed to have been generated by proteolytic cleavage of BGP in circulation (Gamero 

e, al. 1994). It was recently found that avian bone contain multiple isoforms of BGP as 

well as bone sialoprotein, osteopontin, osteonectin and dentin tnatrix protein-1 due to 

differenoes in post-translational modificatións in these proteins, since only stngle 

transcripts were observed with Northern blotting (Wang et al., 2005). 

Recently two different forms of BGP were isolated from bullfrog, with one of t e 

forms corresponding to the intact mature BGP and the other form lackmg the first 4 V 

terminal residues (SNLR). The two different forms have different increases tn alpha-hel.x 

content when binding to Ca^ or Cd^, with the form that is missing four N-term.nal 

amino aeids leading to a more compact conformational change upon metal binding (Do . 

et al. 2004). 

113- Chromosomal assignment of MGPs and BGPs 

The strueture of the human MGP gene and prometer regions and its chromosomal 

assignment was accomplished in 1990 by Cancela al. describing a 3,9 kilobases (Kb) 
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gene located in the short arm of chromosome 12 (12p). This localization was confirmed 

and its precise site of insertion within 12p determined following the complete sequencing 

of the human genome (www.sangerinstitute.coin/hiimangenome/). In mouse and rat. 

MGP was localized in chromosomes 6G1 (Johnson et ai, 1991) and 4q (www.genome- 

www5.stanford.edu), respectively, regions known to shown syntheny with the human 

chromosome 12p. The localization of BGP was determined to be in chromosome Iq for 

human (Puchacz et ai, 1989) in chromosome 3 for mouse (Johnson et ai, 1991: Desbois 

et ai, 1994b) and 2q for rat with a high homology observed between human chromosome 

Iq and chromosome 3 and 2 from mouse and rat. The only fish for which MGP and BGP 

localization was specifically determined was zebrafish. In contrast to mammals, both 

genes are located within the same chromosome LG3. (Gavaia et ed., submitted). 

However, the regions where they are included also show some syntheny with the 

previously identififed mammalian locations. 

Dcrnio rerio mgp and bgp were found to be located on the same chromosome 

(LG3) in zebrafish. a result that differs from what is known in mammals, where the two 

genes are located in different chromosomes [chromosome 12 for mgp (Cancela et ai. 

1990) and chromosome 1 for hgp (Puchacz et ai, 1989), in human; chromosome 6 for 

mgp and chromosome 3 for bgp in mouse (Johnson et ai, 1991; Desbois et ai, 1994b)]. 

114- The structure of the fish skeleton 

The skeleton is highly diversified throughout the different fish and the vast array 

of habitats in the aquatic media. The skeleton is responsible for body shape, movement 

and muscle attachment, feeding habits, protection, reproduction and in some cases 

calcium and phosphate reservoir (Marshal and Hugues, 1985; Lagler et ai, 1987; Walker 

and Liem, 1994; Du et ai, 2001). In the great majority of fish there is a big variety of 

elements that compose the skeleton, both in shape, composition and function. The 

cartilaginous and osseous tissues are well differentiated from those in higher vertebrates 

(Bertin, 1958). Another particularity of fish skeleton is that it has a contínuos grou th 

throughout the life of the animais, with interruptions or lower rates depending on the 

feeding period (Bertin, 1958). 
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The fish skeleton is composed of bone, cartilage, notochord, connective tissues. 

scales and tooth components such as enamel and dentin (Lagler et ai, 1987). The 

skeleton, like every organ, has specific developmental and functional characteristics lhat 

define its identity in biologic and pathologic terms (Ducy and Karsenty, 1998; Karsenly, 

1999). The shapes of cartilages and bonés are of particular interest because skeletal 

function, acted upon by natural selection, is directly related to skeletal morphology 

(Kimmel et ai, 1998). In the generality of vertebrates the skeleton is composed of 

multiple elements of various shapes and origins spread throughout the body. Most of 

these skeletal elements are formed by two different tissues, cartilage and bone, and each 

of these two tissues have its own specific cell types: chondrocytes in cartilage; 

osteoblasts and osteoclasts in bone. Each of these cell types has its own differentiation 

pathway, physiological functions, and therefore pathological conditions (Ducy and 

Karsenty, 1998; Karsenty, 1999). 

In teleosts, the cells involved in bone formation and remodeling are described as 

being similar in many aspects to those found in the mammalian system, with the presence 

of bone forming osteoblasts and both mononucleated and multinucleated bone resorbing 

osteoclasts (Witten et ai, 2001) although little is known on how these cells interact to 

modulate bone matrix formation and remodeling (Witten et ai, 2001). Cartilages and 

bonés develop from multiple embryologic origins, with the craniofacial skeleton in the 

first branchial arch and other regions of the forming head developing largely from neural 

crest cells originating from the dorsal neural tube, while other cranial bonés originate 

from the cephalic mesoderm (Couly et ai, 1993; Kontges and Lumsden. 1996). In the 

axial skeleton the ribs and vertebrae form from the sclerotomal part of the somites, and 

the appendicular skeleton is derived from the lateral mesoderm. Despite the different 

embryologic origin of the various skeletal elements, the precursor cells will eventually 

differentiate into the same specific cell types. The origin of the cells is also different: 

chondrocytes have a mesodennal origin, the osteoblasts are from neural crest or 

mesodermal origin, and the osteoclasts or bone resorbing cells originates from the 

macrophage monocyte linkage (Karsenty, 1998). One example oí genes involved in 

differentiation of skeletal tissues are the bone morphogenetic proteins that are known to 

stimulate mesenchymal cells to follow the osteo-chondrogenic pathway and differentiate 
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into chondrocytes and osteoblasts, which deposit lhe bone matrix and regulate the pattern 

ofskeletal formation (Derynck, 1999). 

In the begining of vertebrate skeletogenesis there is a migration of 

undifferentiated mesenchymal cells into areas destined to become bone. forming 

condensations that have the general shape of the future skeletal elements. This process 

provides the anlagen or templates of the future skeleton (Hall and Miyake, 1992; Ducy 

and Karsenty, 1998: Karsenty, 1998). The cells present in the anlagen initially express 

collagens of both type I and type Ha (a transcript of the a 1(11) collagen gene that is not 

chondrocyte specific). Cells that differentiate along the chondrocytic pathway are 

genetically characterized by the expression of type Ilb collagen, type al (II) collagen, 

type IX. XI collagen, matrix gla protein (Luo et ai. 1995) and several other matrix genes. 

Patteming and cell 
commitment invotves 
BMPs. PGFs. 
Hox proteins and 
other factors 

Cell differentlation 
in volves Osf2/Obfa1 
pu.1. c-fos, NFkB, 
SoxÇ, etc  

Figure 14- Proposed model for the different cell differentiation pathways during skeletogenesis in the 

mouse (adapted from Ducy and Karsenty, 1998). 

The differentiating chondrocytes undergo a program of differentiation including 

hypertrophy, expression of type X collagen and a decrease in expression of type II 

collagen (Ducy and Karsenty, 1998; Karsenty, 1998). The cartilage is mostly replaced by 

bone in the majority of fishes and other vertebrates (Bond, 1979). In a process called 

endochondral ossification, the matrix surrounding hypertrophic chondrocytes calcifies 

and vascular invasion of the perichondrium of calcified cartilage brings in osteoblasts that 

gradualy replace cartilage by bone. At the time oí vascular invasion from the 
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perichondrium, the hypertrophic chondrocytes die through apoptosis, and the osteoblasts 

brought in by lhe blood vessels begin depositing bone tissue (Bertin, 1958; Walker and 

Liem, 1994; Karsenty, 1998). This type of ossification can more accurately be divided 

into: endochondral ossification when calcification begins within the cartilage and 

perichondral ossification when bone begins to form around the periphery of the cartilage 

(Bertin, 1958; Walker and Liem, 1994; Junqueira et ai, 1995). Instead of a replacement 

by osteoblasts there are references to transdifferentiation during developmet of chick 

skeleton, where in some areas chondrocytes transform into. or are replaced by, bone- 

producing cells and osteoid is observed within the chondrocyte lacunae (Roach and 

Shearer, 1989). Another mechanism of ossification that occurs in some cranial bonés, 

clavicle (mammals) and pelvic girdle (fish) is called dermal or intramembranous 

ossification. In this type of ossification bone develops directly from the connective tissue. 

It starts when mesenchyinal cells condense, the tissue vascularizes, and cells differentiate 

directly into osteoblasts (Bertin, 1958; Walker and Liem, 1994; Junqueira et ai, 1995: 

Ducy and Karsenty, 1998; Karsenty, 1998). The vertebral centra develop primarily from 

the direct deposition of bone around the notochord by sclerotomal cells that form the 

continuous perichordal tube and perichordal sheath in a process called perichordal 

ossification (Walker and Liem, 1994). 

Besides bone and cartilage, the fish skeleton also has chondroid bone, described 

as transition stage between bone and cartilage and is composed oí chondrocyte like cells 

enclosed in bone-like matrix. This tissue is observed in the synovial joints, articular 

surfaces and in association with parallel fibred bone (Benjamin and Ralphs, 1991; 

Benjamin et ai, 1992). Bertin (1958) described this mixed tissue as similar to cartilage 

with normal chondrocyte-like cells in the center but with cells becoming fusitorm 

towards the periphery as the matrix becomes fibrous and calcified. The chondrocytes end 

up resembling osseous cells once the matrix is calcified. 

115- General bone structure 

Bone is a highly vascular, mineralized, specialized connective tissue that 

constitutes the main component of the skeleton of most adult vertebrates and is composed 

of a calcified extracellular matrix and three cell types: 1) osteoblasts, that synthesize the 
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organic components of the matrix; 2) osteocvtes, located in cavities or lacunae within lhe 

matrix that affect mineralization; and 3) osteoclasts, that are gianl multinucleated cell> 

involved in bone resorption and remodeling (Marshal and Hugues, 1985; Walkei and 

Liem. 1994; Junqueira et ai, 1995). Although bone forms hard, resilient structures. it is a 

dynamic tissue that has the capacity of changing as a result of the torces applied on tlu 

body (Gartner and Hiatt, 1999). Bone is formed when osleoprogenilor cells differentiate 

into osteoblasts (bone forming cells) that produce the components of the extracellular 

matrix. which then bccomes calcified by binding of calcium phosphate (hydioxyapatite- 

[Caio(P04)6(OH)2] crystals to collagen fibers, forming the osteoid (Walker and Liem. 

1994: Gartner and Hiatt, 1999). The formation of hydroxyapatite crystals from calcium 

and phosphates present in lhe body fluids is possible due to the hydiolvsis ot 

pyrophosphate by the bone forming cells (Marshal and Hughes, 1980). As the matrix 

continues to be produced, some osteoblasts become trapped as osteocytes within spaces, 

called lacunae. The osteocytes are star-shaped cells that have radiating processes within 

minute canaliculi radiating the matrix (Walker and Liem, 1994). These cells aie absent in 

accelular bone in which non ramified osteoblasts always retreat from the mineializing 

front and localize in the periphery of the tissue, never becoming trapped (Bertin, 1958; 

Weiss and Watabe, 1979; Parenti, 1986). 

It is apparent that most regulatory factors or pathways that control bone formation 

have been highly conserved in vertebrates during evolution, and signaling molecules 

required for embryonic skeletal development are also importam for adult homeostasis 

(Du et ai. 2001). 

In teleost fish the osseous tissues can be divided into two distinct bone types: 

acellular or anosteocytic bone, does not contain osteocytes and has a vascularized wo\ en 

structure with chemical composition similar to other vertebrates; cellular or osteocytic 

bone. contains osteocytes and is similar to bone in mammals except for the absence oí 

osteon (Ekanayake and Hall, 1988: Weiss and Watabe, 1979: Witten, 199^; Witten and 

Villwock. 1997; Witten et ai, 2001). Accelular bone is generally referred as 

characteristic of modem teleosts, while cellular bone is present in more primitive teleosts 

such as chondrosteans and dipnoans (Bertin, 1958; Weiss and Watabe, 1979; Ekanayake 

and Hall. 1988). However, some controversy has arisen from this classification. Hughes 
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et ai, (1994) suggested that the bonés of sparids, usually referred as acellular, cannot be 

classified as such only based on the absence of visible osteocytes and lacunae. Another 

major difference between the bone of teleosts and higher vertebrates is the presence of 

collagen type II and chondroitin sulphate that are characteristic components of cartilage 

(Benjamin and Ralphs, 1991). 

As known from higher vertebrates, the skeletal development involves bone 

formation by osteoblasts along with cartilage degradation and bone resorption by 

osteoclasts (Lewinson and Kogan, 1995). Bone resorption and the presence of osteoclasts 

in fish has been motif for some controversy. The osteoclast belongs to the 

monocyte/macrophage cell lineage but phenotypically they are distinct from other cells in 

this lineage. They are giant multinucleated cells (up to 50 nuclei per cell depending on 

species) found in contact with calcified bone surfaces (Karsenty, 1999). Osteoclasts forni 

by fusion of mononuclear precursor cells, which derive from an early haemopoietic stem 

cell. Osteoclasts are highly specialised cells, capable of breaking down both the inorganic 

(hydroxyapatite) and organic (collagen and multiple-non-collagenous proteins) matrix of 

bone, dentine and mineralised cartilage, in a process of matrix resorption that occurs 

largely extracellularly. To dissolve hydroxyapatite, the cells secrete large amounts of 

protons, and to dissolve organic components of bone, the cells secrete a number of 

proteolytic enzymes, including cathepsin K, tartrate resistant acid phosphatase, and 

collagenase(Helffich, 2003). 

Investigations on the skeleton of teleosts with cellular and acellular bone revealed 

that osteoclasts are present in the developing skeleton regardless of the fact that they are 

often referred as scarce or not observed in fish bone (Sire et ai, 1990). For some time 

multinucleated osteoclasts were not detected in fish and it was suggested that bone 

resorption was made by mononucleated cells (Witten, 1997; Sire et ai, 1990) and that a 

shift from mononucleated to multinucleated cells could occur during development (Sire 

et ai, 1990). It was also suggested that osteocytes could be capable of bone resorption 

(Hughes et ai, 1994). However it is now known that in teleost fish with acellular and 

cellular bone there is resorption by osteoclasts. Persson et al. (1998, 1999) detected in 

scales the presence of tartrate resistant acid phosphatase (TRAP) positive cells, identified 

as salmonid osteoclasts. Their activity was found to increase throughout sexual 
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maturation and spawning migration and it was proposed that the scales are resorbed in 

order to provide calcium for the growing ovaries. These resorbing cells were later 

characterized as two morphologically distinct osteoclast populations: type 1 and type 2 

cells (Persson et ai, 1999). The Identification of multinucleated cells, resembling the 

mammalian giant multinucleated osteoclasts, were found to be responsible tor bone 

resorption in cichlids (Witten, 1997; Sire et ai, 1990) and salmonids (Persson et ai, 

1999). More recently it was discovered that the zebrafish has both mononucleated and 

multinucleated resorbing cells (Witten et ai, 2001). The first were referred as appearing 

early in skeletogenesis and persistent until adulthood and the later appearing only in more 

advanced stages of bone resorption. Although multinucleated osteoclasts are the 

predominant forni in adult zebrafish, mononucleated resorbing cells are the only type 

observed in neural arches and other thin skeletal elements, whereas multinucleated 

osteoclasts are responsible for resorption in the remaining bonés (Witten et ai, 2001). 

The bone extracellular matrix is composed by inorganic and organic components. 

The inorganic phase is composed mainly by calcium and phosphate complexed in 

hydroxyapatite crystals and other less abundant minerais like bicarbonate, citrate, 

magnesium, sodium and potassium as well as amorphous calcium phosphate (Debois et 

ai, 1994; Junqueira et ai, 1995; Gartner and Hiatt, 1999). The organic components of 

bone extracellular matrix are composed by polysacharides, collagen fibers, and two 

principal types of proteins that can be divided into two main groups: the collagens, 

mostly type I collagen, which accounts for 90% of the bone matrix proteins, and the 

noncollagenous proteins, including BGP, osteopontin, osteonectin and bone sialoprotein 

(Hauschka et ai, 1989; Denhardt and Guo, 1993; Ducy et ai, 1999; Gartner and Hiatt, 

1999). Type I collagen is the most abundant protein synthesised in bone and consists of a 

heterotrimeric complex of two alpha-I (Col 1A1) and one alpha-2 (Col 1A2) molecules 

that are coordinately expressed and synthesised in a tissue- and development-specific 

manner (White et ai, 1998). 

The production of bone extracellular matrix by osteoblasts requires a strict control 

of the balance between bone deposition and resorption, to allow skeleton growth to occur 

and to replace bone resorbed by the osteoclasts throughout life (Ott, 1996; Asou et ai, 
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2001). In an analogous way, bone resorption requires strict control of the balance against 

bone fonnation to avoid excessive loss of bone in normal individuais. 

116- Cartilage structure 

Cartilage, like bone, is a dense connective tissue with an extracellular matrix rich 

in collagen, elastic fibers, mucopolysacharides and water (Walker and Liem, 1994; 

Marshal and Hughes, 1980; Gartner and Hiatt., 1999). The embryonic skeleton is mostly 

composed of cartilage that is substituted gradually by bone, remaining only in the growth 

zones (Storer et ai, 1986), the greater metabolic and structural flexibility of cartilage 

presumably being more suited to the requirements of the developing embryo. Cartilage is 

not vascularized, receiving nutrients through diffusion in the extracellular cartilaginous 

matrix. Cartilage is also not innervated and normal mechanisms of tissue repair, 

involving the recruitment of cells to the site of damage do not occur (Hardingham et ai, 

2002). The chondroblasts, responsible for cartilage formation and production of the 

components of its extracellular matrix, are.derived from fibroblasts recruited from the 

connective tissue that covers cartilage, the perichondrium, and internally by mitotic 

division (Junqueira et ai, 1995; Gartner and Hiatt, 1999). Once differentiated 

chondroblasts start producing the components of cartilage, they become chondrocytes 

and are located in lacunae within the matrix they have secreted (Gartner and Hiatt, 1999). 

The extracellular matrix is composed by type Ilb, IX, X and XI collagen, agrecan 

(composed of proteoglycans covalently linked to chondroitin sulphate molecules), 

chondronectin and chondroitin sulphate (Gartner and Hiatt, 1999). Three main types of 

cartilage can be found in vertebrates: hvalin cartilage, with chondrocytes well separated 

by water-rich extracellular matrix and with collagen II as principal protein; elastic 

cartilage, with a reduced extracellular matrix rich in elastin; and fibrous cartilage, with 

chondrocytes disposed in alined series and with a dense web of collagen type I as major 

extracellular matrix component (Junqueira et ai, 1995; Gartner and Hiatt, 1999). 

In teleosts there appears to be different types of cartilage not previously 

recognized in higher vertebrates. These cartilages were identified in several teleost 

species by histological and immunohistochemical observations (Benjamin, 1989; 

36 



Introduction 

Benjamin and Ralphs, 1991; Benjamin et ai, 1992). The localization and morphological 

characteristics of these cartilage types are summarized in Table 14. 

Morphologically, two different types of hyaline cartilage were identified either 

cell- or matrix-rich, depending on the percentage of tissue volume occupied by the 

extracellular matrix (if less than 50% is cell-rich and if more is matrix-rich), but they 

shown no differences at the immunological levei. This cartilage is permanently present 

on the neurocranium and forms endochondral bone anlagen (Benjamin, 1989; Benjamin 

and Ralphs, 1991). One other type of cartilage present only in gill filaments is termed 

Zellknorpel and is characterized by piles of chondrocytes separated by a thin layer of 

matrix. This cartilage is normally surrounded by perichondral bone. The cartilage that 

forms articular tissue like the menisci is called fibro-cell-rich cartilage while elastic-cell- 

rich cartilage is found on the barbells. Surprisingly, this type of cartilage lacks collagen 

II. Hyaline-cell cartilage is characterized by abundant chromophobic cartilage and finally 

scleral cartilage is a thin sheet of cartilage that supports the eyes and is composed of lined 

chondrocytes sandwiched by peripheral layers of matrix (Benjamin and Ralphs, 1991; 

Benjamin e/1 tf/., 1992). 
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Table 14- Resumed information on the different cartilage types described for teleost 
fishes from the orders perciformes and cypriniformes. Cartilage types were identified by 
histological and immunohistochemical observations (Benjamin, 1989; Benjamin and 
Ralphs, 1991; Benjamin et ai, 1992). 

Cartilage type Localization Characteristics 

cell-rich hyaline 
cartilage 
(CRHC) 

Gill arches, neurocranium, 
caudal and dorsal fins 

Less than 50% of extracellular matrix; 
present only in structures under 
endochondral ossification 

matrix-rich 
hyaline cartilage 
(MRHC) 

Gill arches, neurocranium, 
caudal and dorsal fins 

More than 50% extracellular matrix; same 
immunohistochemical characteristics as 
CRHC; present only in structures under 
endochondral ossification 

Zellknorpel Gill filaments Chondrocytes organized in piles, separated 
by a thin layer of matrix; normally 
surrounded bv perichondral bone 

fibro-cell-rich 
cartilage 

Articular tissue like the 
menisci 

Celis shrunken in lacunae; matrix rich in 
collagen fibers 

elastic-cell-rich 
cartilage 

Barbells Celis shrunken in lacunae Lack ot collagen 
type II 

Hyaline-cell 
cartilage 

Oromandibular region; caudal 
fin and trunk 

Celis with abundant chromophobic 
cytoplasm cartilage 

scleral 
cartilage 

thin sheet of cartilage 
supporting the eye 

lined chondrocytes sandwiched by 
peripheral layers of matrix 

117- The biological models 

117.1- Zebrafish {Dania rerio rerio) 

The zebrafish {Danio rerio) is a small tropical teleost with cellular (osteocyte 

containing) bone, which has become a model of choice for developmental biologists (Du 

et ai, 2001) and has emerged as an important organism for the study of early 

development in vertebrates (Streisinger ai, 1981). For this study the zebra fish was 

chosen as the fresh water fish model because it has many of the advantages of 

invertebrate models C. elegans and Drosophila including high feoundity with a single 

female laying hundreds of eggs every week, a short generation time of 3-4 months, rapid 

development; externai fertilization, translucent embryos which enable the investigator to 

examine its development readily with the disseeting microseope, and easy maintenance 

(Streisinger eí a/., 1981; Rawls et ai, 2001; Nusslein-Volhard and Dahm, 2002). The fast 
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and syncronous embryonic development facilitates phenotypic analysis and large-scale 

experimental approaches. The fact that the egg is transparent and the embryo is easily 

accessible along with its robustness makes it an ideal model for micromanipulation and in 

vivo observations (Nusslein-Volhard and Dahm, 2002). Also zebrafish has advantages 

over the mouse model, since mouse developmental genetics is impeded by high 

maintenance costs ot animais and by the fact that embryonic development is intrauterine 

(Driever et ai, 1996). Therefore, this model enables both modem molecular and genetic 

studies to be carried out to identify genes involved in a wide variety of developmental 

processes (Du et ai, 2001). In addition to the referred developmental advantages, recent 

studies have indicated the usefulness of the zebrafish as a model for human disease. Its 

genome provides an easily accessible source for identification of homologs for human 

genes, and the fish model can be helpfull in the functional analysis of these genes (Barut 

and Zon, 2000). However, research utilizing the zebrafish system in bone and bone 

diseases remains still scarce (Zhang et ai, 2002). The large scale screening of mutants 

generated by ENU (N-ethyl-N-nitrosourea) during the late 90's allowed the identification 

and characterization of a large number of mutants (Haffter et ai, 1996). This suitability 

for systematic mutagenesis studies to identify genes regulating the development of 

various tissues and organs, including the skeletal system (Vogel, 2000; Schilling, 1997; 

Schilling et ai, 1996a,b) led to the identification of several mutations affecting cartilage 

(Neuhauss et ai, 1996; Schilling et ai, 1996a; Schilling et ai, 1996b; Piotrowski et ai, 

1996) and some genes acting over morphogenetic pathways leading to cartilage 

development have already been identified (Kimmel et ai, 1998). 

Another advantage to the usage of the zebrafish, is the increasing number of tools 

and techniques that have been developed for this model in the last years (Nusslein- 

Volhard and Dahm. 2002) including the strategies for gene knockdown by the use of 

morpholino oligonucleotides (Morcos, 2001) and the production of zebrafísh germ-line 

chimeras from cultured embryonic cells and techniques to transfer zigotic mutations 

through zebrafísh germ line by cell transplantation (Ma et ai, 2001; Ciruna et ai, 2002). 

These findings raises the possibility that in vitro transgenesis and gene targeting 

technologies will become feasible in the fish and will allow the generation of chimeric 

transgenic lines and the use of reverse genetic approaches to determine gene function. 
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The targctcd 'knockdowrT technologies permit to gencrate phenocopies of mutations oí 

zebrafish genes lhat have human homologues and contributc to thc systematic 

development of models of human disease, using reverse-genetic approaches in zebrafish 

embryos (Nasevicius and Ekker, 2000). 

Taxonomical classification: 

Kingdom Animalia 

Phylum Chordata 

Subphylum Vertebrala 

Superclass Gnathostomata 

Class Ostcichthyes 

Division Teleostei 

Subclass Actinopterygii 

Superorder Neopterygii 

Ordcr Oslariophysi 

Family Cyprinidae 

Gcnus Dania 

Spccies Dania reria (Hamilton, 1822) 

v 

P. ôavaia 

Figure 15- Adult male zebrafish {Danio reria) 
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This classification was based on the information obtained from www.fishbase.oru, 

www.zfin.org and from Hickman et ai, 1993. 

117.1.1- The zebrafish skeleton 

The description and analysis of the development of various zebrafish skeletal 

elements has been the subject of several previous studies. However, most of them have 

focused either on very early stages of development or in the formation of particular 

structures (Cubbage and Mabee, 1996; Schilling and Kimmel, 1997; Tisher et ai, 2003) 

and in general are consistent with observations for other vertebrates. In what regards the 

dentition, the zebrafish is classified as a polyphyodont species (i.e., with tooth 

replacement throughout life) and similarly to other cyprinids, teeth are restricted to the 

modified fifth branchial arches, or the pharyngeal jaws, and start formation as early as 2 

dpf (Huysseune et ai, 1998; Van der Heyden and Huysseune, 2000; Van der heyden et 

ai, 2001; Wautier et ai, 2001). The early development of the neural crest cell-derived 

pharyngeal skeleton, that includes the branchial arches and jaw and the craniofacial 

skeleton, were described in detail by Piotrowski et ai. (1996), Schilling et ai (1996 a, b) 

and Schilling and Kimmel (1997). These studies identified and described some of the 

mutations affecting jaw and branchial arch development such as schmerle, sucker. hoover 

and sturgeon that have reduced ventral structures in the mandibular and hyoid arches, the 

jellyfish mutant that presents severe reduction of ali cartilaginous elements (Piotrowski et 

ai. 1996) or the chinless (c/w) that is required for the formation of pharyngeal cartilages 

and of cranial muscles (Schilling et ai, 1996b). Grandel and Schulte-Merker (1998) 

described the structure and normal development of the zebrafish paired fins, referring lhe 

different endoskeletal development in the pectoral and pelvic fins. The authors observed 

that while most of the endoskeletal girdle develops within the fin bud mesenchyme, lhe 

pelvic fins have a pattern of chondrogenic condensations that directly reflect the adult 

internai skeleton pattern. 

Some skeletal deformities affecting the axial skeleton were detected in zebrafish 

by radiography of specimens older than 2 months, and the gene responsible for the 

chihuahua mutation was identified as collagen I (al), causing severe skeletal deformities 
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since growth and mineralization are both abnormal. The chihuahua mutants present 

irregular vertebrae with short dorsal spinous processes and bonés with areas of uneven 

mineralization and accurately model human osteogenesis imperfecta, being an important 

resource for studies on the pathophysiology of this disease (Tisher et ai, 2003). 

117.2- Senegal sole {Solea senegalensis) 

The Senegal sole {Solea senegalensis, Kaup) is a pleuronectiform fish 

characteristic of the South Atlantic and Mediterranean coasts and exploited in extensive 

aquaculture production allong the south coasts of Portugal and Spain (Dinis, 1986; Dinis, 

1992; Dinis and Reis, 1995; Dinis et ai, 1999; Fernández-Díaz et ai, 2001). Because of 

the high commercial value that this species can reach on the market and promising 

rearing and reproduction results, it has a high potential for the diversification of 

aquaculture industry (Dinis, 1992; Dinis and Reis, 1995; Dinis et ai, 1999; Dinis et ai, 

2003). The investigation on this species has been maynly focused on the development of 

digestive traits and enzimes (Sarasquete et ai, 1996; Martinez et ai, 1999; Ribeiro et ai, 

1 999í7, h) and several studies that have addressed different aspects of its development, 

endocrinology and reproductive biology (Pendón et ai, \99Aa,b\ Rodriguez-Gómez et 

ai, 2000í7,ò; Fernández-Díaz et ai, 2001; Bedui, 2003). The Senegal sole is 

characterized by a flat oval body with the two eyes on the right (ocular) side of the head. 

The color on the ocular side is brownish with blue spots in fresh specimens, interradial 

pigments and with a black membrane in the pectoral fin (Arias & Drake, 1990; Muzavor 

et ai, 1993) as seen in Figure 16 . Senegal sole larvae at hatching are transparent, have a 

large yolk sac with several oil globules and present three melanophores in the primordial 

fin (Dinis, 1986; Ribeiro, 2003). The larvae have initially a pelagic life style for the first 

two weeks after hatching, but then metamorphosis starts with the left eye initiating its 

migration while the body suffers a torsion leading to its settling on the bottom, with 

acquisition of a benthic life style (Dinis, 1986). This species are gonochoric, and females 

mature at age 3+ for S. senegalensis and when total lengths are 32 cm (Dinis, 1986). The 

wide spawning season occurs from late winter to early summer and sometimes a small 
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season occurs during the autumn (Dinis, 1986; Andrade, 1990; Ribeiro, 2003), allowing 

the observation of larvae and post-larvae ali year (Arias & Drake, 1990) 

In flatfishes the metamorphosis is characterized by the dramalic anatomical 

transformation involving rotation in body position from a bilaterally symmetrical to an 

asymmetrical morphology and lhe migration of one eye to the ocular upper side (Tanaka 

eí ai. 1996). Metamorphosis accompanies the transition from pelagic to a benthic life 

style by the settlement of the larvae on the substratum and consequently implying drastic 

changes in food habits and in digestive physiology (Tanaka et ai, 1996; Femández-Díaz 

et ai, 2001). These dramatic changes in shape, morphology and physiology come 

together with a different ecological niche occupation by the fish (Blaxter, 1998; Ribeiro, 

2003). 

The Senegal sole was chosen as model organism in this study because of its 

interesting osteological developmenl leading to a radical change in skeletal morphology 

during larval stages, which is crucial for its latcr survival and life style. In addition, there 

were also some practical reasons including i) availability of eggs and larvae in our 

institution; ii) fast grovvth rate during the larval period when fcd live prey (Dinis and 

Reis, 1995 Ribeiro eí ai, 1999/))d ;and iii) resistance to manipulation during larval 

stages. 

i'1 l!|HI|llll||l||||||||||lll 
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Figure I6- Juvemle individual of Senegal sole raised in the experimental laboratory for marine organisms 

(LEOA) of the University of Algarve. 
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Taxonomical classifícation: 

Kingdom Animalia 

Phylum Chordata 

Subphylum Vertebrata 

Superclass Gnathostomata 

Class Osteichthyes 

Division Teleostei 

Subclass Actinopterygii 

Superorder Neopterygii 

Order Pleuronectiformes 

Family Soleidae 

Genus Solea 

Species Solea senegalensis (Kaup,l 858) 

This classifícation was based on the infonnation obtained from www.físhbase.org 

and from Hickman e/a/., 1993. 

117.2.1- The Senegal sole skeleton 

The Senegal sole is a teleost físh with acellular bone and the development of its 

axial skeleton was described for the fírst time, within the scope of this thesis, for 

individuais ranging from larvae to juvenile specimens (Gavaia et ai, 2002 and results 

section). 

118- Proposed objectives 

The major objective of this work was to determine the spacio-temporal 

localization of BGP and MGP gene expression and protein accumulation during skeletal 

development of a fresh water and a marine físh and to initiate studies towards 

understanding its function in físh. 
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To achieve this goal, the skeletal developmental of sole and zebra were followed 

in a systematic way using both morphological and histological approaches and required 

the optimization of histological detection of bone and cartilage, to be able to detect 

structures with thicknesses within the micron range. To detect the onset of BGP/MGP 

gene expression the corresponding cDNAs were cloned from zebrafish and Senegal sole. 

In order to generate probes that, along with antibodies generated against teleost BGP and 

MGP permitted to investigate the pattems of expression and accumulation for BGP and 

MGP during development of the two model species chosen. 

The effect of liposoluble vitamin A, that is known to have an effect on BGP and 

MGP in mammals, was investigated in vivo by supplementing the animal's diets with 

retinol palmitate. The effects of vitamin K and, its antagonist, warfarin were also 

investigated in order to provide the first evidence towards understanding if the function 

of those two skeletal Gla proteins has been conserved between fish and mammals. 
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Materials and Methods 

Ml - Solea senegalensis larval rearing and maintenance 

Solea senegalensis eggs were obtained from natural spawning of a broodstock 

adapted to captivity and gently provided by the aquaculture group of the University of 

Algarve. Fertilized eggs were selected through separation of buoyant eggs at a salinity 

of 35%o and transferred to 80 1 cylindro-conical tanks for incubation at a density of 350 

eggs per liter. The incubation was done under the same environmental conditions of the 

broodstock tank. Larvae hatched after a period of 48-56 hours of incubation and first 

feeding was supplied at mouth opening (2 days after hatching) with addition to the 

rearing tanks of microalgii (green water technique) and rotifers (Brachionus plicatilis) 

enriched overnight with Tetraselmis suessica (clone T Chui) and Isochrisys galbana 

(clone T Iso), at a concentration of 5 rotifers per ml. Newly hatched artemia nauplii at a 

concentration of 2 nauplii per ml were supplied from day 5 to day 10, 24 h metanauplii 

from day 11 to the end of metamorphosis and 48 h metanauplii until juvenile stage. The 

metanauplii were enriched with microalgii Tetraselmis suessica (clone T Chui) and 

Isochrisys galbana (clone T Iso). 

M2- Establishment of a zebrafish rearing system 

Due to the complete absence of a zebrafish research laboratory in Portugal, it 

was necessary to establish a simple, but functional rearing system, that allowed us to 

obtain the larvae, juveniles and adults necessary for the realization of the present 

studies. One initial stock of zebrafish adults was purchased at a local aquarium shop and 

separated into 3 rearing groups and maintained in isolated 40 liter aquaria at low 

density. The aquariums were equipped with a heater to maintain a constant 28 0C 

temperature and a biological sand filter to maintain a good water quality. Water changes 

were done every month with dechlorinated tap water. Illumination was supplied by 

fluorescent day light lamps, programmed to ensure a photoperiod of 14 hour light and 

10 hours dark. 

The rearing stocks were fed twice a day. During periods when fish were 

intended to breed and produce high quality eggs the diet was composed of a morning 

meai with freshly hatched artemia nauplii, in a proportion of a full 3 ml pipette for each 
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group of 5 fish, and an afternoon meai composed of Tetramin® flakes. For periods of 

normal fish maintenance the morning meai with artemia nauplii was given only twice a 

week, being replaced in the other days by Tetramin® flakes. 

M3- Danio rerio larval rearing and maintenance 

D. rerio eggs were obtained from natural spawning of wild type breeding fish, 

maintained at 28.5 ± 0.5oC on a 14 hour light/10 hour dark photoperiod. Matting pairs 

were isolated and maintained ovemight in a net cage. Eggs were recovered from the 

bottom of the spawning tanks, cleaned, recovered in a mesh and separated from dead or 

unfertilized eggs by visual examination under a stereomicroscope Leica MZ6 before 

transferring to 2 liter incubation tanks with dechlorinated water containing 0.001% 

methylene blue. Eggs were cleaned and water changed once a day during the incubation 

period. Hatching occurred 48-56 hours after fertilization under similar culture 

conditions. Larvae were maintained and raised by standard methods, according to 

Westerfield (1995) in the zebra fish book. Initial larval feeding was done with rotifers 

raised in Tetraselmis suessica (clone T Chui) supplied 4 times a day until day 7 post 

fertilization. Then rotifers were gradually substituted by newly hatched artemia nauplii. 

When larvae reached a total length of -10 mm, feeding was substituted by a mixture of 

frozen artemia and Tetramin flakes. 

M4- Sample collection 

Samples of larvae and juvenile individuais were randomly collected at regular 

intervals throughout ali developmental period, from hatching through metamorphosis 

and up to juvenile stages. Developmental stages were identified by direct observation 

under the stereomicroscope and by comparison with stages of embryonic development 

described by Kimmel et al (1995). The larvae and juvenile individuais were 

anaesthetized with 0.1 % 2-phenoxyethanol (Sigma, St Louis, MO) and either collected 

into TRIZOL reagent (Gibco BRL™) for subsequent RNA purification or fixed in 

buffered 4% paraformaldehyde (pH 7,4 in PBS) for 24 h at 40C. After fixation, samples 

were washed twice for 10 min in PBS and immediately used for preparation of paraffin 

or glycol-methacrylate blocks. These were either sectioned and used in the different 

methodologies described bellow, or conserved in methanol at —20oC until further 
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processing. Ali sampling procedures and preparation of solutions used were pertormed 

in RNase free conditions to allow using the same tissues for in situ hybridization, 

immunohistochemistry detections and histological stainings. 

M5- Histological procedures 

M5.1- Whole-mount staining of the skeleton 

Development of Danio rerio and Solea senegalensis skeletal structures was 

followed from hatching to juvenile stages in both species by detecting the appearanee of 

caleified and cartilaginous structures as t previously described (Gavaia et al., 2000). 

Fixed and preserved specimens were hydrated through a decreasing alcohol series 

(100%, 95%, 70%, 50%, 30% and 2x H2O) followed by cartilage staining with Alcian 

blue 8 GX (Sigma, St Louis, MO) 0.01% in a 70:30 ethanol / glacial acetic acid solution 

at a pH ranging 1-2. After staining, the specimens were washed in absolute ethanol to 

remove excess dye and hydrated again as before. Maceration was done in 1% potassium 

hydroxide (KOH) for a period ranging from 6 hours in small larvae to several days in 

larger specimens. After transparency of muscle and fading of pigments were achieved, 

caleified structures were stained with Alizarin red S (Sigma, St Louis, MO) in 0.5% 

KOH. After staining, the specimens were submitted to a final maceration period with 

1% KOH to which was added one drop of hydrogen peroxide (H2O2) to increase 

transparency of soft tissues and removal of ali pigments. The stained specimens were 

submitted to an increasing series of glycerol and water and finally stored in glycerol 

with a crystal of phenol to prevent development of bactéria or fungi contamination. 

M5.2- Histological slides 

Some individuais of same age and developmental stage as those used for whole 

mount skeletal staining, and samples submitted to experimental treatments were 

included either in paraffin or in Historesin Plus (Jung). Specimens to be included in 

paraffin blocks were placed in a carrousel and dehydrated in a series of methanol and 

xylene baths until paraffin (methanol 2x 90 min; xylene 3x 60 min; paraffin 2x 90 min). 

Immediately after paraffin inclusion, blocks were prepared in a Leica histological 

station. Paraffin sections of 6-8 pm were prepared in a microtome, floated in sterile 

distilled water, collected in TESPA (3-aminopropyltriethoxysilane, Sigma)-coated 

slides and dried over night at 370C. Specimens with a large portion of their skeleton 
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already calcifíed were included in the hydrophilic resin Historesin Plus. After methanol 

preservation, specimens were dehydrated with several changes of ice cold acetone for 1 

hour and transferred to embedding media for 6-12 hour at 40C. Samples were placed on 

plastic moulds with inclusion media and covered with plastic to avoid any contact with 

air. Polymerization took place at 40C for 12 hours, after which blocks were mounted in 

supports for sectioning and kept in the refrigerator. Historesin Plus sections of 2-5 pm 

were obtained in a JUNG supercut 2065 microtome and collected in Poly-L-Lysine 

(Sigma) coated slides. Sections were stored at 40C in a dry box with silica gel until 

processing for in si tu hybridization or immunostaining. 

For detection of mineral deposition, some sections were stained either with 

Alizarin red S and haematoxylin or with Silver nitrate by the von Kossa's method. 

Corresponding structures were determined by staining comparable slides with 

haematoxylin-eosin (HE) or Toluidine blue. 

M5.3- Deparaffination of histological slides 

The sections were deparaffined in two baths of xylene for 10 min each, and 

hydrated in a decreasing ethanol series of 10 min baths (2x 100%, 90%, 70%, 50% 

ethanol and 2x distilled H2O). 

M5.4- Von Kossa's method 

Deparaffined and hydrated sections were covered with a 1% silver nitrate 

solution and placed under ultra-violet light for 45 minutes. Sections were washed in 

distilled H2O and treated with 5% sodium thiosulphate for 5 minutes and again washed 

in water. Counterstaining was made with neutral red 0.5% in 70% ethanol, toluidine 

blue or Harry's haematoxilin. Stained sections were cleared with increasing ethanol and 

xylene series (70%, 90%, 100% ethanol and 2x xylene) and mounted in Eukitt (Merck). 

M5.5- Haematoxilin-eosin 

Deparaffined and hydrated sections were placed over a crystallizer and covered 

with Harry's haematoxilin for 6 min then washed under running tap water for 10 min. 

The sections were then stained with eosin for 2 min and washed again in distilled water. 

Stained sections were cleared with increasing ethanol and xylene series (70%, 90%, 

100% ethanol and 2x xylene) and mounted in Eukitt (Merck). 
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M5.6- Toluidine blue method 

Plastic sections were covered with a 0.5% toluidine blue in 1% sodium 

tetraborate solution for 30 sec. followed by washing in distilled H2O to remove excess 

dye. Stained sections were air dried over a heated plate and mounted with Eukitt 

(Merck). 

M5.7- Alizarin red-Haematoxilin 

Deparaffined and hydrated paraffin sections or dried plastic sections were placed 

over a crystallizer and covered with a solution of alizarin red in 0.05% KOH (2 ml of 

0.1% alizarin red stock in 18 ml of distilled water) for 30 min. After staining, sections 

were washed in distilled water for 5 min, incubated in 0.05 KOH for 5 min to remove 

excess dye and then submitted to another washing step with distilled water for 5 min. 

Sections were counterstained with Harris' haematoxilin for 6 min followed by a 

washing step under running tap water for 10 min. Plastic sections were cleaned in 

distilled water, dried over a heated plate and mounted in Eukitt. Paraffin sections were 

cleared using increasing ethanol and xylene series (70%, 90%, 100% ethanol and 2x 

xylene) and mounted in Eukitt (Merck). 

1VI5.8- Detection of acid phosphatase activity 

Tartrate-resistant acid phosphatase (TRAP) detection was performed using a 

modification of a previously established method (Burstone, 1959). Freshly prepared 

plastic sections of mineralizing larvae and juveniles were incubated in a working 

solution containing Naphthol-ASBI-phosphate, sodium nitrite, hexazotized 

pararosanilin and 50 mM sodium tartrate in veronal acetate buffer at pH 5, for 1 hour at 

370C. Sections were carefully washed for 10 min in distilled water and 10 min more in 

tap water. Counterstaining was performed with Harry's haematoxilin for 6 min followed 

by a washing step under running tap water for 10 min. Sections were cleaned in 

distilled water, dried over a heated plate and mounted in Eukitt (Merck). Control 

sections were prepared without sodium tartrate and in sections incubated for 2 hours at 

45 0C. 
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M5.9- Detection of Alkaline phosphatase activity 

Alkaline phosphatase activity was demonstrated in freshly prepared plastic 

sections of mineralizing larvae and juveniles, by incubating samples for 1 hour at 370C 

in a working solution containing Naphthol AS-MX phosphate, Fast blue BB, and 

magnesium sulfate, in 0.1M Tris buffer (pH 8). Samples were washed for 5 min in 

distilled water and counterstaining was performed with Nuclear fast red lor 10 minutes 

followed by 2 min washing in distilled water. After staining, the sections were 

dehydrated by air drying over a heated plate and mounted with EUKIT (Merck). 

M6- Purification of Bgp and Mgp from D. rerio and S. senegalensis mineralyzed 

tissues 

Fifty five D. rerio specimens (0.7-1.0 g wet weight per fish) and two adult S. 

senegalensis (1.0 and 1.5 kg wet weight per fish) were sacrificed and used for the 

purification of Bgp and MgpP. The entire D. rerio mineralized skeleton, including head 

and fins, and vertebra from S. senegalensis were freed from adhering soft tissues as 

much as possible, extensively washed in water and acetone, dried and ground to fine 

particles in a mortar with liquid nitrogen. The resulting powder (1.1 g for D. rerio and 

12 g for S. senegalensis) was washed three times with a 10-fold excess of 6 M 

guanidine HC1 (v/w) to remove the organic matrix, washed extensively fírst with water 

then with acetone, and air dried. Protein extraction was performed using a modification 

of a previously described procedure (Cancela et ai, 1995; Simes et ai, 2003). In brief, 

demineralization was done with a 10-fold excess of 10% formic acid (v/w) at 40C tor 4 

hours with continuous stirring. The crude acid extract obtained was dialyzed against 50 

mM HC1, using a 3,500 molecular weight cut-off tubing (SpectraPor 3, Spectrum, 

Gardena, CA), freeze-dried, re-suspended in 6 M guanidine-HCl, 0.1 M Tris-FICl pH 9, 

10 mM EDTA and further dialyzed (SpectraPor 3) against 5 mM ammonium 

bicarbonate. The dialyzed material was freeze-dried and dissolved in 500 pl oí 5 mM 

ammonium bicarbonate. Both proteins were then size separated by ultrafíltration using a 

Centricon YM10 (Amicon, Millipore, Bedford, MA, USA) with lOkDa molecular 

weight (MW) cut-off and further desalted and concentrated using a centricon YM-3 

(3,000 MW cut-off). Purity of the fílter-retained protein was further analyzed by SDS 

and native polyacrylamide gel electrophoresis (PAGE). 
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M7- Bgp and Mgp antibodies 

Rabbit polyclonal antiserums against either Bgp or Mgp from A. regius (Ar) 

were obtained from Strategic BioSolutions (Ramona, CA), using the purified proteins 

from Argyrosomus regius branchial arches as described (Simes et ai, 2003). 

These antibodies were validated for detection of Bgp and Mgp from other teleost 

fishes, including the Zebrafish and Senegal sole (Simes et ai, 2004). 

M8- Identification of Bgp and Mgp by SDS/PAGE and Western blotting 

Samples of eaeh purified protein (eirea 10 pg total protein) were dissolved in 

SDS sample buffer eontaining redueing agent (NuPage, Invitrogen), applied to a 12% 

polyaerylamide preeast gel eontaining 0.1% SDS (NuPage, Invitrogen) and run at 

eonstant 140 volts. After eleetrophoresis, the gel was eut in three identieal sections. One 

was stained with 0.2% Comassie Brillant Blue R-250 (C.I. 42660, Bio-Rad, Riehmond, 

CA), 10% trichloroacetie aeid, 10% 5-sulfosalicylic acid as described (Simes et ai, 

2003). A second section was stained with a DBS-staining solution specific for Gla- 

containing proteins [(8.5 mM 4-diazobenzene sulfonic acid (DBS) (Sigma, St Louis), 

6.4 mM NaN02 in 2 M acetate buffer, pH 4.6)], as described (Simes et ai, 2003). The 

third section of the gel was used to determine, by Western blot analysis, the specificity 

of detection for Bgp and MGP from D. rerio and S. senegalensis using the polyclonal 

antibodies previously developed against the A. regius proteins (Simes et al, 2003). As 

secondary antibody, alkaline phosphatase-labeled goat anti-rabbit IgG antibody (Gibco- 

BRL, Paisley, UK) was used, with NBT/BCIP as substrate solution (Sigma), as 

described in delail elsewhere (Simes et al, 2004). Bgp and Mgp purified from A. regius 

(Simes et al, 2003) were used as positive controls and negative controls consisted in the 

substitution of the primary antibody with normal rabbit serum. 

IVI9- N-Terminal protein sequence analysis 

Intact purified proteins obtained from D. rerio and S. senegalensis were directly 

deposed on a polybrene-coated glass fiber filter. Automatic Edman degradations were 

performed as described (Rice et al, 1994) using an Applied Biosystems Model 494 gas 

phase sequencer equipped with a model 120 on-line HPLC and employing the standard 
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program supplied by the manufacturer. Phenylthiohidantoin amino acid derivatives 

were separated using a 2.1 mm x 22 cm C-18 reverse-phase HPLC column (Applied 

Biosystems) and the gradient conditions recommended by Applied Biosystems. Ali 

protein sequences were performed by the laboratory of Professor Paul Price at the 

Division of Biological Sciences, University of Califórnia San Diego, Ca, USA. 

MIO- RNA purification 

(R) 
Total RNA from zebrafish and Senegal sole was purified using TRIZOL 

Reagent (Gibco BRL™), as suggested by the supplier. RNA was purified from 

individuais ranging from early embryonic stages to fully calcified juveniles and adults. 

The larger specimens and bone samples were minced in liquid nitrogen (N2), 

transferred into extraction tubes, weighed and 10 vol. (w/v) of TRIZOL were added and 

mixed by vortexing. Small larvae were collected directly into 1.5 ml eppendorf tubes, 

weighed and 10 vol. (w/v) of TRIZOL were added. The larvae and TRIZOL were then 

homogenized by passing several times through a 19G needle fitted to a 2 ml syringe. 

After 5 min incubation at room temperature 0.2 ml of chloroforrmisoamil alcohol (49:1) 

were added per 1 ml of TRIZOL Reagent used. The tubes were homogenized for 15 sec. 

and incubated at room temperature for 5 minutes. The samples were then centrifuged at 

12,000 x g for 15 minutes at 40C for phase separation. The upper aqueous phase was 

transferred to a fresh tube and the RNA was precipitated by adding 1 vol. (v/v) of 

isopropyl alcohol to the tubes. After 30 min incubation at -80oC, the tubes were 

centrifuged at 12,000 x g for 10 min at 40C and an RNA pellet was obtained. The pellet 

was washed with 75% ethanol, air dried and resuspended in DEPC treated water. Purity 

and quantity of the extracted RNA were evaluated in a Genequant spectrophotometer 

(Promega) and the integrity of the RNA was assessed by fractionating 1 pg into a 1.4 % 

agarose / 0.4 M formaldehyde gel (Appendix 1). 

Mil- Molecular cloning of D. rerio and S. senegalensis bgp cDNAs 

Drbgp and Ssbgp cDNAs were cloned following amplification by RT-PCR from 

total RNA extracted from the vertebral columns and heads of adult wild-type zebra fish 

and Senegal sole. Ipg of RNA was reverse transcribed using MMLV-Reverse 
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transcriptase (Gibco, BRL) and amplified by PCR with Taq DNA polymerase 

(Promega) in a DNA thermal cycler (Perkin Élmer, Foster City, CA, USA) using as 

forward primers either the ZbBGP 6F, designed based on the Dvbgp sequence obtained 

from N-terminal amino acid analysis or the SBG5F, designed on a consensus region 

based on alignments of ali bgp cDNA sequences previously known. In both cases the 

reverse primer used was the universal adapter PCR products were resolved in a 1.5 % 

agarose gel by electrophoresis and expected size fragments were extracted from the gel, 

inserted into the plasmid pGem T-easy (PROMEGA) and inserted into supercompetent 

E.Coli DH 5a cells (Gibco BRL). Plasmid DNA was purified from positive clones 

using a standard procedure (NucleoSpin Plus Plasmid Miniprep kit, Clonetech) and 

sequenced with the T7 sequencing kit (Amersham-Pharmacia Biotech, USA). For the 

identification of the 5' ends of D. rerio and S. senegalensis bgp cDNAs, polyA+ RNA 

was purified from 300 pg of total RNA extracted from either a whole zebra fish 

specimen or from the vertebral column, branchial arches, kidney and heart of a juvenile 

sole, with Quick Prep Micro messenger RNA (mRNA) Purification Kit (Amersham- 

Pharmacia Biotech, USA). 1 pg of mRNA was reverse transcribed and used to amplify 

the 5'ends of D. rerio or S. senegalensis bgp cDNAs by 5'rapid amplification of cDNA 

ends (RACE) with the MarathonTM cDNA Amplification Kit (Clonetech), using 

Advantage Klen Taq polymerase (Clonetech), the AP1 primer (Clonetech) and specific 

reverse primers designed based on cDNA sequences from either Drhgp (ZbBGPIR) or 

Ssbgp (SseBGPIR). Amplification conditions used were those suggested by the 

supplier. 

Ml2- Molecular cloning of D. rerio and S. senegalensis mgp cDNAs 

A partial Drmgp cDNA sequence (accession number BF938148) was obtained 

by TblastN search on the NCBI gene bank (EST: fm73all.yl). One forward primer, 

designed based on this sequence (DrMGPlF), and the universal adapter as reverse 

primer were used to amplify the 3' end of Drmgp sequence using 1 pg of total RNA 

obtained from zebrafish heads and vertebral columns. A partial Solea senegalensis mgp 

cDNA sequence was amplified by RT-PCR from 1 pg oí total RNA isolated írom 

Senegal sole head bonés and vertebral column. The forward primer used was designed 

from a consensus region based on alignments of ali fish mgp sequences previously 
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known (CorvMGPBF, Simes et ai, 2003) and the universal adapter was used as reverse 

primer. PCR products were resolved in a 1.5 % agarose gel by electrophoresis and 

expected size fragments extracted from the gel, inserted into the plasmid pGem T-easy 

(Promega), cloned and sequenced (T7 sequencing kit, Amersham-Pharmacia Biotech, 

USA). The 5' ends of Dvmgp and Sswg/? cDNAs were amplified by 5' RACE-PCR as 

described for bgp cDNAs using 1 pg of mRNA, the same Marathon cDNA libraries and 

specific reverse primers based on the previously obtained partial 3' end sequences 

(DrMGPIR) and (SsMGPIR). 

IVI13-Quantitative Real Time -PCR 

In order to determine the expression leveis of both bgp and mgp in a quantitativo 

manner, we have started by using 1 pg of total RNA isolated from different larval and 

juvenile stages of D. rerio (ranging from 32 hours post-fertilization (HPF) to 45 days 

post-hatching (DPH)) or from Solea senegalensis (ranging from 1DAH to juvenile 

stage) that was reverse transcribed using an oligo (dT) adapter. Real-time PCR was 

performed in a iCycler iQ real-time PCR detection system (Bio-Rad), using the 

following primer sets for amplification of bgp, mgp and 28S ribosomal RNA in 

zebrafish and bgp, mgp and beta-actin in senegal sole respectively: ZBGP 8F and 

ZBGP 2R; DrMGP 4F and DrMGP 2R; Dr28SRib 1F and Dr28SRib IR; SsBGP 3F and 

SsBGP 2R; SsMGP 2F and SsMGP 2R; SsACT 1F and SsACT IR. 

The PCR reactions were set up by adding 2 pl of a 1:10 cDNA dilution to 18pl 

reaction mix containing 0.5 pM of each primer, and 10 pl of iQ SYBR green Supermix 

(Bio-Rad). The PCR program contained an initial cycle of 3 min at 95 0C followed by 

50 cycles comprising a denaturation step at 950C for 30 sec, followed by annealing and 

extension at 680C for 30 sec. The fluorescence was measured at the end of each 

extension cycle in the FAM-490 channel. Relative leveis of expression were determined 

using as control leveis those found for the youngest specimen analyzed in each species. 
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Table Ml - Sequences for the primers used in these work. 

Amplified cDNA Primer name Primer Sequence a 

Dr BGP ZbBGP6Fb TGYGARCAYATGGCNGAYAC 

Dr BGP ZbBGPIR ACAGTCAGCTACTCTTCACTGCTGGTGTG 

Dr BGP ZBGP8F GCCTGATGACTGTGTGTCTGAGCG 

Dr BGP ZBGP2R AGTTCCAGCCCTCTTCTGTCTCAT 

Dr mgp DrMGPlF TGTGTGTCTCCTCAGTGTGTGTT 

Dr mgp DrMGPIR GAGCAGATGCAGGATCAGTGTCATTCACA 

Dr mgp DrMGP4F AACACAACCCCTACATCTACCGAA 

Dr mgp DrMGP2R GCGGGCTGAAGAAGGTCTGATAGG 

Sse bgp SBG5F TGTGAGCACATGATGGATACGGAGGGAATC 

Sse bgp SseBGPl R TTGGTCCATAGTAGGTGGTGTAGGCAGCG 

Sse bgp SsBGP3F AACTTTGTCCGTCCTGGTTCTCTG 

Sse bgp SsBGP2R GGACGCCTGCTCCTGCTCCACAAA 

Sse mgp CorvMGP3F AGGCGTGCAGAGACCTGCGAGGACTAT 

Sse mgp SseMGPIR TCTGTGGCTGACTCCGGGCACCAAAGTA 

Sse mgp SsMGP2F TGTCAGTCTGTCAAAGGCAGGGTT 

Sse mgp SsMGP2R CCTGAGAAAACACAAGAGATGGGC 

Sse /?-actin SsACTIF GACACTGACATCCGCCAAGACCT 

Sse /?-actin SsACTIR CTGCTGGAAGGTGGACAGGGAGG 

Z>18S Ribosomal0 Dr28SRiblF TCGGTCCTAAGGGATGGG 

Z>18S Ribosomal0 Dr28SRiblR CCGGGTTGGTTTGCGTCA 

Dr p actin ZBACT1F CGTTTACCACTTTGCCCTCCTCAC 

Dr p actin ZBACT1R GGACATCCCTTATTCACATACCCTA 

dT Adapter (T)2iACGCGTCGACCTCGAGATCGATG 

Universal adapter ACGCGTCGACCTCGAGATCGATG 

a Ali sequences are described in the 5' to 3'direction. 
b Y, pyrimidine; R, purine; N, G + a + T + c. 
cBased on the available partial sequence for Danio rerio 28S ribosomal RNA gene 

(AF398343 ) 

57 



Materials and Methods 

M14- Northern blot hybridization 

From each sample 10 pg of total RNA were fractionated in a 1.2% agarose / 0.4 

M formaldehyde/ MOPS gel in MOPS Ix running buffer (Appendix 1) and then 

transferred by capillarity to a Nytran super charge nylon membrane (Amersham- 

Pharmacia) using lOx SSC (Appendix 1). The transfer apparatus was set-up according 

to the described in Sambrook et al., (1989). Transfer was done ovemight and RNA was 

blocked into the membrane by drying at 80 0C for 2 hours. 

The membrane was prehybridized for 3 hours at 420C with Ultrahyb solution 

(Ambion). Hybridization was performed ovemight at 420C with specific S. senegalensis 

mgp and beta-actin cDNA probes. The full length S. senegalensis mgp cDNA (see Fig. 

Rll) and a 451 bp S. senegalensis beta-actin partial cDNA were labeled with [a-32P] 

dCTP with the Readyprimell random priming labeling system (Amersham-Pharmacia). 

Unincorporated nucleotides were separated with Microspin S-200HR columns. The 

probe was denatured for 5 min in boiling water, ice cooled, then added to the Ultrahyb 

solution, pre-warmed to 420C, and introduced into the hybridization bottles containing 

the membranes. After hybridization the membranes were washed twice for 15 min with 

2x SSC / 0.1% SDS at room temperature, once for 15 min with Ix SSC / 0.1% SDS at 

50oC and one last time for 30 min with 0.5x SSC /0.1% SDS at 50oC. For 

autoradiography the membranes were exposed to Kodak X-OMAT films at -70oC with 

two intensifying screens. The relative intensities of the bands for mgp and beta-actin on 

the radiographic film were analyzed using a Quantity One phosphoimager (BioRad). 

Ml5- Detection of D. rerio and S. senegalensis bgp and mgp gene expression by RT- 

PCR coupled with Southern blot hybridization 

After cloning the complete cDNAs, a 241 bp partial sequence of the Drbgp 

cDNA sequence was amplified by PCR, from reverse transcribed total RNA extracted 

from different larval and juvenile stages oíD. rerio (ranging from 32 HPF to 45 DPH), 

using one specific forward primer starting at nucleotide 190 (ZBGP 7F) and extending 

to the polyadenylation signal with the universal adapter reverse primer. PCR reaction 

was set to a final volume of 50 pl as follows: 5 pl of lOx PCR reaction buffer; 1 pl of 

dNTPs (2.5 mM) 2 pl of 25 mM MgCb; 5 pl of RT product; 0.5 pl of 10 pM forward 

primer; 0.5pl of 10 pM reverse primer, 35.5 pl water and 0.5 pl Taq DNA polymerase 
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(Promega). Amplification was performed in a Perkin Élmer thermocycler set with 

temperatures of 580C for annealing and 680C for extension during 20 cycles. A partial 

212 bp sequence of the zebrafish beta-actin was amplifíed with two primers designed 

based on the sequence published by Robinson et al (1993) (accession number: NM 

131031). The sequence spans from bp 1398 (forward primer ZBACT1F) to bp 1610 

(reverse primer ZBACT1R). Amplification conditions were the same as used for the 

Drbgp fragment. In both cases RT-PCR amplification was performed using Ipg of total 

RNA. PCR products were transferred to a Nytran Super Charge nylon membrane 

(Amersham-Pharmacia) by capillarity (Sambrook et al., 1999) and hybridized with 

specific Drbgp and Drbeta-actin cDNA probes labeled with [32P] dCTP as described 

above. The membrane was prehybridized for 3 hours and hybridized over night at 48 0C 

using the Ultrahyb system (Ambion). After hybridization the blots were washed for 30 

min each with 2x SSC/ 0.1% SDS at room temperature and Ix SSC /0.1% SDS at 50oC 

followed by a final wash with 0.5x SSC / 0.1% SDS at 50oC for 1 hour. Membranes 

were exposed to Kodak X-OMAT films at -70oC until signal was clearly present. 

Ml6- Immunohistochemistry 

Immunohistochemical staining was performed using rabbit polyclonal primary 

antibodies against Bgp and Mgp from A. regius, following the procedure described by 

Rodriguez-Gómez et ai, (2000). Endogenous peroxidase activity was blocked in the 

dark with 3% hydrogen peroxide in Coons buffer (CBT- 0.01 M veronal, 0.15 M NaCl, 

0.1% Triton X-100) for 30 minutes and endogenous phosphatase activity was blocked 

with 15% glacial acetic acid for 15 minutes. Before immunostaining, sections were 

transferred for 5 min to CBT and then saturated in CBT with 0.5% Bovine Serum 

Albumin, BSA (Fluka) for 30 min. Sections were then incubated overnight with rabbit 

zxúx-Bgp or anú-Mgp polyclonal antibodies (1:500) diluted in CBF / 0.5% BSA, in a 

humidified chamber at room temperature. Sections were washed in CBT and incubated 

for 120 min at room temperature with goat anti rabbit-IgG FITC conjugated (Sigma, St 

Louis, MO), goat anti rabbit-IgG peroxidase conjugated (Sigma, St Louis, MO), or goat 

anti rabbit-IgG phosphatase conjugated (Sigma, St Louis, MO) and diluted in CBT. The 

sections were washed again in CBT then in Tris—HC1 (0.05 M, pH 7.4). Peroxidase 

activity was detected in the dark with 0.025% 3-3' Diamino benzidine 
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tetrahydrochloride (Sigma, St Louis, MO) in Tris-HCl 0.05 M, pH 7.6 containing 

0.05% hydrogen peroxide. Phosphatase activity was developed with Sigma fast red / 

Naphtol TR AS-MX. Reaction was stopped in distilled water when background signal 

started to be visible and the sections were mounted with aqueous mounting médium for 

optic microscopy (Aquatex, Merck). To confirm the specificity of the immunostaining, 

controls were performed by replacement of primary antibody with pre-immune serum or 

BSA and by omission of primary and secondary antibodies. 

MM- In siíu hybridization 

M17-1 Generation of riboprobes for in situ hybridization 

Partial cDNAs for both D. rerio and S. senegalensis bgp (250bp and 198bp DNA 

fragments respectively) and mgp were cloned into pGem T-Easy (Promega). 5 pg of 

each plasmid were linearized with appropriate endonucleases (Apa I for anti-sense 

probe and Pst I for sense probe) for two hours at 370C. The reaction was stopped by 

adding a mix of phenol/chloroform (24:1) and incubating for 5 min. After centrifuging 

for 15 min at 13,000 g, the aqueous upper layer was transferred and precipitated with 

ethanol at -80 0C for 30 min, followed by centrifugation for 5 min at 13,000 g. The 

pellet was washed with RNAse-free 70% ethanol, air dried and resuspended in 25 pl of 

DEPC water. To confirm linearization an aliquot of each digestion product was size 

fractionated on a 1.2% agarose gel. 

Digoxigenin (DIG)-labeled sense and anti-sense RNA-probes were synthesized 

with bacteriophage T7 and SP6 RNA polymerases, according to manufacturer 

specifications: 

The following was mixed in an eppendorf tube and incubated for 2 h at 370C: 

- 1 pg linearized DNA, denatured for 5 min at 95 0C and cooled on ice. 

- lOx Transcription buffer (SP6 or T7 RNA polymerase) - 2 pl 

- NTP-DIG-RNA labeling mix - 2 pl 

- RN Ase inhibitor (35 units/pl) -1 pl 

- SP6/T7 RNA polymerase (20 units/pl) - 1 pl 

- RNAse free water to achieve a 20 pl total volume 

The reaction was stopped by adding 2 pl of EDTA 0.5 M (pH 8) and the presence of the 

synthesized probe was confírmed by electrophoresis using a 1.2% agarose gel. 
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Ml7-2 Hybridization procedure 

The hybridization procedure was in general performed as previously described 

(Pinto et ai, 2001; Simes rT ai, 2004). 5-7 pm seetions were dewaxed in 2x 10 min 

xylene, followed by 2x 8 min methanol, 5 min 75% methanol, 5 min 50% methanol, 5 

min 25% methanol+75% PBT (PBS + 0.1% Tween 20) and 2x 10 min PBT. The 

seetions were postfixed in 4% paraformaldehyde, washed for 2x 10 min in PBT and 

treated with proteinase K for 5 minutes, washed for 3 min in PBT, postfixed again for 

30 min and washed 2x 10 min in PBT. The seetions were then incubated at 50 °C for 3 

hours covered with prehybridization solut.on (50% deionized formamide, 5x SSC, Ix 

Denhardfs, 100 pg/ml yeast tRNA, 100 pg/ml heparin, 0.05% CHAPS [(3- 

Cholamidopropyl) dimethylamonium-l-propanesulfonate]). The probes were heat 

denatured for 5 min and diluted 1:500 in prehybridization solution. The diluted probes 

were added to the seetions (-50 pi per slide), covered with parafilm and incubated 

overnight with the same conditions of prehybridization, in a humidified chamber 

saturated with 20x SSC. 

Following hybridization, the seetions were washed 3x 20 min with 2x SSC and 

2x 20 min with 2x SSC / 0.6% CHAPS at 55 °C. The seetions were then washed 5 min 

in PBT, 5 min in PBT / maleic acid lOOmM, blocked in 1% blocking reagent 

(Boehringer Mannheim) in maleie ac.d buffer for 1 hour and incubated with anti- 

digoxigenin antibodies (Boehringer Mannheim) at a dilution of 1:2000 in blockmg 

solution for 2 hours at room temperature. After washing excess antibodies with 3x 10 

min in PBT, slides were placed for 10 minutes in color buffer (100 mM Tris-HCl, 50 

mM magnesium ehloride, 100 mM sod.um ehlonde, 0.1% Tween 20) and developed for 

12-24 hours in the dark with color reagent [22.5 pl of 100 mg/ml 4-mtroblue 

tetrazolium ehloride (Sigma) and 35 pl of 50 mg/ml 5-bromo-4-ehloro-3-indolyl 

phosphate (Sigma) in color buffer], with eonstant agitation. The seetions were observed 

regularly to cheek for appearance of signal and color reaetion was stopped m PBT, The 

slides were rinsed in distilled water and mounted in AQUATEX (Merck). 
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MIS- Treatments with vitamin K and sodium warfarin [3-(a-acetonyIbenzyl)-4- 

hydroxycoumarin| 

To access the effects of warfarin, larvae of zebrafish and adults of toadfish 

{Halobatrachus didactylus) were submitted to daily treatments with different 

concentrations of vitamin K and/or its antagonist sodium warfarin. Larvae were 

submitted to treatments by immersion and adult toadfish were treated by injection of 

vitamin K and/or warfarin following a procedure modified from the ones developed by 

Pnce et ai, (1999) and Howe & Webster (2000) for mice. 

M18.1- Solutions for injection 

Vitamin Kl (phylloquinone): A 10 mg/ml injection solution of vitamin Kl 

(Sigma, Madrid) was prepared by dissolving the vitamin Kl in Emulfor (alkamuls EL- 

620, Rhone-Poulenc) and subsequently used to prepare an emulsion with 3.75% 

dextrose. The solution was aliquoted in injection vessels and stored protected from light 

and air, at 40C. 

Sodmm warfarin: A 100 mg/ml sodium warfarin (Sigma, Madrid) solution was 

prepared in 0.15 M NaCI. The solution was aliquoted in injection vessels and stored at 

40C. 

M18.2- Injection protocol 

Twelve adult toad fish were purchased from local fisherman. Upon arrival, the 

fish were weighed, measured and separated in four groups of 3. Each group was placed 

in 100 hter tanks in a closed recirculating circuit, with a photoperiod of 12 hours light 

and 12 hours dark, a stable temperature of 16 ± 10C and salinity of 350/oo. The físh were 

maintained in the circuit 3 weeks for aclimatation before treatment, and feed ad-libitum 

once a day with squid or mussels. After this period the físh were anesthetized with 0.1% 

2-phenoxyethanol, weighed and measured again before beginning the treatments. Each 

group was injected once every 48 hours with: 100 pl / Kg 0.15 M NaCI + lOOpl /Kg 7% 

Emulfor; 3.75% dextrose (control group); 1.5 mg Vit. K, / 100 g weight + 15 mg / 100 g 

weight (Group II); 1.5 mg Vit. K| / 100 g weight (Group III); 15 mg warfarin / 100 g 

weight (Group IV). The treatment was continued during 3 weeks. Weight, total length 

and survival were registered before every injection cycle. After the completion of the 
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treatment period, the fish were sacrificed and samples of vertebral bone, branchial 

arches and heart were collected both for RNA purification and for histological purposes. 

At the end of the experimental period the hearts of sacrificed specimens were 

fixed as previously mentioned and stained with alizarin red S 0.001% in 0.5% KOH for 

2 hours. After staining, hearts were macerated for 24 hours in 0.5% KOH, washed twice 

for 1 hour in distilled water, then passed through a series of baths of water and glycerol 

(3:1; 1:1; 1:3) for 1 hour each and preserved in glycerol. 

Ml8.3- Immersion treatments 

Ml8.3.1- Preliminary approach 

Experiment 1: 150 larvae ofzebrafish at 5 DPF were separated into 5 triplicates 

of 10 fish each and submitted to an initial preliminary treatment by immersion in 

different concentrations of sodium warfarin and vitamin K3 (menadione) as follows: O 

mg/l warfarin + 0 mg/l Vit. K3; 0 mg/l warfarin + 1 mg/l Vit. K3; 10 mg/l warfarin + 0 

mg/l Vit. K3; 10 mg/l warfarin + 1 mg/l Vit. K3; 10 mg/l warfarin + 10 mg/l Vit. K3. 

Mortality was recorded daily during the 2 weeks of treatment. 

Experiment 2: 150 larvae of zebrafish with 5 DPF were separated into 5 

triplicates of 10 fish each and submitted to a treatment by immersion in different 

concentrations of sodium warfarin) as follows: O mg/l warfarin; 5 mg/l warfarin; 25 

mg/l warfarin; 50 mg/l warfarin; 100 mg/l warfarin. Mortality was recorded daily during 

the 3 weeks of treatment. 

In each experiment larvae were feed artemia nauplii 2 times a day. Samples were 

collected at the end of each week of treatment for both RNA extraction and histological 

purposes. 

Detection of differences in calcium deposition patterns between treated animais 

were determined using the histological techniques of Von Kossa and alizarin red. 

Detection of differences in the accumulation of Bgp and Mgp proteins were determined 

by immunohistochemistry. bgp and mgp gene expression were analyzed by transferring 

5 pg of total RNA to a Nytran super charge nylon membrane and performing northern 

hybridization as described above. 
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M19- Treatment with Vitamin A 

M19.1- Methods 

Vitamin A treatment: Solea senegalensis larvae and juveniles were submitted to 

ditferent concentrations of vitamin A through feeding with artemia enriched with oil 

emulsion containing defíned amounts of the vitamin. This approach to deliver the 

treatments to larvae has followed the protocols successfully used by other authors (Dedi 

et ai, 1995; 1998; Takeushi et ai, 1998). The use of commercial lipids to enrich 

artemia (Selco, Kurios super lipids) allows the inclusion of liposoluble vitamins added 

to the oil emulsions and the load of artemia which will deliver it to the larvae once these 

feed on the enriched artemia. 

Artemia cists were incubated ovemight at a density of Ig/liter in cylindroconical 

tanks with constant illumination, temperature of 24 0C and salinity of 30%o. After 

hatching the nauplii were harvested in a 125 pm mesh and separated into four groups of 

100,000 in 2 liter glass beakers for enrichment. Vitamin A (Retinol palmitate, Sigma) 

was mixed with Selco at concentrations of 0, 100, 1,000 and 10,000 IU in 0.6 g of 

Selco. An emulsion of Selco was prepared with salt water and added to the enrichment 

containers. The enrichment media was changed 2 hours before supplying the artemia to 

the treatment cages 

Four groups of 30 fish with 19 DPF were separated into floating cages with 250 

pm mesh walls, placed inside two 100 liter tanks in a closed recirculating circuit with a 

photoperiod of 12 hours light and 12 hours dark, a stable temperature of 16 ± 10C and 

salinity of 35%o. The treatment groups were feed daily with 100,000 artemia 

metanauplii enriched with Selco (control), or Selco + 100, 1,000 or 10,000 IU. The 

remaining artemia was removed by siphoning before supplying newly enriched artemia. 

Fish were treated for 2 weeks and collected at 7 day intervals for RNA 

preparation and immunohistochemistry. bgp and mgp expression were analyzed by 

transíerring 5 pg of total RNA to a Nytran super charge nylon membrane and 

performing northern hybridization as described. 
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RI- Establishment of a zebrafish rearing system 

The rearing system implemented, composed of independent aquaria, allowed us 

to properly maintain adults and obtain the larvae and juveniles required for the 

realization of the present studies. The temperature was maintained stable at 28 ± 1 0C 

and the biological parameters NH4+, N03', and N02" were kept below detectable leveis. 

R2- Skeletal development 

R.2.I- Zebrafish 

The nomenclature used for description of head structures followed that 

presented by Piotrowski et al., (1996) and Schilling et ai, (1996a) for the description of 

early branchial arches and cranium skeletal development. Specimens of zebrafish 

collected during the hatching period (between 52-56 hours post fértilization) presented 

an underdeveloped skeleton, composed only of cartilaginous elements and the otoliths. 

Structures present in the head skeleton were the basihyal and the first branchial arches, 

ceratohyal and ceratobranchials 1, 2 and 3, MeckeTs cartilage, palatoquadrate, 

hyosymplectic, ethmoid plate and trabeculae. The notochord was the only axial support 

element and the paired pectoral fins appeared as cartilaginous plates, attached to a 

cartilaginous coraco-scapular complex. No calcified structures were visible at this stage, 

beside the otoliths. At 72 HPF the larvae presented a similar distribution of skeletal 

elements, although an elongation of the structures was observed and the number of 

ceratobranchials had increased to 5. MeckePs cartilage had migrated forward and the 

mouth was already opened. At this stage a calcified cleithrum becomes visible, 

supporting the coraco-scapular complex. The first calcified pharyngeal teeth appeared at 

96 HPF (Fig. RIA) attached to the fifth pair of ceratobranchials as ventral elements. At 

this same age the process of perichordal calcification of the basioccipital articulatory 

process (BOP) had started, and this was the first structure of the axial support skeleton 

to mineralize. At 5 DPF calcification continued to increase in the cleithrum, pharyngeal 

teeth and BOP and extended to the opercular bonés (Fig. R1B). At 6 DPF the 

hyosymplectic started to mineralize in a perichondral manner (Fig. R1C), and the zones 
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on the periphery of the opercula started to calcify. The ceratohyal cartilage began to 

mineralize in a median region at 8 DPF (Fig. RI D) extending subsequently to both 

extremities. The first two cartilaginous hypural plates appeared ventrally at the posterior 

extremity of the notochord (Fig. R1E). The first forming vertebrae were observed at 9 

DPF as a mineral deposition on the notochord envelope (Fig. R1F), starting on the 

dorsal zone and then extending ventrally. The first vertebrae to form were 3, 4, 5 and 6, 

followed shortly by vertebrae 1 and 2. Calcification process continued in the head 

structures and the cartilaginous hypural 3 appeared. Vertebral formation continued 

towards the posterior end and at 12 DPF ali individuais observed showed vertebrae 

surrounding the notochord to the levei of caudal vertebrae 20-25 (Fig. R1G). The five 

hypurals, parhypural and modified haemal arches were already present (Fig. R1H) and 

the first calcified rays of the caudal fin were forming by intra-membranous calcification. 

The ceratobranchial 5 was almost completely calcified and the first mineral deposits 

appeared in the basihyal, palatoquadrate and MeckeTs cartilage. The first neural arches 

appeaedr at 14 DPF on the fourth vertebra, already with visible calcification (Fig. R1I) 

while the cartilaginous elements of the hypuralia were beginning endochondral 

mineralization (Fig. RU). An almost completely formed vertebral column was visible at 

19 DPF (Fig. R1K), with ali structures calcified, except for the two most posterior 

vertebra that formed the urostyle, still undergoing calcification, and in the process of 

upwards inflexion. The first dorsal arches are modified to form the Weberian apparatus 

The caudal fin had achieved the total number of structures with ali rays, hypurals, 

epurals and modified arches and spines. The dorsal and anal fins were already formed 

and largely mineralized while in pectorals, mineralization of the rays was just 

beginning. The head was largely mineralized although skull bonés forming by 

intramembranous calcification and cartilage undergoing endochondral ossification were 

continuing to develop until late juvenile stages. 
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Figure RI- Observation of developmental appearance of skeletal structures in Dan/o rerio by Alcian blue- 

Alizarin red double staining. Whole mount double staining of the skeleton was used to follovv ontogenic 

development of cartilaginous and calcilled structures. A- 96 HPF D. rerio larvae head skeleton 

presenting calcilled pharyngeal teeth (PT), cleithrum (Cl) and basioccipital articulatory process (BOP) 

vvhile the remaining structures have a cartilaginous nature like MeckeFs carlilage (MC) and ceratohyal 

(Cl l)( 100X); B- 5 DPF D. rerio larva presenting calcification on the operada (Op) 40x; C- Beginning of 

the calcification of the hyosyplectic (HS) in a 6 DPF larva lOOx; D- Beginning of the calcification of the 

ceratohyal (CH) in a 8 DPF D. rerio lOOx: E- First hypurals (Hyp) developed at 8 DPF (lOOx); F- The 

formation of the tlrsl vertebrae (V) is observed at 9 DPF lOOx; G- Calcification of the trabeculae (T) is 

observed at 11 DPF. vertebrae continue lo forni (in an anterior-posterior direction) tovvards lhe posterior 

end of the notochord 40x: H- Caudal hypuralia acquires final number of structures and caudal fin rays 

appear at 12 DPF lOOx; I- Formation of the first neural arches (NA) is observed dorsally in the anterior 

vertebrae at 14 DPF. the mandíbula is already calcified (M) 40x; J- Beginning of the calcification of the 

hypurals at 14 DAF 40x; K- Composite image of a 19 DPF D. rerio with most of the skeletal structures 

present and calcified. 
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R.2.2- Senegal sole 

For the examination of the skeletal structures used to study the ontogenic 

development of the skeleton and determination of skeletal abnormalities, 179 

individuais ranging from 3.1 mm to 59.2 mm standard length were stained for cartilage 

and bone with alcian blue and alizarin red respectively, measured, observed and 

photographed. 

R.2.2.1- General morphology of the axial skeleton in the adult Senegal sole 

In the largest individual observed (5 months of age, 59.2 mm Lt), the vertebral 

and caudal skeleton were totally formed and mineralized, except for the cartilaginous 

islets in the base of the arches and the growth zones in the distai extremities of bonés 

like the hypurals, epural and pterigophores that articulate with fin rays (Fig.2F and 2G). 

The structures that articulated with fin rays on the caudal complex (Fig. 3F) 

were typically five hypurals, one parhypural, one epural, one modified neural spine 

from the first preural centrum and two modified haemal spines from preural centrum 1 

and 2. The hypurals 1-4 were fused to the urostyle by their proximal bases, which in 

turn were fused with the base of each adjacent hypural, forming a unique plate (Fig. 2G 

and 3F). The hypural 5, parhypural and epural did not fuse to any structure. Branching 

was observed on the hypural plates 1-4 and parhypural that presented vertical ridges, 

extending from the distai to the proximal region of the structure. No branching was 

observed on the hypural 5, epural or on the modified spines. No free uroneurals were 

observed. The caudal fin had a total number of 20 soft rays, and no spiny rays were 

observed in the caudal or any other fin. The contribution of the internai skeleton 

structures was as follows: epural and the neural spines articulated with 3 rays, the 

hypural 5 with 2 rays, hypural 1-4 articulated with 10 rays and parhypural and the 

haemal spines articulated with 5 rays (Fig. R2G and R2F). The caudal fin was 

symmetrical, with 10 rays on each side of the lateral line that extended ahnost lo the 

posterior tip of the caudal fin (Fig. 2G). 

The vertebral column was composed of 45 ± 2 vertebrae, distributed into 8 

abdominal (or pleural) and 37 caudal, including the urostyle (Fig. R4F). Ali abdominal 

vertebra (Fig. R5A) were equipped dorsally with a neural arch and neural spine and 

from the fourth to the eighth vertebrae a pair of parapophysis was observed ventrally. 

The first abdominal vertebra was articulated with the basioccypital articulatory process 

that connects the vertebral column to the skull (Fig. R4F). The first 5 neural spines were 
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thicker than ali the others. The caudal vértebras (Fig. R5B) were equipped dorsally with 

a neural arch and neural spine and ventrally with a haemal arch and haemal spine except 

for the urostyle that lacks any complementary structures. The neural spines ol preural 

vertebrae 1 and 2 and the haemal spine of the first preural vértebra were elongated and 

modified to help support the caudal fin rays (Fig. R3F and R4F). Both pleural and 

caudal vertebrae exhibited in the neural arch an anterior neural prezygapophysis and a 

posterior neural poszygapophysis. The haemal arches of the caudal vértebras exhibited 

an anterior haemal prezygapophysis and a posterior haemal poszygapophysis (fig. R5). 

r.2.2.2 - General skeletal development 

At the yolk sac and early larval stages, Senegal sole showed as only visible 

support structure a straight notochord that extended for the entire length of the body 

(Fig. R2A and 4A). At these early stages, the only fin structures present were the 

primordial marginal fin fold and the pectoral cartilaginous plates (Fig. R2A). The 

caudal fin was the first fin to differentiate, with the appearance of internai support 

skeleton followed by the formation of fin rays by intramembranous ossification. 

Development of vertebral column elements occurred in parallel with caudal tin 

structures and eye migration. The dorsal and anal fins cartilaginous pterigophores 

appeared late in metamorphosis and developed in an anterior-posterior direction, 

followed by the formation of fin rays by intramembranous ossification (Fig. R2 D). By 

the time development of the vertebral column and formation of the caudal fin were 

completed, eye migration had also occurred and the dorsal and anal fins had extended 

dorsally until the caudal complex (fig 2D-G). 

The dramatic morphological changes during metamorphosis imply acquisition of 

asymmetry and occur in parallel with changes in life style from pelagic to benthomc. 

These changes are 1) eye migration from left to right side and concomitant bending of 

the urostyle; and 2) torsion of internai organs that starts during the process of eye 

migration; This process initiated in larvae around 4.1 mm Lst and ended when larvae 

reached approximately 8 mm Lst. 
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Figure R2- Developmental stages of skeletal development in the Senegal sole A- 2 dpf larvae (2.6 mm 

notochord length) displaying the non calcified MeckeFs cartilage (MC), lhe already calcified cleithrum 

(Cl) and the fin plates (FP) still entirely cartilaginous; B- 7 dpf larvae with a well developed coraco- 

scapular complex (CS) and branchial arches (Ba); C- 15 dpf larvae at lhe beginning of metamorphosis. 

showing the developing first neural and haemal arches (Na and Fia) and tlrst hypurals (Hy), and caudal 

fin rays appearing by intramembranous calciflcation (Cr); D- 17 dpf larvae showing the developing dorsal 

and anal fins and lhe inflected urostyle (Ur) F- Sole a senegalensis post-larvae with an almost completely 

calcified skeleton; F- 75 dph Juvenile with cartilage remaining only in growth zones; G- Caudal fin 

complex of a Juvenile sole with 59.2 mm total length. Full development of skeletal structures and scales 

has been achieved. The caudal fin is exclusively composed of soft rays and symmetrically divided by the 

lateral line scales (arrow). The hypural plates are fused and present branching. 
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R.2.2.3- Vertebral column development 

Vertebral column was formed by the vertebral centra, the neural and haemal 

arches and spines, the parapophyses and the ventral ribs. They were ali formed by 

intramembranous ossification except for the arches and spines of the four preural centra, 

which appeared initially as cartilaginous structures and calcified by endochondral 

ossification. No vertebral elements were observed at hatching and in early stages of 

development, where the notochord was the only axial support structure observed (Fig. 

R2A). 

The first calcified elements of the vertebral column to be observed were neural 

arches 2-6 in the first abdominal vertebrae of a 4.3 mm Lst larvae (Fig. R2C and R4B), 

at 13 DAH. The development of the arches initiated with the formation of two buds 

latero-dorsally on each side of the notochord by intramembranous ossification. These 

buds elongated dorsally until they joined together forming the arch (Fig. R4B). After the 

arches were formed, the neural spines also appeared by intramembranous ossification 

and elongated dorsally. Haemal vertebrae formed similarly but in ventral orientation. 

The vertebral development continued caudad for ali the remaining neural arches and 

haemal arches except for the first neural arch, which formed cephalad. 

The first haemal arches were observed in 4.55 mm Lst larvae, showing neural 

arches 2-8 and haemal arches 1-12 (Fig. R4C). In a 4.7 mm Lst specimen, 28 neural 

arches and 17 haemal arches were visible and the first neural arch was already 

completely formed (Fig. R4D). The cartilaginous buds of the arches in preural vertebra 

were already present near the urostyle, which had not yet begun bending upward. 

Parapophyses 3-5 were visible on pleural vertebrae at this stage (Fig. R4D). At 5.65 mm 

(Fig. R4E) the anterior vertebrae and arches were nearly formed and the notochord was 

completely surrounded by calcified tissue, while in the posterior caudal vertebrae, the 

calcified tissue was starting to spread around the notochord from the site of insertion oí 

the arches. The urostyle had started bending upward, and was partially calcified. Only 

the modified arches and spines from preural vertebra 1 and 2 and the hypuralia were 

still present as cartilaginous structures. 

At 45 DAH (8.3 mm Lst) the metamorphosis and flexion of the urostyle were 

already completed and ali vertebral elements were formed and calcified (Fig. R4F). The 

vertebral centra completely surrounded the notochord and the adjacent arches were ali 

closed around the ventral aorta in the haemal side and around the nervous chord in the 
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neural side. In larger animais, the vertebral elements and processes only increased in 

complexity and size, and the spines and fin rays elongated distally. 

R.2.2.4- Caudal fin complex development 

The elements that compose the caudal fin complex were formed either by 

endochondral or by intramembranous ossification. The first group included the 

hypurals, epural, and modified arches and spines; the second group included the 

urostyle, the preural centra and the caudal fin rays (lepidototrichia). 

The first element to develop was the hypural 1, appearing in a cartilaginous form 

at 13 DAH in pre-flexion larvae ranging in size from 4.3 to 4.65 mm Lst. It was 

followed by hypural 2 (Fig. R3A) at 4.4 mm Lst and hypural 3 at 4.45 mm Lst, circa 15 

DAH. Hypural 4 appeared generally in larvae larger than 4.5 mm Lst, during 

metamorphosis (Fig. R3B). At this stage the parhypural and the cartilaginous buds of 

the arches were visible. From the bases of these arches began to form the preural centra 

1, 2 and 3, on each latero-dorsal face of the notochord, as seen in a larva with 4.7 mm 

Lst (Fig. R3C). At this stage the upward flexion of the urostyle was initiated and the 

caudal rays started to form by intra-membranous ossification within the primordial fin, 

in the area adjacent to the forming cartilaginous hypurals, with mineralization starting in 

the median zone and extending to the extremities of the soft rays (Fig. R2C and R3C). 

The epural appeared during flexion of the urostyle, between 5.2 and 5.65 mm Lst. The 

hypural 5 was the last structure to appear ventrally, next to the tip of the notochord, in 

18 DAH larvae larger than 5.5 mm Lst (Fig. R3D), when flexion of the urostyle was 

almost concluded. 

At 6.6 mm Lst, ali the caudal plates had increased in size and calcification was 

visible in the urostyle, extending to the proximal bases of hypurals 1-4, which began to 

fuse with the urostyle. The neural and haemal arches and spines of the preural vertebrae 

started to calcify, as well as the corresponding centrum, which gradually surrounded the 

notochord, starting from the area of insertion of the arches. At this stage, ali fin rays 

were already present, with alizarin red staining decreasing in intensity from the longer 

central to the shorter lateral rays. The caudal fin was still connected to the anal and 

dorsal fins by the primordial fin tissue (results not shown). 

In a 7.8 mm Lst 34 DAH larvae (Fig. R2E and R3E), ali the plates were largely 

ossified, with greater intensity of alizarin red staining observed in the proximal parts, 

and progressively decreasing in intensity towards the distai parts. The posterior end of 
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the hypurals was still cartilaginous and thus stained in blue. Calcification also extended 

to the spines in the preural vertebrae. At this stage, the caudal rays were ali ossified and 

the caudal fin was totally separated from the anal and dorsal fins. 

At 12.8 mm Lst, ali the caudal fin elements were totally calcified and hypurals 

1-4 were fusing to the urostyle and to each other by their proximal bases (results not 

shown). At 19.8 mm Lst, vertical fissures had appeared in the posterior regions of the 

parhypural and hypural 4, indicating the beginning of branching. Hypurals 1 -4 were 

totally fused to the urostyle (results not shown). At the juvenile stage, in a 59.1 mm Lst 

individual, hypurals 1-4 and parhypural showed one vertical fissure each, extending 

from the posterior to the median zone of the plates (Fig. R2G and R3F). 
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Figure R3- Schematic representation of the caudal fin complex development in Senegal sole. Calcified 

struclures are presented in white and cartilaginous structures in black. Notochord is shown in gray. A- 13 

DAH specimen (4.4mm Lst). B- 15 DAH specimen (4.55mm Lst). C- 18 DAH specimen (4.7mm Lst). D- 

18 DAH specimen (5.6mm Lst). E- 34 DAH specimen (7.8mm Lst). F- 6 month old juvenile specimen 

(59.2mm Lst). 

Cr- Caudal fin rays, DAH- Days after hatching, Ep- Epural, Hy- Hypural, Lst- Standard length, Mhs- 

Modified haemal spine, Mns- Modifíed neural spine, Nc- Notochord, Phy- Parhypural, PU- Preural 

vertebra, Ur- Urostile.. 
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Figure R4- Schematic representation of the vertebral column development in Senegal sole. Calcified 

structures are presented in white and cartilaginous structures in black. Notochord is shown in gray. A- 0 

DAH larva (3.4mm Lst). B- 13 DAH Lst larva (4.3 mm Lst). C- 15 DAH specimen (4.55mm Lst). D- 18 

DAH specimen (4.7 mm Lst). E- 18 DAH specimen (5.65 mm Lst). F- 45 DAH specimen (8.3 mm Lst). 

Bop- basioccypital articulatory process, Cv- Vertebral centra, Hs- Haemal spine, PI- Pleural vertebra, Pp- 

parapophysis, Na- Neural arch, Ns- Neural spine. For other abbreviations see Fig.2. 
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Figure R5- Schematic representation of an abdominal vertebra (A) and a caudal vertebra (B) from a 

Senegal sole juvenile. 

Ha- Haemal arch, Hpz-Haemal poszigapophysis, Hprz- Haemal prezigapophysis, Npz- Neural 

poszigapophysis, Nprz- Neural prezigapophysis. For other abbreviations see Fig.R4. 
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Figure R6- A- Distribution of analyzed fish according to the number of deformities observed in each 

individual. B- Distribution of the abnormalities detected according to the affected structures. Ali the 

skeletal structures studied are affected by detormities, with special incidence in the caudal vertebra and 

associated structures. 

R.3- Skeletal malformations in hatchery reared Senegal sole 

A large number of deformities were observed in the 179 individuais used for this 

study. The observed malformations ranged from fish with only one small anomaly in a 

fin ray to fish displaying multiple vertebral deformities with different degrees of 
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severity. From the specimens observed, 79 (44%) presented at least one deformity 

affecting any of the skeletal structures analyzed. From these deformed fish, more than 

half (25.6% of the individuais analyzed) presented only one deformity while 33 (18.4% 

ofthe individuais analyzed) presented multiple deformities (Fig. R6A). 

Malformations where divided into 9 categories according to the place of 

incidence in the axial skeleton, as follows: trunk vertebra, caudal vertebra, arches, 

neural spines, haemal spines, parapophysis, caudal fin rays, hypurals and epural. The 

frequency observed for each type of deformity encountered is shown in Figure 6B. 

Caudal vertebra showed higher frequency of malformations (28%) but they also 

occurred in the neural (11%) and haemal spines (9%), trunk vertebra (7%), and 

vertebral arches (10%). 

In Fig.7 are shown some examples of the most frequent deformities observed. 

Fig. R7A shows the caudal complex of a larva, presenting a large number of 

cartilaginous structures, with a supernumerary hypural (arrow) and abnormal fusion of 

the parhypural to hypurals 1 and 2. Vertebral deformities observed were frequently the 

result of partial or total vertebra fusions (arrow in Fig. R7B and R7C), sometimes 

accompanied by asymmetries to the vertebral axis (Fig. 7D and R7F). Another cause of 

deformation was caused by shortening of the vertebrae. Structures related to the 

abnormal centra, like the arches, were also found to present malformations, either in 

their general conformation or by fusing to adjacent structures (Fig. R7C, 7D and R7E). 

In the dorsal and anal fins, the observed deformities were normal ly fused fin rays and 

pterigophores as well as atrophied pterigophores, as show in Fig. R7E. Abnormal 

thickening of vertebrae was also observed, sometimes accompanied by asymmetries to 

the vertebral axis (Fig. R7F). 

A schematic representation of the most common deformities observed in the 

axial skeleton is shown in Figure R8. The skeletal changes are shown in a diagram 

representing the axial skeleton of a 45 DAH individual, as follows: (1) fusion of caudal 

fin rays by their proximal portion (2) malformation of neural arch and spine of the 

preural vertebra 3; (3) fusion of hypurals 1-2, resulting in only one structure; (4) 

malformation of preural vertebra 2 with fusion of the correspondent haemal arch and 

spine with those of preural vertebra 3, (this type of deformity is also very common in 

preural vertebra 1 and 2); (5) malformation in a caudal vertebra partial ly fused with the 

adjacent vertebrae, resulting in absence of the haemal arch and spine and with the 

corresponding neural arch malformed and fused with the arch of the following vertebra, 
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exhibiting an atrophied neural spine; (6) fusion of lhe neural arches of two vértebras 

surrounding one that is deformed; (7) malformed caudal vertebra exhibiting no neural 
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Figure R7- Some examples ofthe most frequently observed malformations. A- Fusion of the parhypural 

vvith the hypural plates I and 2, slill in a cartilaginous forni. Extra hypural plate near the tip of the 

urostyle (arrow) B- Abnormal formation and partial fusion ofthe preural vertebrae 1-3 (arrovv) with an 

atrophied neural arch (arrow head) forming in PU3. C- Malformation of the pleural vertebrae and 

associated arches. spines and parapophysis. Partial fusion of pleural vertebrae 4-6 (arrow). D- Severe 

abnormalities affecting the caudal vertebrae and adjacent arches and spines and the symmetry of the 

vertebral column. E- Bifurcation of neural spine; abnormal dorsal pterigophore. For abbreviations see Fig. 

R2 and 3. 
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processes and an atrophied haemal spine; (8) compression of caudal vertebrae and of 

their corresponding processes, (this type of deformity is sometimes associated with 

deviations from the normal axis as shown in figure R7D); (9) malformation in the 

neural arch of the last pleural vertebra; (10) abnormal extra-numerary bony element 

connecting the parapophysis of the two last pleural vertebrae. 

/ / i 

\%P 
10 VI \u 

TiTi 

Figure R8- Schematic representation of the axial skeleton of a 45 DAH individual, presenting the 

major types of deformities described in this work. 1- Fusion of the proximal portion of caudal fin rays; 

2- Malformation of neural arch and spine of preural vertebra 3; 3- Fusion of hypurals 1-2; 4- 

Malformation of preural vertebra 2 with fusion of the haemal arches of preural vertebra 2-3, resulting 

in one spine only; 5- Malformation in caudal vertebra associated with partial fusion with adjacenl 

vertebrae resulting in absence of the corresponding haemal arch and spine. The corresponding neural 

arch is malformed and fused with the arch of the following vertebra, exhibiting an atrophied neural 

spine; 6- Fusion of the neural arches of two adjacent vértebras; 7- Abnormal caudal vertebra with 

atrophied haemal spine; 8- Compression in caudal vertebrae and corresponding processes; 9- 

Malformation in neural arch of the last pleural vertebra. 10- Abnormal presence of bony element 

connecting parapophysis. 

R4- Cloning of zebrafish and Senegal sole hgp and mgp cDNAs 

D. rerio and S. senegalensis bgp cDNAs: Taking advantage of the N-terminal amino 

acid sequence obtained for purified Danio rerio Bgp (P83238) (Simes et ai, 2004), the 

complete nucleotide sequence of the corresponding cDNA was obtained by a 

combination of RT-PCR and S^ACE-PCR (Fig. R9). 
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Figure R9 -RT-PCR amplification of partial bgp cDNA fragments for zebrafish (a) and Senegal sole (b). 

PCR was performed using in (a), a degenerated forward primer ZbBGPóF and the reverse primer 

Universal adapter for D. rerio bgp amplification and in (b), a specific forward primer SBG5 and the 

Universal adapter for S. senegalensis bgp amplification. The bands selected for sequence analysis are 

signalled by arrows. In lanes B and C of each figure are control PCR reactions with only forward or 

reverse primers, respectively. 

The Danio rerio bgp cDNA (AYI78836) spans 410 bp and contains an open 

reading frame (ORF) of 315 bp (Fig. RIO) encoding a polypeptide with 104 aminoacids 

(AA) comprising a 56 residue pre-propeptide and a 48 residue mature peptide. The 

nucleotide sequence of the Solea senegalensis bgp cDNA, obtained by a similar 

approach as the Danio rerio cDNA, spans 635 bp and encodes a 45 residue mature 

protein, preceded by a pre-propeptide of 55 residues (Fig. RIO). AH pre-pro cleavage 

sites were deduced by comparison with other known Bgp sequences from mammals, 

birds, fish and amphibian. The first amino acid of each mature form was identified by 

comparison with results obtained following protein sequence analysis of Bgp purified 

from zebrafish and Senegal sole bone (Simes et ai, 2004). In both cases, the deduced 

N-terminal region was in full agreement with the sequence previously obtained by 

amino acid sequence analysis. 

Zebraflsh Bgp was found to contain three more amino acids than S. senegalensis 

Bgp at the N-terminus of its mature form. Out of the 45 AA present in the common 

region of the mature protein between the two species, 36 residues were 100% 
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-56 -50 
Met Lys Ser Leu Thr Val Leu lie Phe Cys Cys Leu 

CTGACACAGAAGCGAAC ATG AAG AGT CTG ACA GTC CTG ATC TTC TGC TGC CTG 
* * * * * * * 

GTCTGTGGAAGGTGAAGACCGAAGCGCAAAG ATG AAA ACT TTG TCC GTC CTG GTT CTG TGC TCC CTG 
Met Lys Thr Leu Ser Val Leu Val Leu Cys Ser Leu 

SseBGPSF  ► 

-40 -30 
Met Thr Val Cys Leu Ser Ala Gly Leu Pro Asp Ser Ser Asp Thr Lys Pro Leu Ser Ala 
ATG ACT GTG TGT CTG AGC GCA GGT CTT CCT GAC TCC TCA GAT ACT AAA CCA TTG AGT GCT 
ZBGP8F  ► * * * * * 
GCC GTC CTC TGT CTG ACT TCA GAT GCC TCT TTC AGC TCC CAG CCT GCT GTT GAC ACC CCA 
Ala Val Leu Cys Leu Thr Ser Asp Ala Ser Phe Ser Ser Gln Pro Ala Val Asp Thr Pro 

-20 -10 
Ala Glu Ser Pro Asn His Glu Gly Val Phe Val Lys Arg Asp Val Ala Ser lie lie Met 
GCA GAA TCT CCT AAT CAT GAA GGT GTG TTT GTG AAG CGT GAC GTG GCC TCT ATC ATC ATG 

* ZFBGPMAP1F—  ► * 
GCT CAG GAG GGT TTG TTT GTG GAG CAG GAG CAG GCG TCC TCA GTG GTG AGA CAG AAG   

Ala Gln Glu Gly Leu Phe Val Glu Gln Glu Gln Ala Ser Ser Val Val Arg Gln Lys   

<■ SseBGP2R 

-1 + 1 + 10 
Arg Gln Lys Arg Ala Gly Thr Ala Pro Gly Asp Leu Thr Pro Phe Gln Leu Glu Ser Leu 
AGA CAG AAG AGG GCT GGA ACT GCA CCT GGA GAC CTG ACT CCA TTT CAG CTC GAG AGT CTC 

* * * **-  ZBGP2R * * * * * * * * 

AGA CAG AAG AGA       GCT CCT AAA GAG TTA TCT CTA TCC CAG CTG GAG AGT CTA 
Arg Gln Lys Arg Ala Pro Lys Glu Leu Ser Leu Ser Gln Leu Glu Ser Leu 

+ 20   +30 
Arg Glu Val Cys Glu Thr Asn Val Ala Cys Glu His Met Met Asp Thr Ser Gly lie lie 
AGA GAG GTG TG1 GAG ACA AAT GTG GCC TGT GAG CAC ATG ATG GAC ACG TCT GGA ATC ATC 

* * * * * * * * *ZbBGP6F* * 
—► 

* * * * * * 

AGA GAA GTG TGT GAG CTG AAT CTG GCA TGT GAG GAC ATG ATG GAC ACC AGT GGA ATC ATC 
Arg Glu Val Cys Glu Leu Asn Leu Ala Cys Glu Asp Met Met Asp Thr Ser Gly lie lie 

SBGP5F—  ► 

+ 40 + 48 
Ala Ala Tyr Lys Thr Tyr Tyr Gly Pro lie Pro Phe Amb r 
GCC GCC TAT AAA ACC TAC TAT GGG CCC ATT CCC TTC TAG AACTACACACACACACACACACACACA 
* * * * * * * * * * * 

GCT GCC TAC ACC ACC TAC TAT GGA CCA ATT CCC TTT TAG CACCAAACCGTTGTTCATCCCAAAATG 
Ala Ala Tyr Thr Thr Tyr Tyr Gly Pro lie Pro Phe Amb 

•4  SseBGPlR 

1 
CACACACACCAGCAGTGAAGAGTAGCTGACTGTAATAAAGAGAAGATGCTG 

•4  ZbBGPIR 
ZFBGPMAP1R 

TCTTTTCTTTACTTTGCATATTCACTCTTTCAGTTTAACCTTTGTCACTTTAAAAAACGTTGTAGTCATAAGTACCAGC 

TTCCCTTTAGTGCCAGTGGAGGCAAAATAAAACAGTAAAGGAGAAAGATGTTAGATAGCAAGAGGAATAATATTGGCAT 

GATCATTTATTTTTCCACCCTGCTTAAACCCACACAGTTCTGTGATACTCACCTCAGACAGGTCTGTAGAGTAGTGTGA 

TATTAAAATAAAGATATATAATAAT 
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conserved, including the three Gla residues and the two cysteines required for the 

disulphide bridge. This high levei of identity contrasted with that observed between the 

pre-pro regions, where only 18 out of 55 residues were conserved. Comparison of the 

two cDNAs also identified a larger 3'-untranslated region (UTR) in S. senegalensis bgp 

cDNA with two consensus polyadenylation signals while the shorter 3'-UTR in 

zebrafish bgp contained a CA repeat four nucleotides downstream from the stop codon 

and only one polyadenylation signal. 

Figure RIO- Danio rerio and Solea senegalensis bgp cDNAs. Nucleotide sequence of the cDNAs 

encoding D. rerio and S. senegalensis bgp. The bgp cDNAs were obtained by a combination of RT-PCR 

and 5' RACE-PCR amplification. Numbering on right side corresponds to the nucleotides. Amino acid 

residues are numbered according to the first residue of the mature protein and are shown above (for D. 

rerio Bgp) corresponding codon in the DNA sequence. The polyadenylation signals are underlined twice 

and the stop codons are identified by their three letter code. Conserved Cys residues are boxed. An 

asterisk is used to show identity between D. rerio Bgp and 5. senegalensis Bgp amino acid sequences. 

The sequences used for constructing primers are underlined and marked by horizontal arrows next to the 

name of the primer. Presumed Gla residues are shown in bold (based in homology with other bgp 

sequences). A 16 (AC) repetitive motif on D. rerio bgp 3'-UTR region is marked between curved arrows. 
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i 
Drmgp tqtqaatqacactgatcctgcatctgctctcagaacaccagcagctctcatagacacctgtaaacatcatcatcagttct 524 

•4  DrMGPIR 
Ssemgp tgcaccatttatataatttatgtaatgacaataggaaaaaaaacactgaggcatccagtattgctcagacctcatggaaa 647 

Drmgp actcacaactcttctacttotaqaooatttqctqaacatqaqqaqctcL AATAAAccctggacacqcttcatqatqqag 604 

Ssemgp cacatcattatatccatqtaqaaactqacqqcccatctcttqtqttttctcaggataacctttaacctctaCtatcacca 727 
<  SSMGP2R 

1 )rmgp acqtgtqctqcacagcatttattcaaaaaaaaaaaaaaa 641 
<  ZFMGPMAP1R 

Ssemgp ccttcccatcatttataagctttatgtgaagcgcttcttcaatgcagctctaaccgtgtctctcatattatctgtccact 807 

Ssemgp tatcccaggccagcaccgctgccagtgatcacttctatggctttgaaata^^^^aattcctcctcaaaaaaaaaaaaa 8 87 

Figure I I- Dan la rerio and Solea senegalensis mgp cDNAs. Nucleotide sequence of" lhe cDNAs encoding D. 

rerio and S. senegalensis mgp. Dania rerio mgp and Solea senegalensis mgp cDNA sequences were obtained by 

a combination of RT-PCR and 5' RACE-PCR amplillcation. Numbering and labeling as in Figure 2. Amino aeid 

residues are numbered according lo lhe llrst residue ol lhe mature protein and are shovvn above lhe 

corresponding codon in lhe DNA sequence, for D. rerio. A 13 (G F) repetilive motit on Danio rerio mgp 3 -U I R 

region is marked between curved arrows. 

D. rerio and S. senegalensis mgp cDNAs: The Dania rerio mgp cDNA (DrMGP- 

AY072811). cloned by a combination of RT- and 5 -RACE PCR, spans 628 bp (Figure 11) 

and comprises an ORF with 318 bp coding for a polypeptide of 105 residues comprising a 

pre-peptide of 21 residues and a mature protein of 84 residues. l he 3TJ1R includes a 

dinucleotide repeat motif (GT) and one canonical polyadenylation site. The So/ea 

senegalensis mgp cDNA (AY113679) cloned by an analogous melhodology. spans 874 bp 

and contains a 435 bp ORF encoding 144 residues (Figure 11) from which lhe firsl 19 

constitute lhe pre-peplide. Al lhe 3"-cnd is located a motif repeated three times within lhe 

coding region (consensus: CAGAGACCCC AGA I AC C C C AG. coding for Gln-Arg-Pro-GIn- 

Ile-Pro-Gln). Comparison between lhe two sequences show lhe conservation of lhe 

phosphorylation molif in lhe N-terminal region (Ser-Xxx-Glu-Ser-Xxx-Cilu-Scr), lhe Ala- 

Asn-Xxx-Phe motif and lhe three putative Gla residues located within lhe region containing 

lhe two cysteines responsible for lhe disulphyde bridge (Gla-Xxx-Xxx-Xxx-Gla-Xxx-C ys- 

Gla-Xxx-Xxx-Xxx-Xxx-Cys). There is also a C-terminal extension in both llsh sequences 

compared with mammalian mgps. which is longer in Senegal sole than in zebraílsh (Figure 
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R5- Detection of bgp and mgp gene expression in D. rerio and S. senegalensis 

developing stages 

R5.1- Detection of bgp and mgp gene expression by quantitative Real Time - 

PCR 

Expression leveis for mRNAs eneoding bgp and mgp were determined in RNA 

samples from D. rerio and S. senegalensis larvae and juveniles, eovering the main 

skeletal development stages for both speeies. bgp and mgp mRNA expression were 

observed in ali developmental stages analyzed, but with a different pattern of expression 

for eaeh speeies (Fig. RI2). In D. rerio, bgp leveis inerease 13 fold from somitogenesis 

stage (29HPF) to complete embryo at 48 HPF followed by a strong upregulation at 120 

HPF and retuming to leveis comparable to the reference sample or even moderately 

suppressed at 9 DPF (Fig. R12A). At 13 DPF and ali stages thereafter bgp leveis were 

observed to be 60 to 90 fold higher than the reference sample. mgp expression leveis 

paralleled the bgp expression, being up regulated and down regulated at the same 

developmental stages. For S. senegalensis, bgp expression leveis were stable from 72 

HPF until 7 DPF and increased 43 fold at 10 DPF, 295 fold at 12 DPF and 87 fold at 14 

DPF (Fig. R12B). A dramatic inerease in expression was observed at 15 DPF 

corresponding to the stage of metamorphosis. At 20 DPF, the final stages of 

metamorphosis, bgp expression leveis were similar to the pre-metamorphic stages, but 

again an inerease of 103 was observed in juveniles. mgp had a reduction in expression 

leveis in ali developmental stages until 14 DPF but a dramatic inerease was then 

observed at 15 DPF with a 430 fold inerease. By the end of metamorphosis, at 20 DPF 

and in juveniles, the leveis of mgp expression were decrease again but remained higher 

than in the reference sample. 

In zebrafish, both mgp and bgp gene expression increased throughout larval 

development, and reached a stable levei at late larval and juvenile stages. By contrast, in 

Senegal sole bgp expression started to inerease after 10 DPF, and was found to be 

highly up-regulated during metamorphosis at 13-16 DPF. The mgp gene was down- 

regulated in larval stages before metamorphosis but highly up-regulated during 

metamorphosis. The graphics obtained for the amplification plotting are presented in 

Figures 12 Al and 12 BI. 
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Figure 12- bgp and mgp gene expression detected by real time PCR. Quantitative detection of bgp and mgp leveis of mRNA transcripts throughout development in D. rerio 

and 5. senegalensis. The relative expression leveis determined with respect to the youngest stage analyzed are presented in bar graphics for D. rerio (A) and for 5. 

senegalemis (B) using logarithmic scales. Al and BI are the fluorescence graphics plotted for the PCR amplification. 
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R5.2- Detection oibgp and mgp gene expression in the zebratish by RT-PCR 

and Southern hybridization 

Detection of bgp and mgp mRNAs was performed in D. rerio total RNA 

samples extracted from whole larvae by a combination of RT-PCR coupled with 

Southern hybridization. mgp was observed in ali developmental stages analyzed while 

bgp although not detectable at stage 48 hpf, corresponding to hatching, was detectable 

after 72 hpf and in ali developmental stages ahead (Fig. RI 3). 

Dr bgp 

Dr mgp 

Dr p-actin 

4 6 7 10 11 12 13 14 17 20 

Hm» •> > . 

- * WBV* • 

Figure R13- Detection oí bgp and mgp gene expression in different developmental stages of zebraf.sh by 

RT-PCR coupled with Southern hybridization (Numbers above wells represent ages in hours (H) or days 

post fertilization) 

R5.3- Detection of bgp and mgp gene expression in the Senegal sole by 

Northern hybridization 

Northern hybridization was performed in samples of total RNA extracted from 

developmental stages and organs of Senegal sole. Both bgp and mgp mRNAs were first 

detected in larvae at 11 DPF (Fig. R14) and in ali stages thereafter. No signiftcant 

changes in mRNA leveis were observed after normalization with ethidium bromide 

staining of ribosomal RNA. 

Northern analysis of RNA from different organs revealed that, with this 

technique, mgp was only expressed at detectable leveis in branchial arches, kidney and 

heart, being absent from vertebral bone and muscle (Fig. RI5). 
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Figure RI4- Detection of S. senegalensis bgp and mgp by Northern blotting 

A- Northern hybridization of total RNA of larval and juvenile stages of S. senegalensis normalized by 

comparison vvith the 28S ribosomal RNA stained with ethydium bromide underneath. Juv corresponds to 

RNA extracted from an entire juvenile físh. B- Detection of mgp by Northern hybridization ol total RNA 

from larvae of 5. senegalensis at different developmental stages, normalized by comparison with the IBS 

ribosomal RNA stained with ethydium bromide underneath. The well marked with Col corresponds to 

RNA from vertebral column of a juvenile. Numbers above wells reprcsenl ages in days posl fertilization. 
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Figure RI 5- Detection of Ssemgp expression by northern hybridization of RNA from different tissues of 

Senegal sole. mgp was only expressed at detectable leveis in branchial arches, kidney and heart. 
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R6- Detection of sites of bgp gene expression by in siíu hybridization 

R6.1- Detection of sites of bgp expression in zebrafish 

In D. rerio, bgp gene expression was first observed by in situ hybridization at 7 

DPF on the fifth eeratobranchial eartilage whieh already presented the caleified 

pharyngeal teeth. At 11 DPF both BOP and optic capsules presented bgp-positivQ cells, as 

well as the MeckelFs eartilage (Fig. R16A). At 13 DPF vertebrae were developing 

around the notochord and hypertrophyc cells in the fonning vertebral arches showed 

positive signal for bgp expression (Fig. R16B). At the same age, bgp expression was also 

observed in other structures undergoing calcification like the opercular bonés, BOP and 

the fourth and fifth ceratobranchials (Fig. R16C). As the calcilication of the BOP 

increased, expression appeared within the cells adjacent to the calcifying zones oí the 

structure (Fig. R16D). At 24 DPF, bgp mRNA was observed in cells associated with the 

mineralizing cartilaginous pterigophores of the dorsal fin (Fig. R16E). As the number ot 

structures undergoing mineralization increased in the head region, a more generalized 

expression was observed in the skeletal structures, as seen in the ceratobranchials, 

opercula, ceratohyal, BOP and jaw of a 24 DPF sample (Fig. R16F). In the adult fish, the 

proportion of matrix greatly increased relatively to the number of cells, and the positive 

signal indicating bgp expression became restricted to areas containing cells with a 

hypertrophyc phenotype. 

R6.2- Detection of sites of bgp expression in Senegal sole 

Localization of bgp gene expression in Solea senegalensis by in situ hybridization 

was first detected after the beginning of mineralization and in parallel with the onset of 

metamorphosis in the head structures, a process that initiated at around 12-13 DPF in the 

studied individuais. In 15 DPF larvae, bgp expression was detected in the first vertebra 

fonning over the notochord (Fig. R17A), and once the vertebral arches are formed and 

mineralized, bgp expression was detected in cells within fonning neural arches as 

observed in a 17 DPF larvae (Fig. R17B). At this same age bgp was found to be 

expressed by cells in the head skeletal structures, such as endochondral bonés from the 

skull as shown in the hyosymplectic and basioccipital process and in the branchial arches 
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Figure RI6- //? silu localization ot" D. rerio hgp 111RNA. hgp gene expression vvas detected by in situ 

hybridization in sections of zebra fish larvae at different ages and developmental stages. A- hgp expression 

in lhe calcifying MeckeFs cartilage (arrows) of a 9 DAM larvae (200x). B- Detection of hgp expression in a 

neural arch (arrowhead) at the beginning of formation (lOOOx). C- At I I DAH hgp expression is detected at 

the branchial arches (arrowheads) and the calcifying preopercular bonés (arrow) (lOOx). D- At 18 DAH hgp 

expression is detected at the BOP (arrows) (lOOOx). E- Expression is visible at the mineralizing internai fin 

support skeleton in this case the pterigophores of the dorsal fin of a 22 DAH zebra fish (lOOOx). F- At 22 

DAH hgp expression is strongly detected in the calcifying preopercular bonés (arrows). branchial arches 

(arrowheads) and trabeculae (small arrow) (lOOx). 
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Figure RI7- In sim localization of.S". senegalensis hgp mRNA. Siles of hgp gene expression were detected 

by in situ hybridization in sections of Senegal sole larvae at different ages and developmental stages. (A)- 

First vertebra fonning over lhe notochord (arrovv) ali 3 D AH (4()0x). (B)- Celis expressing hgp in a forming 

neural arch (arrow) ali5 DAH (400x). (C)- Head of a 15 DAM sole with hgp expression detected in lhe 

branchial arches (BA), basioccipital process (BOP) and hyosympletic (Hs) (lOOx) . (D)- Expression in lhe 

dorsal pterigophores (Pt) and distai radiais (Dr) of a 18 DAH larvae (200x). (E)- Demonstration by 

radioactive in situ of hgp expression in lhe vertebral column (arrovvs) and haemal spines (arrowheads) of a 

23 DAH sole (lOOx). F- Osteoblasts (arrowheads) expressing hgp in the mandíbula of a 56 DAH juvenile 

sole (lOOOx) 
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of a 15 DAH sole (Fig. R17C). At 20 DPF larvae showed expression in the forming 

skeletal elements of the fins such as the dorsal pterigophores and distai radiais (Fig. 

R17D) that are already undergoing endochondral calcification. Radioactive in situ 

hybridization revealed bgp expression in the calcified vertebral column and haemal 

spines in a post larval 25 DPH sole (Fig. R17E). At 58 DPF, juveniles had a completely 

differentiated skeleton and bgp expression was observed associated to osteoblasts, as seen 

in the mandíbula of a juvenile sole (Fig. R17F). 

R7- Detection of ntgp gene expression by in situ hybridization 

In D. rerio, mgp expression was first detected at 96 HPF on chondrocytes of the 

ethmoid plate (Fig. R18A). At 9 DPF, mgp expression was located in chondrocytes both 

from trabecular cartilage and ceratobranchial arches (Fig. R18B) as well as in the 

MeckeFs cartilage and quadrate (Fig. R18C). At 10 DPF, in cartilage from pectoral fin, 

mgp mRNA was detected in chondrocytes but was not observed in the cleithrum (Fig. 

R18D). At 13 DPF mgp gene expression was observed in ceratobranchials, mainly in 

hypertrophyc chondrocytes and in the BOP (Fig. R18E). In addition, mgp mRNA was 

also observed in hypertrophyc chondrocytes from MeckeFs cartilage and in chondrocytes 

of the hyaline cartilage from the basibranchial cartilage (Fig. R18F). At 16 DPF a 

positive staining for mgp mRNA was observed in chondrocytes from the BOP (Fig. 

R18G), within the cytoplasm of hypertrophyc chondrocytes from the MeckeFs cartilage 

and within chondrocytes of the ethmoid plate (Fig. R18H). At 17 DPF mgp expression 

was detected in chondrocytes of the optic capsules (Fig. RI81) and at 20 DPF in 

chondrocytes from the Zellknorpel catilage in the branchial filaments (Fig. R18J). Al 25 

DPF, the vertebrae were nearly formed with the notochord completely surrounded by 

calcified cartilage. At this stage, mgp expression was located in endosteal cells 

surrounding the vertebral centra. These cells were elongated in shape, with strong 

staining for mgp (Figures 18K and 18L). mgp expression was also located in 

chondrocytes from the pterigophores (Fig. R18L). In the adult fish, as mineralization oí 

the skeleton increascd, signal indicating expression of mgp was only detected in 

chondrocytes within the remaining cartilage islands. 
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In S. senegalensis, mgp gene expression was observed mainly in skeletal 

structures both cartilaginous and calcified. At 11 DPF mgp mRNA was first observed in 

the chondrocytes of the branchial arches, trabeculae and hyosymplectic (Fig. R18M). At 

15 DPF when vertebral structures are forming, mgp mRNA was observed in the 

chondrocytes at the base of the vertebral arches, and in the chondrocytes of the 

pterigophores from the developing dorsal and anal fins, as observed in the neural 

pterigophores of a 17 DPF larvae (Fig. R18N) under metamorphosis. In juveniles, mgp 

expression was present only in non-calcified skeletal structures, like the cartilage in the 

base of the vertebrae of a 47 DPF sole (Fig. RISO). 

Figure RI 8- In situ localization of D. Rerio and S. senegalensis mgp mRNA. Sites of mgp gene expression 

were detected by in situ hybridization in sections of D. rerio larvae (A to L) and S. senegalensis larvae (M 

to O) at different ages and developmental stages. (A) mgp expression in the ethmoid plate of a 2 DAH 

larvae (arrow) (200x). (B) Detection of mgp expression in chondrocytes from the trabecular cartilage 

(arrowhead) and ceratobranchial arches from a 7 DAH larvae (arrows) (lOOOx). (C) mgp expression in 

MeckeFs cartilage (arrowheads) and quadrate (arrow) in a 7 DAH larvae (lOOx). (D) Cartilage trom the 

pectoral fin of a 8 DAH larvae showing mgp expression located within the chondrocytes (arrow). Note 

absence of signal in the cleithrum (asterisk) (lOOOx). (E) D. rerio larvae at 11 DAH showing mgp 

expression in the ceratobranchials (arrows) and in the BOP (asterisk) (lOOOx). (F) At 11 DAH, mgp 

expression was also evident in the hypertrophyc chondrocytes from the MeckeFs cartilage (arrowhead), 

quadrate (arrow) and in chondrocytes from the basibranchial cartilage (asterisk) (200x). (G) mgp expression 

in a 14 DAH larvae, showing a positive staining in chondrocytes from the BOP (arrowhead) (1 OOOx) (H) At 

14 DAH mgp expression is also detected in hypertrophyc chondrocytes of the MeckeFs cartilage (arrow), 

and in chondrocytes from the ethmoid plate (arrowheads) (lOOOx). (I) 15 DAH larvae showing mgp 

expression in chondrocytes from the optic capsules (arrowheads) (lOOOx). (J) D. rerio gill fílaments 

showing mgp expression close to the cytoplasm membrane in chondrocytes from the Zellknorpel (arrow) 

(lOOOx). (K) mgp expression in endosteal cells surrounding the vertebral centra in a 23 DAH larvae 

(arrows) (lOOOx). (L) mgp expression in chondrocytes from the spines in a 23 DAH larvae (arrowheads). 

Note also the presence of fusiform cells surrounding the central core of the vertebra (arrow) (lOOOx). (M) 

mgp expression at the branchial arches (arrowheads), trabécula (arrow) hyosimpletic (asterisc) of a larval 

sole at 9 DAH (400x). (N) mgp expression is detected in the neural arches of sole at 13 DAH (400x). (O) 

mgp gene expression in the vertebral cartilage of a 45 DAH sole (lOOOx). 
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R8- Detection of sites of Bgp accumulation by immunohistochemistry 

R8.1- Detection of sites of Bgp accumulation in zebrafish 

Danio rerio Bgp was found to accumulate in the matrix of tissues undergoing 

calcification as determined by immunolocalization studies. This accumulation was first 

detected at 8 DPF in the BOP and calcified teeth of the branchial arch 5 and in the 

otolyths (Figures 19A and 19B). At 9 DPF accumulation was also observed in the 

cleithrum and in the BOP undergoing intra-membranous mineralization (Fig. R19C). At 

13 DPF, Bgp accumulation was observed in the calcified upper jaw and in the 

mineralized matrix deposited by osteoblasts on the surface of Meckels cartilage 

undergoing perichondral mineralization (Fig. R19D). At 13 DPF Bgp was also detected 

in the developing calcified vertebral elements, with positive signal associated with the 

mineralized matrix of the forming vertebrae and arches on the surface of the notochord 

envelope, as observed in Fig. R19E for forming vertebra and haemal arches. At this age 

accumulation of Bgp was observed with stronger intensity in the growing structures, as 

observed in the teeth of branchial arch 5 and in the cleithrum (Fig. R19F). At 20 DPF the 

skeletal elements of the fin and of the internai fin support were mineralizing, and 

presented positive signal for Bgp accumulation, as observed in the coraco-scapular 

complex (Fig. R19G) from the pectoral fin associated with the mineralized matrix. As the 

calcified vertebrae and elements develop in an anterior-posterior manner along the 

notochord, Bgp was observed associated to the mineral matrix deposited as can be seen in 

Figure R19H. The last vertebral element, the urostyle, showed a strong positive signal for 

Bgp, observed by immunofluorescence within sites undergoing perichordal 

mineralization (arrows in Fig. R19H). The developing vertebrae, arches and spines of a 

20 DPF specimen showed a strong signal for Bgp accumulation associated with a 

noticeable thickening of the mineralized tissue surrounding the notochord (Fig. RI 91). At 

31 DPF the hypurals and lepidotrichia of the caudal fin and the last vertebrae showed 

accumulation of Bgp. A strong increase in signal was observed as vertebra and arches 

became thicker (Fig. R19J). Bgp accumulated strongly in juvenile and adult calcified 

tissues, as seen in the supramandibular, trabeculae and skull bonés (Fig. R19L) as well as 

in the branchial arches of a juvenile as seen by immunofluorescence (Fig. R19K). A clear 
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positive signal vvas also observed in the kidney of Juveniles and adults. associated with 

lhe glomerulii (Fig. RI9M). 
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R8.2- Detection of sites of Bgp accumulation in Senegal sole 

In S. senegalensis, Bgp was found to accumulate in mineralized skeletal structures 

but with a slight delay in respect to the appearance of mineralization. At 15 DPF larvae 

showed Bgp accumulation in the mineralized vertebrae forming around the notochord 

(Fig. R20A). At 17 DPF Bgp was found in the calcifying caudal vertebrae, and associated 

neural and haemal arches and at 25 DPF Bgp was observed in ali the vertebral elements 

as revealed by immunofluorescence (Fig. R20B), showing strong accumulation of Bgp in 

calcified vertebral column and parapophysis of 25 DPF individuais with a completed 

metamorphosis. At this same age Bgp accumulation was also detected in the cartilaginous 

distai radiais undergoing endochondral calcification (Fig. R20C). 41 DPF juveniles 

presented a strong signal for Bgp accumulation in ali calcified structures, as observed in 

the calcified cartilages of the branchial arches (Fig. R20D). Ali the structures are formed 

at juvenile stage and Bgp is observed to accumulate in ali bonés, either from 

endochondral or intramembranous origin, and in ali cartilages that present calcification. 

Figure RI9- Immunohistochemical detection of D. rerio Bgp accumulation in different developmental 

stages of zebra fish. A- Accumulation of Bgp in the teeth of branchial arch 5 and BOP of a 6 DAM larvae 

(400x). B- Accumulation of Bgp in the otholit of a 6 DAH larvae (200x). C- Accumulation of Bgp in the 

teeth of branchial arch 5, otholit and cleithrum of a 7 DAH larvae (400x).D- Accumulation of Bgp in 

MeckeFs cartilage of a 11 DAH larvae (lOGOx). E- Accumulation of osteocalcin is first detected in 

calcifying vertebra and arches at 11 DAH (lOOOx). F- Accumulation of Bgp in the teeth of branchial arch 5 

and in the cleithrum of an 11 DAH (lOOOx). G- Accumulation of Bgp in the calcifying pectoral fin e 

coracoscapular complex at 18 DAH (400x). Notice the accumulation at the periphery of the coracoid 

undergoing perichondral mineralization. H- Accumulation of Bgp in the mineralizing urostyle at 18 DAH 

(400x). 1- Accumulation of Bgp in the vertebral column, neural arches and haemal arches at 18 DAH 

(200x). J- Bgp accumulation in the mineralizing perichondral matrix of the caudal vertebrae cartilages and 

in the mineralized arches in an 18 DAH juvenile (200x). K- Bgp accumulation in the caudal vertebrae, 

arches and spines in a 24 DAH juvenile (lOOx). L- Bgp accumulation in the mineralizing matrix of hypural 

plates of the caudal fin and in the mineralized fin rays of a 24 DAH juvenile (lOOx). M- Accumulation oi 

Bgp is detected in the ali the bonés and calcifying cartilages of the head region, like the supramaxilary 

(arrovv) and associated bonés, the ethmoid plate (arrowhead) and the supra orbital cartilage that surrounds 

the eye (lOOx). N- Accumulation of Bgp is widely detected by immunoflourescence in the branchial arches 

of a juvenile zebra fish (200x). O- Epithelial cells from some renal tubules of the kidney appear with 

positive signal by immunoflourescence for Bgp in juvenile individuais (400x). 
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Figure R20- Immunohistochemical detection of S. senegalensis Bgp accumulation in different 

developmental stages of Solea senegalensis- Immunohistochemical detection of Bgp accumulation in 

different developmental stages of Senegal sole. A- Immunofluorescent detection of Bgp in the forming 

vertebra (Arrows) surrounding the notochord of a 13 DAM larvae (400x). B- Accumulation of Bgp in the 

calcifying caudal vertebra (Arrow), neural (Na) and haemal (Ha) arches at 15 DAM (200x). C- No staining 

observed in the head bonés in a control with pre-immune serum of a 18 DAH larvae. D- Detection of Bgp 

accumulation in the vertebra (Arrow) and parapophysis (Arrowheads)at 23 DAH (Dl brightfield and D2 

darkfield) (250x). E- Accumulation of Bgp in the calcifying distai radiais (arrows) at 23 DAH. F- Bgp is 

strongly detected in the calcified branchial arches of a 39 DAH juvenile (F1 bright field and F2 dark field) 

(250x). G- Bgp strongly accumulates in lhe vertebra. arches and spines at 39 DAH (200x). 

R9- Detection of sites of Mgp accumulation by immunohistochemistry 

R9.1- Detection of sites of Mgp accumulation in zebrafish 

Dania rerio Mgp accumulation vvas detected by immunohistochemistry 

throughout development of D. rerio and S. senegalensis. Accumulation of Mgp vvas first 
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observed in the mineralized otolyths at 96 HPF and the intensity of staining increased as 

the structure grew, as observed in a 6 DPF larvae (Fig. R21A). As new calcified 

structures appeared (see Fig. RI), accumulation oí Mgp was observed in the mineralized 

matrix as soon as it formed, as can be observed in a 8 DPF larvae in the mineralized 

otholit and cleithrum (Figures 21B and 21C). At 13 DPF when vertebrae and arches are 

forming, Mgp was observed to accumulate in pleural vertebrae where mineialization ot 

neural arches initiated, as seen in vertebrae 3-5 of a 13 DPF larva (Fig. R21D). At this 

same age, accumulation of Mgp was observed in the mineralizing branchial arches and 

pharyngeal teeth (Fig. R21E). At 20 DPF Mgp accumulation was present in the mineral 

layer over cranial cartilages undergoing endochondral ossification (Fig. R21F) and in the 

forming caudal vertebra and associated arches (Fig. R21G). In juveniles at 40 DPF a 

strong signal for Mgp accumulation was observed in the pre-opercular bonés undergoing 

endochondral ossification (Fig. R21H) and in skull bonés undergoing intra-membranous 

ossification (Fig. R21I). No staining was observed in control zebrafish vertebrae sections 

incubated with pre immune serum. 

R9.2- Detection of sites of Mgp accumulation in Senegal sole 

In S. senegalensis, Mgp accumulation was first detected at 8 DPF in the 

cartilaginous otic capsules (Fig. R21J) but not in the otholits. As calcification initiated, 

Mgp accumulation was observed in the mineralizing matrix of forming endochondral and 

intramembranous bonés such as vertebrae and cranial structures, as can be obseived in 

the the calcified matrix below the trabécula of a 17 DPF larvae (Fig. R21K). In 26 DPF 

post larvae, Mgp accumulation was observed mainly in calcified structures including 

mineralizing branchial arches, but also in the aorta and cardiac arterial bulbus (arrowhead 

in Fig. R21L). 
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RIO- Detection of ALP and TRAP enzymatic activity 

The alkaline phosphatase (ALP) activity was determined in order to identify the 

cells responsible for boné deposition and tartrate resistant acid phosphatase (TRAP) 

activity was determined to identify cells responsible for bone resorption, both in D. rerio 

and in S. senegalensis. ALP was consistently detected in structures undergoing 

mineralization throughout skeleton development. In 13 DPF D. rerio, ALP activity is 

present in the mineralizing vertebrae (Fig. R22A). At 17 DPF is detectable around 

chondrocytes (arrow) and osteoblast like cells (arrowhead) in pre-opercular bonés (Fig. 

R22B) undergoing intracartilaginous ossification and in the opercular bone undergoing 

intramembranous ossification. At the same age, TRAP activity indicative of ongoing 

resorption of mineralized matrix was detected in mineralizing branchial arches (Fig. 

R22C) and in skull bonés undergoing intramembranous ossifícation (Fig. R22D). 

Figure R21- Immunohistochemical detection of Mgp accumulation in different developmental stages of 

zebra fish (A-L) and Senegal sole (M-O) . A- Accumulation of Mgp in the otholit (arrowhead) of a 4 DAH 

larvae (400x); B- Accumulation of Mgp in the otholit (arrowhead) and cleithrum (arrow) of a 7 DAH 

(400x); C- Consecutive section of the otholit (arrowhead) and cleithrum (arrow) counterstained with 

toluidine blue (400x); D- Mgp accumulation in the otholit (arrowhead), cleithrum (arrow) and liver (large 

arrow) at 8 DAH (400x) E- Accumulation of Mgp at the zones initiating the mineralization (arrowhead) of 

neural arches in pleural vertebrae 3-5 of a 11 DAH larva (lOOOx); F- Accumulation of Mgp in the 

mineralizing branchial arches (arrowhead) and pharyngeal teeth (arrows) at 11 DAH; G- Mgp 

accumulation in the otholit (arrowhead) and cranial carlilages (arrow) undergoing ossifícation atl8 dah 

(lOOOx); H- Consecutive section counterstained with toluidine blue (lOOOx); I- Mgp accumulation in the 

forming caudal vertebra at 18 DAH (250x); J- Mgp accumulation in the preopercular bonés under 

endochondral ossifícation (arrows) in a 38 DAH juvenile (lOOOx); K- Mgp accumulation in skull bonés 

undergoing intramembranous ossifícation (arrow) at 38 DAH (lOOOx); L- No staining observed in a control 

section with pre-immune serum (200x); M- Mgp accumulation in the othic capsule (arrow) of a 6 DAH sole 

(200x); N- Mgp accumulation in the mineralizing matrix under the trabécula of a 15 DAH larvae(400x); 

M- Mgp accumulation in the mineralizing branchial arches and pharyngeal teeth of a 24 DAH sole (200X) 
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Figure R22- Alkaline phosphatase and TRAP activity in lhe developing zebra fish and Senegal sole 

skeleton. A- Alkaline phosphatase activity (in blue) detected in the forming vertebra surrounding the 

notochord in a 13 DPF zebrafish (lOOOx): and B- Alkaline phosphatase activity in the calcifying 

preopercular bonés from zebrafish larvae at 17 DPF (IGOOx); C- TRAP activity (in red) detected in 

mineralizing branchial arches (lOOOx), and D- in skull bonés undergoing intramembranous ossiflcation 

from a 17 DPF zebrafish (lOOOx) E- Alkaline phosphatase activity is detected in the forming neural arches 

of a 17 DPF sole (I OOOx); F- TRAP activity is detected surrounding the vertebra. arches and spines in a 32 

DPF sole .G and H- possible multinucleated osteoclast-like cells near areas of strong TRAP activity in 

young adult sole. 
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Only mononuclear cells were observed in larval and juvenile stages in sites where 

TRAP activity was detected. In S. senegalensis, ALP was also observed in various 

calcified structures like in the forming vertebrae of a 17 DPF individual (Fig. R22E). 

Resorption was observed in the vertebrae but not in head structures at this age (results not 

shown). Interestingly, although calcified structures were present in the head region, no 

resorption sites where detected by TRAP staining in the analyzed individuais undergoing 

metamorphosis, in which ocular migration occurs (15 DPF). In a 32 DPF juvenile, TRAP 

activity was strongly detected in the areas surrounding vertebrae, arches and spines (Fig. 

R22F). Young adult animais presented TRAP resorption in ali skeletal structures and 

some multinucleated osteoclast-like cells were observed in the vicinity of areas of 

resorption or lacunae (arrows in Fig. R22G and R22I-I) but most of the cells observed in 

resorption areas were mononucleated. 

Rll- Effect of sodium warfarin treatment on survival and vascular mineralization 

of the zebrafish 

RI 1.1- Effects of vitamin K and warfarin on larval survival. 

On preliminary treatments we have determined that vitamin K has a toxic effect 

even at low concentrations, causing higher mortalities than warfarin alone in early stages 

of zebrafish larval development. On preliminary treatments using Vitamin K3 and 

warfarin in early developmental stages of zebrafish, the mortality of ali larvae treated 

with 10 mg/l vitamin K was observed until 7 dpf (Fig. R23A) as opposed to warfarin 

treated larvae. Warfarin alone allowed maintenance of treated fish for 2 weeks with 

concentrations ranging from 5 to 50 mg of warfarin per liter of media (Fig. R23B), as 

determined by the calculated LC50 of 26,07 mg/l. Treatment with warfarin in very early 

stages caused no noticeable mortality until 8 dpf, however at this age and until the end of 

the experiment, at 14 dpf, we observed a very high mortality at the concentration of 100 

mg/l with just 3 surviving fish at the end, and a moderate mortality in the concentrations 

of 5 and 25 mg/l with 12 and 30 death fish respectively (Fig. R23B). The death larvae 

presented in some cases large hemorrhages, especially visible in the head. Based on these 

results subsequent warfarin treatments were administrated at concentrations ranging from 
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5 to 50 mg/l in fish after 15 dpf (Fig. R23C). A high mortality was observed in 50 mg/l 

treated individuais reaching 67% after three weeks of treatment, however there were still 

enough specimens for RNA purification and histological analysis. For the same period, 

the concentrations of 5 and 25 mg/l caused a mortality of 33% and 36% respectively, and 

no mortality was observed for the control (Fig. R23C). 
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Figure R23- A- Mortality observed in vitamin K and warfarin treated zebrafish embryos starting at 9 hpf. 

High mortalities were observed in vitamin K treated groups. B- Mortality observed in warfarin treated 

zebrafish embryos starting at 9 hpf. High mortalities were observed in vitamin K treated groups. C- 

Mortality observed in warfarin treated zebrafish larvae starting at 15 dpf. Highcr mortalities were observed 

in 50 mg treated group. 
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RU.2- Effects of warfarin on mineralízatíon of the vascular system. 

Alter 3 vveeks of treatment by immersion in warfarin solutions, zebrafish 

juveniles were fixed, sectioned and stained by the von Kossa's method. No eetopie 

ealeification vvas observed in the eontrol speeimens (Fig. R24A). that only presented 
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Figure R24 - Von Kossa' staining of zebrafish treated with warfarin for 3 vveeks. A- Control with 

calcification only in skelelal tissues; B- Section of the heart region (ventral to top. head to the right) with 

pathological calcium accumulation in the aortic bulbus in a specimen treated with 25 mg/l warfarin; C- 

Calcification of the aortic bulbus in a specimen treated with 50 mg/l warfarin. Cl- low magnification 

microphotography of the heart and , C2- high magnification microphotography with a detail of the 

calcified aortic bulbus. 
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calcification in the mineralized skeletal structures. Similar results were obtained for the 

specimens treated with 5 mg/l of warfarin. However, a strong accumulation of mineral 

was detected in the aortic bulbus (AB) of specimens treated with 25 mg/l and 50 mg/l of 

warfarin (Figures 24B and 24C) as observed by the von Kossa's method. No ectopical 

calcifications were observed in the other cardiac chambers or in other vessels and organs. 

RI2- Effect of sodium warfarin treatment on bgp and mgp expression leveis in 

zebrafish 

Northern blot analysis of total RNA extracted from zebrafish treated with 

different concentrations of warfarin revealed that expression of bgp and mgp were 

detected in ali stages and concentrations analyzed (Fig. R25). No noticeable differences 

in expression were detected during the period of time that the treatments were 

administered. 

C 5 mg/l 25 mg/l 50 mg/l C 5 mg/l 25 mg/l 50 mg/l 

28S 
ribosomal 

BGP 

Figure R25- Effect of treatment with warfarin in zebrafish over bgp expression at the end of 15 and 21 

days of treatment 

R13- Effect of sodium warfarin treatment over vascular mineralization in toadfish 

The toadfish {Halobatrachus didactilus) has been the model organism selected for 

administrating warfarin treatments by injection. The choice of this species is due to it s 

high resistance to stress and manipulation allowing us to inject the fish 3 times a week, 

what would be impossible in the other species used in this study. 
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R13.1- Effect of sodium warfarin treatment over growth and survival 

The toadtish specimens used in this experiment were maintained in the 

experimental circuit for 3 weeks before treatments initiated. During this period a small 

increase in weight was observed in the four groups (Fig. R26). During the treatment 

period a decrease in weight was observed in ali individuais treated wilh warfarin. The fish 

treated with vitamin K alone or in conjunction with warfarin had small and divergent 

weight variation among individuais. The control group had a weight gain in both 

individuais, in particular specimcn cl that increased 20 g. During the first week of 

treatment two specimens died, one from the control group (c2) that asphyxiated and one 

from the vitamin K treatment group (k3) was found dead in the day after the second 

injeclion. After the beginning of manipulation and injections ali the flsh showed signs of 

stress and some fish reduced or even stopped feeding. 
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Figure R26 Graphic of weight variation for toadfish groups treated with vitamin K and warfarin. 

Specimens c2 from control group and k3 (from vitamin K treatment group) died during the first week of 

treatment. 
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R13.2- Effect of sodíum warfarin treatment in vascular mineralízation 

In a similar vvay to the observed for warfarin treated zebrafish, in toadfish after 3 

vveeks of treatment with warfarin by injection, the formation of a warfarin-induced 

ectopie calcification was observed in the aortic bulbus (AB) of hearths from speeimens 

treated with 15 mg warfarin / lOOg weight and stained with alizarin red. as ean be seen in 

Fig. R27B. No abnormal calcium staining was observed in the arterial system of 

speeimens from the control group (Fig. R27A) or in speeimens that reeeived vitamin K or 

a eombination of vitamin K and warfarin. 

Figure R27- Whole mount alizarin red staining of hearts from toadfish injected with warfarin for 3 weeks. 

A- Control without any abnormal calcification in cardiac or arterial tissues. This individual displayed some 

calcium staining associated with endoparasites within the cardiac muscle; B- Heart from an individual 

treated with 15mg/kg of warfarin, showing pathological calcium accumulation in the aortic bulbus 

RI 4- Effect of vitamin A treatments over hgp and mgp expression in the Senegal sole 

The administration of Vitamin A treatments by feeding fish with retinol palmitate 

enriched artemia was tested in larval andjuvenile slages al different times of exposure 

and at different concentrations of retinol palmitate in lhe enrichment media, with lhe 

purpose of verifying differences in hgp expression. 

The administration of concentrations of IO3, IO4 and Kf 1U vitamin A for 15 days 

did not induce any alterations in hgp expression in juvenile S. senegalensis as observed 
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by Northern hybridization of total RNA extracted at the end of the experimental period 

(Fig. R28 A). 

A 

BGP 

MGP 

28S 
ribosomal 

B 

28S 
ribosomal 

BGP 

30 90 120' 150' 180' 480' 18h 24h 

G1 
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G2 
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G3 
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G4 
103IU 

G5 
104IU 

28S 
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Figure R28- Northern hybridization to detect expression of bgp in RNA from Senegal sole fed vitamin A 

enriched artemia. A- Treatment with 10J IU vitamin A at different times after feeding in 6 month old sole; 

B- Treatment with 0 - 10J IU Vitamin A in sole from 15 to 30 DAM. Sf. Oil- Sunflower oil (vehicle); C- 

Treatment with 0 - lO"^ IU Vitamin A for 15 days in 6 month old sole. C- control treated with vehicle 

(Selco) only. IU- International units. 
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To verify if any alteration was induced in the time immediately after vitamin A 

administration, juvenile 5". senegalensis were feed artemia enriched with 10,000 IU 

vitamin A and total RNAs were purified from specimens collected at intervals during the 

first 24 hours after feeding. No alterations on the expression of bgp or mgp were detected 

at any time point of the treatment, as observed by Northern hybridization (Fig. R28 B). 

Treatment of larval specimens with 100, 1,000 and 10,000 IU vitamin A resulted in a 

similar result, and no alterations on the expression of bgp were detectable after 15 days of 

treatment (Fig. R28 C). However some severe deformities were observed in the caudal 

vertebra and in the fin support structures of 10,000 IU vitamin A treated larvae (Fig. R28 

A and B). 
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Discussion 

Discussion 

Dl- General overview 

In th is work we have cloned, for the first time, complete cDNAs for bgp and 

mgp in zebrafish and Senegal sole. We made a comprehensive study of gene expression 

and protein accumulation for these two important mineralization-related proteins during 

development of the skeleton in these fish species with different ecologies. These data, 

summarized in Tables Dl and D3, make an interesting comparison with our previous 

data for other fishes and with preexisting information for mammals. In addition, new 

data is presented indicating that in fish vascular calcification is under the control of Gla 

proteins, as shown by inhibiting Mgp from functioning with warfarin. This finding 

comes in agreement with the previously observed in mammals (Price et ai, 1998; 2000) 

revealing a conserved function from fish to man. 

D2- Improved method for whole-mount double staining of the skeleton. 

The improvements made on the alizarin red-alcian blue double staining method 

for cartilage and bone allows the visualization of the entire skeleton throughout 

vertebrate development and allows the easy detection of any deformities that may occur 

during the early developmental stages. Several authors have previously reported the 

application of whole-mount double staining of the skeleton for a large number of 

purposes and species (e.g. Inouye, 1976; Wassersug, 1976; Kimmel and Tramei, 1981; 

Francillon and Meunier, 1985; Parenti, 1986; Klymkowsky and Hanken, 1991; Webb 

and Byrd, 1994; Song and Parenti, 1995) and most of the references in fish are based on 

the protocols by Dingerkus and Uhler (1977) and by Taylor and Van Dyke (1985). 

Similar techniques have been used to localize bone and cartilage in froglets (Martinez et 

ai, 1992), fetal mice (Webb and Byrd, 1994), and larvae and juveniles of marine fish 

such as sea bass (Daoulas et ai, 1991, Bogline et ai, 1993; Marino et ai, 1993), red 

seabream Pagrus major (Matsuoka, 1985) and gilthead sea bream (Faustino and Power, 

1998, Koumoundouros et ai, 1997). 

The improved technique is suitable to reveal even slight amounts of 

cartilaginous and calcified tissues even in small larvae where the calcified structures are 
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very small and prone to acid decalcification. The methodology used is also suitable for 

studying skeletal development since it allows the detection of small structures 

undergoing mineralization and in addition, this technique has also proven useful for the 

early detection of skeletal malformations in very young larvae (Gavaia et ai, 2000). 

The best results for cartilage staining were obtained at lower pH since the 

specificity of Alcian blue for sulphated mucopolysaccharides is higher around pH 1.0 

(between 0.5 and 1.0 it stains sulphated groups) while at pH greater than 2.0 the dye 

stains mostly carboxylated groups of mucopolysaccharides/glycoproteins (Pearse, 

1985). However, in contrast to Alcian blue incorporated into soft tissues, which can be 

eliminated, dye incorporated into cartilage mucopolysaccharides cannot be washed out 

(Dingerkus and Uhler 1976). 

The staining process with Alcian blue is the most criticai step in this double 

staining technique since the acidity of this solution can rapidly and efficiently 

demineralize small structures undergoing calcification such as those observed in 

recently hatched fish larvae, where they can have a thickness of only a few microns. 

The staining time in Alcian blue is therefore a criticai parameter since adequate dye 

penetration must be achieved without significant loss of mineralized structures by the 

action of the acidic staining media (Gavaia et ai, 2000). For small larvae up to Icm the 

time of 12-24 hours proposed by Taylor and Van Dyke (1985) leeds to complete 

decalcification, whereas the times of 10-15 min proposed by our protocol were 

sufficient to adequately stain 3-4 mm larvae. We also proposed the use of a KOH / 

absolute ethanol solution rather then just KOH (Taylor and Van Dyke 1985) or just 

absolute ethanol washes (Dingerkus and Uhler, 1977; Hanken and Wassersug 1981) to 

neutralize the Alcian blue. This step helps prevent further decalcification by any 

remaining acidity withln the specimen without allowing precipitation of the dye. If the 

neutralization is made only with KOH, the specimens may show high leveis of non 

specific staining since Alcian blue precipitates at pHs above 6 (Kiernan, 1990)and is 

retained inside the sample, resulting in a more difficult and extended clearing process. 

On the other hand. using 100% ethanol washes removes the dye, but does not neutralize 

the samples. 

This technique has been applied to several teleost species in different 

developmental stages and has given very good results for the detection of both cartilage 

and bone as well as for the detection of skeletal deformities in very early stages of 

development. 
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D3- Skeletal development and abnormalíties of the Senegal sole. 

In this work we have described for the first time the osteological development of 

the caudal complex and vertebral column in Senegal sole. In this species we have 

previously shown that the first calcified structures to appear are the appendicular 

elements (cleithrum) at 2 DAH (Gavaia et ai, 2000). Development of both caudal 

complex and vertebral column begins at 12-13 DAH, accompanying the urostyle torsion 

and acquisition of asymmetry by migration of the left eye. At this stage, larvae 

progressively change to a benthonic life style. Similar observations were made in the 

Japanese flounder, where the flexion of the notochord is closely related to the 

development of hypuralia (Hosoya and Kawamura, 1998). This parallelism can be 

explained by the importance of the described structures in the swimming and feeding 

capabilities of the larvae, especially in early stages of their development as reported for 

other species like red sea bream, rabbit fish or Asian sea bass (Kohno et ai 1983, 1986, 

1996). Knowledge of the normal pattern of development of skeletal structures is 

essential prior to identification of the factors responsible for the onset of skeletal 

deformities. 

The caudal fin of Senegal sole is the first fin structure in the axial skeleton to 

develop, acquiring full meristic count after 6.1 mm Lst, followed by anal and dorsal and 

then paired fins. This same sequence of fin development has also been observed in the 

red sea bream (Konho et ai, 1983), the milkfish (Taki et ai, 1987), the common dentex 

(Koumoundouros et ai, 1999) and the Japanese flounder (Hosoya and Kawamura, 

1998). In Senegal sole, there is a large variation in size and stage of development of 

larvae of the same age as can be seen in Figs. RI (D, E) and R3 (C, D). The occurrence 

of high heterogeneity in growth has also been reported for the guilthead seabream 

(Faustino and Power, 1998). The caudal structure of the Senegal sole is less complex 

than in the majority of species already reported, lacking the uroneural processes visible 

in some sparid species (Matsuoka, 1985; Taki et al, 1986, 1987; Koumoundouros et al, 

1997a, 1999). In addition, only one epural is found in the Senegal sole, a fmding 

common only to the yellow tail, with ali other species studied to date presenting two or 

more epurals, including the pleuronectiform Japanese_flounder (Hosoya and Kawamura, 

1998). 

The alizarin red-alcian blue double staining method for cartilage and bone 

allows the visualization of the entire skeleton throughout vertebrate development and 
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the easy detection of any deformities that may occur, as already done for Senegal sole 

(Gavaia et al, 2002). Similar techniques have been used to localize bone and cartilage in 

froglets (Martinez et al, 1992), fetal mice (Webb and Byrd, 1994), and larvae and 

juveniles from sea bass (Boglione et al., 1993; Marino et al, 1993) and gilthead sea 

bream (Faustino and Power, 1998, Gavaia et al, 2000, Pinto et al, 2001). 

According to previous reports, the observation of deformities in wild specimens 

of teleost fish is rare (Hosoya and Kawamura, 1998) either because they are less 

abundant or due to decreased viability of the abnormal fish in their natural habitat. 

Nevertheless, skeletal malformations have been described in captured larval specimens 

of wild sea bass (Marino et al, 1993), gilthead sea bream (Boglione et al, 2001), 

common dentex (Koumoundouros et al, 2001) and Japanese flounder (Hosoya and 

Kawamura, 1995, 1998) revealing, in ali cases, a significantly lower incidence of 

deformities, when compared to those observed in specimens of the same species reared 

in hatchery conditions. In addition, we have recently analyzed very young larval stages 

of Senegal sole captured in the wild and found a significant incidence of skeletal 

malformations, suggesting that these malformations are also present in wild fish but 

likely to undergo a negative selection since they are rarely observed in captured adult 

fish (Gavaia et al, 2003). The meristic characteristics also presented a higher variability 

in hatchery-reared than in wild captured specimens (Boglione et al, 1993, 2001; Marino 

et al, 1993; Koumoundouros et al, 2001). These observations indicate that deviations 

to normal development are correlated to rearing conditions and may even be induced by 

them. Recently it was reported for Atlantic salmon that, although elevated incubating 

temperatures were the main factor causing bone deformities in the opercula, fins and 

jaw, there were no negative effects on development of spinal deformities (0rnsrud et 

al, 2004) 

Our results show an overall incidence of deformities of 44% in hatchery reared 

Senegal sole, a value that is comparable to those observed in species already well 

adapted to intensive aquaculture conditions (Gavaia et al, 2002). Accordingly, in 

seedlings of the flatfish Japanese flounder reared in captivity, malformations such as 

increase in hypural branches, fused spines and central fusions have been detected with 

an incidence of 30-60% of the total number of malformations observed in the caudal 

complex (Hosoya and Kawamura, 1995, 1998). For the gilthead sea bream, samples 

from individuais reared under intensive culture conditions presented a frequency of 

deformities of up to 100% while under semi-intensive culture conditions this frequency 
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decreased to 55% (Boglione et ai, 2001). In aquaculture-reared sea bass, a high number 

of deformities were also encountered in the axial skeleton and fins, with frequencies ot 

incidence of up to 75 % in the vertebrae and 45% in the fins. In contrast, for common 

dentex it was found that only 6% oí the individuais presented deformities, and from 

these the caudal fin region was not more affected than other regions of the skeleton 

(Koumoundouros et ai., 1999). The reason tor such a discrepancy between species is 

not known and additional work is required in order to explain this fact. 

Among the abnormalities observed in Senegal sole, the most common were 

vertebral fusions (Fig. 6) indicating that the development of these structures may be the 

most susceptible to rearing conditions in captivity. These deformities are among the 

most visible, since they can alter the shape and length of the fish depending on the 

severity and number of structures affected and consequently make it less attractive for 

the consumer. Nutritional factors, such as leveis of vitamin A and its precursors, or 

leveis of vitamin C, in the diet have also been shown to affect the development of 

skeletal structures. Low leveis of dietary vitamin C were implicated in the development 

of severe deformities in rainbow trout (Madsen and Dalsgaard, 1999) while the number 

of malformations affecting the caudal region and vertebra of Japanese floundei larvae 

treated with vitamin A palmitate during metamorphosis, were shown to increase with 

increasing dietary leveis of vitamin A (Dedi et ai, 1995; 1998). Similar ettects of 

vitamin A on development of vertebral column elements were observed in turbot 

(Estevez and Kanazawa, 1995). Parasite infection has also been reported to be a 

possible factor in development of skeletal malformations (Taylor et ai. 1994). 

Shortness of the vertebral column described in Atlantic salmon was suspected to be 

related to an infectious etiology (Kvellestad et ai, 2000). 

This work represents the first description of the skeletal structures in Senegal 

sole and their appearance during normal development. It provides therefore the basic 

knowledge required to easily identify the presence of skeletal malformations in this 

species, being of relevance for future studies. Since nearly hall of the fishes observed 

had at least one deformity and given the very high commercial value of sole, it would be 

important to analyze the molecular events underlying the onset of such a high 

percentage of deformities when sole is reared in captivity. 

Establishment of both nutritional and abiotic parameters involved in the 

mechanisms leading to the appearance of these deformities must be detennined in ordei 
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to preveni a high incidence of malformations particularly under intensive culture 

conditions. 

D4- Skeletal development of the zebrafish 

Zebrafish has an accelerated development compared with other teleosts and, in 

general, structures develop earlier and faster than for the marine fish species examined 

here and elsewhere (Faustino et ai, 1998; Pinto et ai, 2003). In our work we used an 

improved histological procedure to detect sensitively development of the calcified and 

cartilaginous structures that compose the zebrafish skeleton by detecting both calcium 

deposition and cartilage with the histological markers alizarin red and alcian blue 

(Gavaia et ai, 2000). This method allowed us to follow the onset of skeletogenesis in 

more detail compared with previous studies using calcein as a fluorescent marker for 

calcium (Du et ai, 2001) which do not allow cartilage visualization. 

The skeletal development in zebrafish larval stages is described in detail up to 

the juvenile stage, when most skeletal elements are already present, and thus 

complements earlier studies describing the development of skeletal structures during 

specific periods. Schilling et al. (1996), Piotrovsky et ai (1996) and Schilling and 

Kimmel (1996) have described the chondrocranium in embryos up to 120 hours 

focusing in particular on the development of pharyngeal arches. Cubbage and Mabee 

(1996) describe skeletal development in larval and adult individuais, with special 

reference to the cranium and paired fins. Du et ai (2001) used calcein to describe the 

axial skeleton, in larvae up to 23 days post fertilization (dpf). Although their study only 

allowed visualization of calcified structures, our results concerning mineralisation are in 

good general agreement with those obtained by Du et ai (2001). We detect calcification 

one day sooner in the head region, although this may perhaps result from differences in 

the feeding regimes employed, but the timing of subsequent events of skeletal 

development remain similar. 

D5- Identification of bone formation and resorption by the detection of ALP and 

TRAP enzymatic activity. 

We where able to detect alkaline phosphatase (ALP) activity in the area 

surrounding the cells responsible for bone deposition and tartrate resistant acid 
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phosphatase (TRAP) activity in the proximity of cells responsible for bone resorption, 

both in D. rerio and in S. senegalensis. ALP was consistenlly detected during 

development in structures undergoing mineralization throughout the skeleton. TRAP 

activity was detected at the same developmental stages and structures as ALP activity, 

indicating that the formation and growth of skeletal elements in both zebrafish and 

Senegal sole are processes strictly regulated by a balance between calcium deposition 

and resorption. We where able to detect multinucleated cells associated with TRAP 

activity as reported by Witten et ai. (2001), however the individuais used in our study 

were mostly larvae and juveniles that have mostly mononucleated cells, whereas 

according to Witten et al. (2001), the multinucleated resorbing cells are the predominant 

form in adult zebrafish. The variety of bone resorbing processes in teleosts is connected 

to the variety of different types of bone tissues, comprising cellular bone (like in 

zebrafish), acellular bone (like in sole) and the various stages between cartilage and 

bone (Witten et al, 2001). No evidences have been presented to date regarding the 

mechanisms leading to osteoclast differentiation in fish. In mammals, it is known that 

osteoclastogenesis is controled by RANKL which is expressed on the surtaces ot cells 

from the osteoblastic lineage. Cell-to-cell contact allows RANKL to bind to its 

physiologic receptor RANK, which is expressed on the surface of osteoclast lineage 

cells and induce differentiation. The action of RANKL action is opposed by 

osteoprotegerin (OPG) also produced by preosteoblastic marrow stromal cells and 

osteoblasts (Eghbali-Fatourechi, et al, 2003). However recent evidences showed that 

the differentiation of osteoclasts is also controlled by the sympathetic system and leptin. 

Leptin acts via a dowstream p2-adrenergic receptor (Adrb2) present in osteoblasts that 

controls bone formation. Deleting Adrb2 in mice causes a sympathetic nervous system 

mediated induction of expression of the osteoclast differentiation factor RANKL by 

osteoblast precursor cells and increases bone resorption. Another mechanism involves 

CART ('cocaine amphetamine regulated transcript') a neuropeptide whose expression is 

controlled by leptin and which inhibits bone resorption by modulating RANKL 

expression (Elefteriou et al, 2005). In this way leptin controls bone resorption through, 

at least, two distinct and antagonistic pathways: i) a sympathetic signalling via Adrb2 

that prometes osteoclast differentiation and ii) CART-mediated inhibition of osteoclast 

differentiation, both pathways acting by regulating RANKL expression. 
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D6- Structure of zebrafish and Senegal sole bgp and mgp cDNAs 

D6.1- D. rerio and S. senegalensis bgp cDNAs 

The Danio rerio bgp cDNA and the Solea senegalensis bgp cDNA were cloned 

for the first time used as templates for generating the probes necessary for further 

characterization of the genes and localization of sites of expression. 

In order to obtain the cDNA for Danio rerio bgp we have taken advantage of the 

N-terminal amino acid sequence previously purified from zebrafish bone (Simes et ai, 

2004) in order to design degenerated primers. The complete nucleotide sequence of the 

Danio rerio bgp cDNA was obtained by a combination of RT-PCR and 5,RACE-PCR. 

(Figure R9). The sequence coding for Danio rerio bgp spans 410 bp and contains an 

open reading frame (ORF) of 315 bp (Figure RIO) encoding a polypeptide with 104 

aminoacids (AA) comprising a 56 residue pre-propeptide and a 48 residue mature 

peptide. The nucleotide sequence of the Solea senegalensis (Sse) bgp cDNA, obtained 

by a similar approach as the Danio rerio cDNA, spans 635 bp and encodes a 45 residue 

mature protein, preceded by a pre-propeptide of 55 residues (Figure RIO). Ali pre-pro 

cleavage sites were deduced by comparison with other known Bgp sequences from 

mammals, birds, fish and amphibian (Viegas et ai, 2001) (Figure RIO). The first amino 

acid of each mature form was identified by comparison with results obtained following 

protein sequence analysis of Bgp purified from zebrafish and Senegal sole bone (Simes 

et al, 2004). Zebrafish Bgp was found to contain three more amino acids than S. 

senegalensis Bgp at the N-terminus of its mature form. Comparison between the two 

cloned Bgp sequences and other fish Bgps indicate that out of the 45 AA present in the 

common region of the mature protein between the two species, 36 residues were 100% 

conserved, including the three Gla residues and the two cysteines required for the 

disulphide bridge this features are shared with ali mature fish Bgps that contain a large 

block of high identity (EXXXEXCEXXXXC motif), containing the three Gla residues 

involved in calcium binding and the two cysteines (Simes et al, 2003). For both 

proteins, the deduced N-terminal region was in full agreement with the sequence 

previously obtained by amino acid sequence analysis (Simes, 2002; Simes et al, 2004). 

The high levei of identity observed in the mature proteins contrasted with that 

observed between the pre-pro regions, where only 18 out of 55 residues were conserved. 

Comparison of the two cDNAs also identified a larger 3'-untranslated region (UTR) in 

S. senegalensis bgp cDNA with two consensus polyadenylation signals before the poly 
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A tail, on the other hand zebrafish bgp had a shorter S^UTR that contained a CA repeat 

four nucleotides downstream from the stop codon and only one polyadenylation signal 

in contrast to the two observed in sole. 

D6.2- D. rerio and S. senegalensis mgp cDNAs 

The Danio rerio mgp cDNA and the Solea senegalensis mgp cDNA were cloned 

for the first time and used as templates for generating the probes necessary for further 

characterization of the genes and localization of sites of expression. 

The Danio rerio mgp cDNA, cloned by a combination of RT-PCR amplification 

and 5'-RACE PCR, spans 628 bp (Figure Rll) and comprises an 318 bp ORF coding 

for a polypeptide of 105 residues comprising a pre-peptide ot 21 residues and a mature 

protein of 84 residues. Surprisingly we found that the TUTR includes a dinucleotide 

repeat motif (GT) and one canonical polyadenylation site. The Solea senegalensis mgp 

cDNA that was also cloned by RT-PCR amplification and 5'-RACE PCR, spans 874 bp 

and contains a 435 bp ORF encoding for a 144 residue peptides (Figure 11) from which 

the first 19 constitute the pre-peptide. At the S^end is located a motif repeated three 

times within the coding region (consensus; CAGAGACCCCAGATACCCCAG, coding 

for Gln-Arg-Pro-Gln-Ile-Pro-Gln). Comparison between the two sequences shows a 

high conservation of the main phosphorylation motif in the N-terminal region (Ser-Xxx- 

Glu-Ser-Xxx-Glu-Ser) that is highly conserved in ali known sequences (Pnce et ai, 

1994; Simes et ai, 2003; Laizé et ai, 2005). Also the Ala-Asn-Xxx-Phe motif and the 

three putative Gla residues are located within the region containing the two cysteines 

responsible for the disulphyde bridge (Gla-Xxx-Xxx-Xxx-Gla-Xxx-Cys-Gla-Xxx-Xxx- 

Xxx-Xxx-Cys) that is a motif highly conserved among other known mgp sequences 

(Cancela et ai, 2001; Pinto et ai, 2003; Simes et al, 2003, Laizé et al, 2005). We have 

also found a C-terminal extension in both fish sequences when compared with 

mammalian Mgps (Price et al, 1994), which is longer in the Senegal sole than in 

zebrafish Mgp. The two cysteine residues involved in the formation ol the disulfide 

bridge are conserved in ali known Bgps and Mgps. 

D7- Expression of bgp and mgp during skeletal development. 

As observed for other species like mouse (Desbois et al, 1994a) and seabream 

(Pinto et al, 2001) the accumulation of Bgp protein in zebrafish is detected soon after 
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the appearance of the first calcified structures. Although Bgp accumulation was clearly 

observed at 8 dpf in the otolyths, cleithrum and pharyngeal teeth, some was detectable 

at 96 hpf in the mineralized pharyngeal teeth. Thus Bgp is detected here within around a 

day of the onset of mineralisation although we note that Huysseune et al. (1998) and 

Van der heyden et al. (2000) report mineralisation slightly earlier than this, probably 

due to the methodology used by these authors, aiming to detect even the primordial cell 

condensations that lead to the formation of the structures. 

The presence of Danio rerio bgp mRNA is first observed at 5 dpf by in situ 

hybridization in the pharyngeal teeth of the fifth ceratobranchial arch and in the 

cleithrum, consistent with RT-PCR amplification of Danio rerio bgp at this age and 

with these structures being the first to become mineralized. In Solea senegalensis, bgp 

is observed much later, at 15 dpf, and at a more advanced stage of skeletal development, 

when calcified structures are prominent in both the head and axial skeleton. At this age, 

sole were already mineralizing the vertebral column (Gavaia et al., 2002) and there is 

extensive calcification in the head region. We suggest that in this slower growing 

species, bgp expression appears to initiate later than in the faster growing zebrafish. 

This is consistent with results obtained by others for Sparus aurata (Pinto et al, 2001), 

where presence of mRNA is only detected at relatively late stages (39 dpf). bgp 

expression in Danio rerio is restricted to cells of mineralized structures or stuctures 

undergoing calcification like the cartilages undergoing endochondral calcification, in 

agreement with results obtained for other fish species (Pinto et al, 2001; Simes et al, 

2003). Expression of bgp was mainly observed in hypertrophic chondrocytes during the 

early skeletogenesis events, when the cartilaginous structures are starting to present 

deposits of mineral (as observed by histological staining) and becoming calcified 

cartilages or bonés. Although Bgp has been widely accepted as a bone marker and 

referred to as expressed mainly in osteoblastic and odontoblastic cells (Price, 1990, 

Papagerakis et al, 2002), some references describe the presence of Bgp in cultures of 

hypertrophic chondrocytes from chicken (Neugebauer et al, 1995) and from mouse 

(Strauss et al, 1990). The observation of bgp gene expression in chondrocytes at a stage 

when cartilage calcification is occurring is in agreement with those observations and 

may reflect the fact that during cartilage calcification a number of structures calcify 

before osteoblasts have been observed. Bgp is thought to be required for the correct 

formation of hydroxyapatite crystals in the mineralizing matrix of developing skeletal 

structures, as previously described in mouse (Boskey et al, 1998), a function that is 
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consistent with the data obtained from fish and which suggesting evolutionary 

conservation of gene function. 

D8-Relationship between expression of bgp and mgp mRNAs and the onset of 

metamorphosis 

The analysis of mRNA transcripts for bgp and mgp by quantitative real time 

PCR revealed expression of both transcripts in ali developmental stages investigated, 

but with different patterns for the two species. bgp transcripts showed a tendency to 

increase in both species with a peak for D. rerio at 120 hpf, corresponding to the 

periods when calcification of cranial bonés and initial formation of axial skeleton 

elements take place. The pattern of mgp leveis closely matches that of bgp in zebrafish. 

In contrast, in S. senegalensis the leveis of mgp are proportionately much lower until the 

beginning of metamorphosis at 14 dpf In ■S'. senegalensis a dramatic increase of bgp and 

mgp expression is observed at 14-16 dpf when metamorphosis is iniliated, coincident 

with the time of dramatic rotation of the skeletal structures to the ocular (right) side. 

This increase may be related both to the high number of structures that form de novo 

and calcify during the metamorphosis and to the corresponding need for rearrangement 

of pre-existing structures, which must rotate and change morphology. 

D9- Sites of Mgp accumulation in fish versus mammals 

Our results show that Mgp in zebrafish and Senegal sole is accumulating mainly 

in sites where a calcified matrix is present, either bone or calcified cartilage, in contrast 

to the observations in A. regius where Mgp accumulates in cartilage matrix and in 

chondrocytes (Simes et ai, 2003). The results obtained for zebrafish are thus more in 

agreement to those found in mammals, where Mgp protein was found to accumulate 

only in the extracellular matrix of bone, cartilage and tooth cementum (Price et ai, 

1983; Hashimoto et ai, 2001), despite the fact that mgp mRNA was present in cartilage 

and various soft tissues as described in rats particularly in heart, kidney, and arterial 

vessel wall (Fraser and Price, 1988). 

Previous studies carried out in mammals reported that Bgp appears to be absent 

during early stages of osteoblast maturation, being undetectable in undifferentiated or 

recently differentiated osteoblasts near the growth plate but clearly detectable in mature 
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osteoblasts (Mark et ai, 1988; Ikeda et ai, 1992; Liu et ai, 1994). Likewise, studies of 

the accumulation of Bgp protein in osteoblastic cells by immunolabeling could only 

detect this protein in cuboidal cells with a clear osteoblastic phenotype (Liu et ai, 

1994). The relationship between Bgp and mineralization remains unclear even within 

the same species, since some authors detect Bgp prior to mineralization (Bronckers et 

ai, 1987; Gerstenfield et al, 1987; Mark et al, 1988; Liu et al, 1994) and others at the 

onset or after the beginning of mineralization (Groot et al, 1986; Boivin et al, 1990; 

Owen et al., 1990, 1991; Pockwinse et al, 1992, Pinto et al, 2001). This discrepancy 

remains to be explained and is likely to be linked to the still unclear function played by 

Bgp during bone formation and/or mineralization. For the zebrafish and for Senegal sole 

Bgp was detected after the onset of mineralization in ali the structures analyzed as 

summarized in Table Dl and D2. 

DIO- Effects of vitamin A treatment on bgp and mgp expression 

We have submitted fish to treatments with vitamin A in the form of retinol 

palmitate in a protocol adapted from the one used by Dedi et al (1998) in which retinol 

is added to artemia nauplii enrichment media resulting in high leveis of retinoic acid in 

the nauplii has determined by HPLC (Dedi et al, 1995, 1998). The analysis of total 

RNA isolate from Senegal sole treated with this retinoic acid rich artemia did not reveal 

any effect over the expression of bgp or mgp either at different times after the 

beginning of the treatment or in specimens treated with different concentrations of 

vitamin A for a longer period. It would be expected to observe an effect over the 

expression of these proteins since it has been reported that retinoic acid can regulate the 

expression of mgp both in vitro and in vivo (Cancela et al, 1992, 1993; Kierfel et al, 

1997). The stimulating action of retinoic acid over the expression of human bgp is 

mediated by its ligand (RAR). In this promoter, RAR binds within the same responsive 

element (VDRE) as the vitamin D receptor, that also stimulates bgp expression, and as 

the receptors for c-Jun and c-Fos, that repress retinoic acid and vitamin D induced bgp 

expression. The fact that the VDRE mediates the regulation by these different receptors 

was designated as cross-coupling (Schiile et al, 1990). In humans the information 

conceming the effects of retinoic acid over mgp expression are divergent since there are 

reports of a strong up-regulation of mgp in cultures of osteoblasts, articular cartilage 

chondrocytes, and fibroblasts treated with retinoic acid (Cancela and Price, 1992) and 
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on the other hand another work reports a down-regulation of mgp gene expression in 

different rat and human cell lines by interacting with the endogenous retinoid receptors: 

retinoic acid receptor (RAR) and retinoid X receptor (RXR) (Kierfel et ai, 1997). Co- 

transfection experiments in xenopus A6 cells made by Conceição (2002), using xenopus 

MGP promoter constructs in combination with expression vectors with mammalian 

RAR and other steroid hormone receptors failed to influence the expression of a Luc 

repórter gene. The expression leveis of bgp have also been reported to be up-regulated 

by retinoic acid in human osteoblastic cells (Cancela and Price, 1992) and at the protein 

levei (Evans et ai, 1988), in rat osteoblast like ROS cells treatment with 9-cis retinoic 

acid inhibits bgp expression. The modulatory effect of retinoic acid over vitamin D- 

induced bgp expression is exerted trough the formation of heterodimers between RXR 

and VDR (MacDonald et al, 1963). The retinoic acid and retinoid X receptors have 

been cloned in zebrafish and are known to respond differently to different forms of 

retinoic acid (Jones et al, 1995). The effects of retinoic acid have been studied in 

Japanese flounder, and shown that retinoic acid action is mediated through specific 

receptors localized in the nucleus of the target cells (Suzuki et al, 2003) and have been 

shown to affect patched and collagen gene expression. In order to further elucidate the 

effects of retinoic acid on expression of bgp and mgp in fish we are going to take 

advantage of the osteblast like and chondroblast like cell lines recently developed 

(Pombinho et al, 2004). 

Dl 1-Effects of vitamin A treatment on skeletal development 

The oral administration of vitamin A resulted in a higher number of fish 

observed with skeletal deformations. These vitamin A treated fish presented some 

individuais with very severe skeletal deformations affecting the vertebral column and 

caudal fin complex. The fact that these structures were the most affected is probably due 

to the fact that by the time the treatment started these structures where not 

differentiating and so ali the processes could be affected by retinoid signaling. Although 

in the head some skeletal structures were already developing, either with cartilaginous 

or bony nature, these were not affected so markedly by the treatment. Vitamin A 

supplementation in the diet have been reported to cause high leveis of deformities in the 

Japanese flounder (Paralichthys olivaceus) vertebral column and caudal fin complex 

with an increasing number of deformities correlating with increasing dietary leveis of 
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vitamin A palmitate administrated during metamorphosis (Dedi et ai, 1995; 1998; 

Takeuchi et ai, 1995). There are several reports of embryological deformities induced 

in fish after exposure of the eggs to high leveis of vitamin A. Teratogenic effects of all- 

trans retinoic acid were observed in zebrafish early development causing oedema in the 

heart and malformations in the eyes, the brain, jaw, gill, fins and tail (Herrmann, 1995; 

Ellies et al, 1997). The experimental induction of deformities by exposure of Japanese 

flounder to retinoic acid resulted in a shift of the growth direction of the pharyngeal 

cartilages posteriorly, and caused jaw deformities such as fusion of cartilage 

components in the mandibular and hyoid arches and absence of MeckeTs cartilage 

(Suzuki et al, 2000). Estevez & Kanazawa (1995) reported also the occurrence of 

skeletal deformities on turbot associated to hipervitaminosis A, although these high 

leveis add a positive effect over pigmentation. Haga et al (2002; 2004) also observed 

that a diet containing high leveis of vitamin A caused hypermelanosis on the Japanese 

flounder. It seems probable that several of the deformities observed in the aquaculture 

industry may be linked to an embryonic vitamin A imbalance. The fact that incomplete 

formation of bony tissue in the craniofacial region is a characteristic trait of vitamin A 

teratogenicity in both fish and mammals (Ellies et al, 1997; Suzuki et al, 2000; 

0rnsrud et al, 2004) and the fact that the teratogenic effects observed are also related to 

the altered expression of genes such as dlx that causes mal formation of craniofacial 

cartilages (Ellies et al, 1997). Vitamin A controls a number of other genes involved in 

patteming of the skeleton such as sonic hedgehog {shh) required for growth and 

differentiation of cartilage precursor cells (Helms et al, 1997) and found in the zone oí 

polarizing activity of developing zebrafish fin buds (Akimenko and Ekker, 1995), 

Indian hedgehog (Jhh) which is involved in the regulation of proliferation and 

differentiation of chondrocytes and has a role in endochondral bone formation (St- 

Jaques et al, 1999) and Hox genes that control the segmentation of pharyngeal arches 

and their regional identities (Kontges and Lumsden, 1996). Affecting the RAR signaling 

pathways that regulate both condrocyte and osteoblast activity are therefore responsible 

for the development of deformities. Haga et al (2003) used specific vitamin A agonists 

that increased RAR expression and decreased the hedgehog receptor patched {ptc), 

being responsible for the development of jaw deformities in Japanese flounder. 
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D12-Effects of warfarin in fish vascular calcification 

We have submitted fish to treatments with the vitamin K-antagonist sodium- 

warfarin that prevenis the gamma-glutamyl carboxylation essential for calcium binding 

properties of Bgp and Mgp. Two different sets of experiments were undertaken in order 

to access the effects of warfarin on the calcium binding function and expression of Gla 

proteins. Warfarin was delivered either by immersion or by injection. 

The analysis of the vascular system from zebrafish and toadfish submitted to 

warfarin treatment revealed that an abnormal accumulation of calcium was formed in 

the aortic bulbus and the ventral aorta. Abnormal calcification however was not 

observed in the cartilages or other skeletal elements. The absence oí an effect of 

warfarin treatment on bone growth is in agreement with previous studies, which showed 

that warfarin only causes growth plate fusion in rats older than four months (Price et ai, 

1982). The analysis of RNA purifíed from warfarin treated fish revealed no diíteiences 

on expression of both bgp and mgp. No effects were observed for any of the 

concentrations or treatment duration. These results were not expected since it has been 

previously observed that in rats treated for four weeks with warfarin + vitamin k, the 

leveis oímgp mRNA expression are significantly increased in the aorta when compared 

to vitamin K treated rats (Price et ai, 1998). It has also been observed that in cultured 

cells mgp expression is also increased as a result of treatment with warfarin (Marques et 

ai, unpublished). The reasons for the discrepancy between these results and our data 

remain to be investigated. 

The presented data suggests that the mechanisms leading to vasculai 

calcification in fish are under the control of Gla proteins, since treatment with sodium 

warfarin caused calcification of the aortic bulbus, probably due to loss of Mgp function 

by the fact that it is not carboxylated. Our results in what concerns vascular calcification 

come in agreement to what has previously been observed in the vascular system of rats 

treated with warfarin (Price et ai, 1998, 2000) where this drug caused calcification of 

the elastic lamellae in the media in major arteries and in aortic heart valves of treated 

rats. The warfarin-induced vascular calcification observed in our fish models is similar 

to that present in the Mgp-deficient mouse (Lou et ai, 1997) suggesting that warfarin 

induces arterial calcification in fish also by inhibiting y-carboxylation of Mgp necessary 

for its calcium binding activity and thereby inactivating the putative calcification- 

inhibitory function of this protein. Spronk et al. (2001) showed that Mgp accumulates 
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strongly in the border regions of rat and human calcified arterial vessels, probably in an 

attempt to counteract calcium deposition. Besides affecting vascular calcification it has 

been shown that treatment of rats with warfarin results in excessive mineralization of 

bone and cartilage (Otawara and Price, 1986). 

The previous studies with generation of MGP-deficient mice (Luo et ai, 1997) 

and warfarin-treated rats (Price et ai, 1998, 2000) provided strong evidence that, in 

vivo, Mgp functions as a calcification inhibitor. To support this comes the fact that 

calcification of arteries is very extensive in animais that either do not express MGP or 

have uncarboxylated Mgp. This argues strongly against the hypothesis that there is 

some other equivalently active inhibitor of calcification in vascular tissue and that Mgp 

has a mere backup function in preventing arterial calcification, seeming more likely that 

Mgp is central to the process by which the calcification of arteries is normally inhibited 

in vivo (Price et al., 1998). An additive effect to the inactivation of Mgp was obtained 

by inactivating the genes for both Mgp and osteopontin (Speer et ai, 2002), revealing 

an increase of up to three times in vascular mineralization after 4 weeks, compared to 

Mgp mice, and resulting in a more premature dead of the mice. These results suggest 

an altemative mechanism for controlling vascular calcification involving osteopontin 

(Speer et al, 2002) although it does not seem to play a criticai role since lack of 

osteopontin alone does not induce calcification in arteries. 

It has been proposed that vascular calcification is a passive process that occurs if 

no regulatory action by inhibitors of mineralization is exerted (Schinke and Karsenty, 

2000). Furthermore, the molecular mechanisms inducing extracellular matrix 

mineralization are the same regardless of whether they occur physiologically in bone, or 

pathologically in ectopic sites of calcification. In this manner it is necessary to elucidate 

why extracellular matrix mineralization occurs only in bone in order to better 

understand degenerativo conditions such as osteoarthritis (Murshed et al, 2005). Recent 

evidences showed that normal extracellular phosphate concentrations are required for 

bone mineralization and that lowering this concentration prevents mineralization. 

However due to the presence of pyrophosphate, an inhibitor of mineralization, 

extracellular matrix mineralization occurs only in bone because osteoblasts coexpress 

Type I collagen and Tnap, an enzyme that cleaves pyrophosphate. This strict 

coexpression in osteoblasts of these genes seems to be necessary and sufficient to 

induce bone mineralization (Murshed et al, 2005). This work also shows that ectopic 

expression of Tnap in collagen expressing cells is sufficient to induce pathological 
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mineralization, suggesting that in diseases where TNAP is reduced ectopical 

calcifications may occur. Tnap is also coexpressed with collagen al(X) collagen in 

hypertrophic chondrocytes of the growth plate cartilage (Takeda et ai, 2001) who do 

not calcify since hypertrophic chondrocytes also express Mgp that inhibits extracellular 

matrix mineralization (Luo et ai, 1997). This conftrms the theory previously suggested 

that calcification of arteries involves ectopic expression of genes usually expressed by 

osteoblasts (Schinke et ai, 1998). 

Taken together, the available data indicate that, given the overall high 

conservation of Gla protein function from f.sh to man. fish may represent valid model 

systems to study the role of these proteins in human diseases like Keutel syndrome, 

Mõnckeberg disease and artherosclerosis. 
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Tablc Dl - Summarized intormation on lhe development ot skeletal structures ofDanio rerio with times of cartilaginous appearance, 

mineralization and detection of mgp and bgp by in situ hybridization {mm) and immuno!ocalization(-—). Age is expressed in days post 
fertilization (dpf). 
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Table D2 Summarized information on the development of skdetal structures of Solea senegalemis with times of cartilaginous appearance, 
and bgP by insitu hybndization (-) and immunolocalization(....). Age ts expressed m days post 

fertilization (dpf). 
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Final considerations and future perspectives 

In order to better understand the events that occur during the skeletal 

development of teleost fishes and in particular the zebrafish and the Senegal sole, an 

improved skeletal staining method was developed in order to provide a more accurate 

method than conventional established methods to detect small changes in cartilaginous 

and calcified tissue formation, allowing the visualization of very small calcified 

structures during fish larval development.. This improved method was successfully used 

to study the development of skeletal structures in zebrafish and in Senegal sole larval 

and juvenile life stages. The formation of skeletal elements initiates in very early stages 

of differentiation, and newly hatched larvae already have present the otoliths, branchial 

arches, notochord and a calcified cleithrum. It was observed that zebrafish has a faster 

development than sole and most marine teleosts, acquiring calcified vertebral elements 

at 9 DPF and a fully formed and calcified skeleton in juvenile individuais with one 

month. In the Senegal sole the development of vertebral elements occurs later compared 

to zebrafish and in parallel with the process of metamorphosis and by the time the fish 

acquires a benthic life style ali the vertebral elements and the fins are present although 

not completely formed yet. From the analysis of Senegal sole skeleton we have 

observed a high number of deformities affecting in particular the vertebral column and 

the caudal fin complex that can reílect problems not yet identified in the rearing 

conditions presently used for this species. The histological method of diagnostic we 

have optimized for small fish larvae should prove to be very useful to monitor the 

results of nutritional/rearing studies on the development of malformations in an effort to 

identify the causes. 

We have cloned for the first time the full length cDNAs for bgp and mgp from 

zebrafish and Senegal sole, obtaining sequences with features highly conserved with 

other known Bgps and Mgps, suggesting that there is a conservation of function along 

the evolution of vertebrates. 

I this study we made a comprehensive analysis of gene expression and protein 

accumulation for these two mineralization-related proteins during development of the 

skeleton of two fish species with different ecologies. The expression and accumulation 

pattems observed are in general agreement with the previously observed for mammalian 

species. Interestingly, Mgp accumulation pattems are contrasting with the observed for 

other marine fishes since we observed that in Senegal sole and zebrafish Mgp 
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accumulates either in bone or in calcified cartilage, in contrast with A. regius where 

Mgp accumulates in cartilage matrix and in chondrocytes. 

To better understand the function of Gla proteins we undertook some 

experiments using warfarin to prevent gamma-carboxylation and to render MGP and 

BGP non functional. We were able to induce pathological vascular calcification in 

warfarin treated individuais from marine and freshwater fish, obtaining results similar to 

those observed in rat. Our data, together with ali available information in mammals and 

fish provides further evidences that the role of Mgp in preventing vascular calcification 

is maintained from fish to mammals. 

To further investigate the function of Bgp and Mgp in fish requires the use of 

reverse genetics techniques such as gene knockout or antisense technologies using, for 

example, morpholino oligos. We plan to continue this work by using those technologies 

and for some of them we have already obtained preliminary data. 

Further investigation is also required in order to understand the effects of 

liposoluble vitamins over the expression of Bgp and Mgp in fish. The development of 

additional, homologous, in vitro cell systems should prove to be very useful to initiate 

these studies. A cell line derived from sole is already available and studies are being 

undertaken to develop cell lines derived from zebra fish bone. 
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Annex I 

Annex I 

Stock solutions 

Solutions for dctection of acid phosphatase activity 

Pararosanilin-HCL Stock 

• Pararosanilin Ig (Sigma P3750), Cl 42500) 

• Distilled water 20inl 

• HC1 Cone 5ml 

The pararosanilin was dissolved in distilled water and the hydrochloric acid added 

slowly. The solution was heated gently, cooled, filtered and stored in aliquots in a 

refrigerator. 

Sodium Nitrite 

• Sodium nitrite 2g 

• Distilled water 50ml 

Th is solution was prepared and immediately separated into 0.4ml aliquots and 

stored at -30oC. 

Veronal-Acetate Buffer Stock 

• Sodium Acetate (3H20) 3.88g 

• Sodium Barbitone 5.88g 

• Distilled water 200ml 

Naphthol ASBI Phosphate Stock 

• Naphthol ASBI Phosphate 50mg 

• Dimethyl formam ide 5 ml 

Th is solution is separated into 0.5ml aliquots and stored at -30oC. 

Incubatíng solution 

• Pararosanilin - HCL 0.4inl 

• Sodium nitrite (40mg/ml) 0.4ml 

ii 
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The pararosanilin was added drop by drop to the thawed sodium nitrite, shaking 

well after each addition until the solution became corn-colored. Afler prepared this 

solution was kept in ice. 

• Naphthol ASBI phosphate 0.5ml 

• Veronal Acetate Buffer Stock 2.5ml 

• Distilled water 6.5ml 

These were well mixed together and then the pararosanilin/sodium nitrite solution was 

added. After adjusting the pH to 4.7-5.0, the solution was fíltered and used immediately. 

Solutions for detection of alkaline phosphatase activity 

Incubating Médium 

• Naphtol AS-MX phosphate, di-sodium salt (Sigma) - 5 mg 

• N,N - dimethylformamide - 0.25 ml 

• Fast Blue BB (Sigma) - 30 mg 

• Distilled Water - 25 ml 

• 0.2M Tris (pH 8.9) - 25 ml 

• 10% Magnesium Sulfate Solution. - 2 drops 

The solution was prepared freshly and fíltered before use. 

Nuclear Fast Red 

• To 0.2 gm of Nuclear Fast Red it was added 200 ml of boiling 0.5% aluminum 

sulfate solution and kept boiling for 5-10 minutes 

• The solution was allowed to cool and fíltered before use. 

Solutions for vvhole mount double staining ot the skeleton 

Ethanol solutions: 

• 100%; 96%; 90%; 70%; 50%; 30%; 15%, with distilled water. 

• 50 ml of 100% ethanol to which is added 50pl of 1 % KOH 

m 
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Potassium hydroxide (KOH) 

• 5 g KOH 

• 100 ml distilled water. 

Caution: The solution reaction is exothermic. 

Alizarin red stock solution 

• 100 mg Alizarin red S (Sigma C.I. 58005) 

• Dissolve in 100 ml of 1% KOH. 

The stock solution was stirred lo dissolve and paper filtered prior lo use or storage. 

Alcian blue 8GX solution 

• 10 mg Alcian blue 8GX (Sigma. C.I. 74240) 

• 70 ml Absolute ethanol 

• 30 ml glacial acetic acid. 

The solution (final pH < 1.0) was filtered before use or storage. The dye must be 

discarded when lhe pH > 2.5. The solution can be stored for a maximum of 3 months at 

40C. 

Preparation of slides for histology and in situ hybridization 

TESPA coating 

• Wash slides O/N in a 70% ethanol / 10% HCL if they are not clean. 

• 2 h in several changes of distilled water 

• Fast immersion in absolute ethanol 

• 30 s in a solution of 2% TESPA (3-aminopropyltriethoxysilane, Sigma) in acetone 

• 2 fast immersions in acetone 

• Wash briefly in distilled water 

Dry at 370C and store in slide boxes at 40C. 

Poly-L-lysine coating 

• Wash slides O/N in a 70% ethanol / 10% HCL if they are not clean. 

• 2 h in several changes of distilled water 

• Immerse the slides in a 0.1 % poly-L-lysine solution in sterile water for 15 min. 

• Wash twice in absolute ethanol and 

Dry at 370C and store in slide boxes. 

iv 



Annex I 

Electrophoresis of DNA and RNA 

Solutions 

50X TAE (per liter) 

• 175 g NaCl 

• 57.1 ml glacial acetic acid 

• 100 ml 0.5 M EDTA (pH 8.0) 

10X MOPS (per liter) 

• 41.6 g MOPS (3-[N-Morpholino] propanesulphonic acid) 

• 4.1 g Na acetate anhydrous 

• 12.5 ml 0.4 M EDTA (pH 8.0) 

• Bring volume to 900 ml and adjust pH to 7.0 with NaOH. Adjust volume to 1 liter 

and filter by 0.22 pm fdter. Store protected from light. 

2% agarose gel preparation (100 ml) 

• Prepare a gel adding by the appropriate amount of agarose to 100 ml of Ix TAE 

buffer to have a final concentration of 1-2% as desired. 

• Heat on a microwaves until completely dissolved 

• Cool under moderate agitation 

• Add ethidium bromide immediately before pouring 

• Load DNA samples with 10% 6x loading dye and run in Ix TAE at 60-100 volts to 

fractionate the DNA. 

Southern blot protocol 

Solutions 

Denaturing Solution 

• 1.5 M NaCl 

• 0.5 M NaOH 

Neutralizing Solution 

• 1.5 M NaCl 
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• 1.0 MTris base 

• pH to 8.0 with HC1 (cone.) 

20X SSC 

• 3.0 M NaCl 

• 0.5 M Na Citrate 

• Adjust pH to 7.2. 

Buffers and stock solutions 

DEPC treated water (RNase free water) 

• Add 1 ml DEPC (dy-ethil pirocarbonate) to 999 ml ddECO 

• Stir over night until ali DEPC is dissolvcd 

• Autoclave to neutralize the DEPC. 

TE (pH 8.0) 

• 0.1 M Tris 

• 1 mM EDTA 

lOx PBS (pH 7.4) 

• 1.5MNaCl 

• 3M KC1 

• 40 mM Na2HP04.12H2O 

• 20 mM KH2PO4 

• Dissolve in 950 ml ddtDO, adjust pH to7.4 and complete volume to 1 liter. 

• Autoclave. 

4% paraformaldehyde (PFA), pH 7.4 

• Weigh 40 g paraformaldehyde inlo a sterile bottle 

• Add 900 ml sterile water and stir on a heated plate until the solution clear 

• Allow the solution to cool and add 100 ml of 1 Ox PBS 

• Store at 40C, protected from light. 
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Detection of Mineralized Structures 

in Early Stages of Development of 

Marine Teleostei Using a Modified Alcian 

Blue-Alizarin Red Double Staining Technique 

for Bone and Cartilage 
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'Center tor Marina Sciences. ('CA-Ur. Univvrsít\ oí c Ctwnpos ih Gamhffus fHHii! HUf faro. PiwTugaí. 

.md ■ínstitute ot Marine Sciences o) Anddludu. i>p<uvsh Lounc/I tor St tenh/íi itewrch. i >!<' 
Pol. Rio S.íti Pedro .v^n Affdo. Oiicúil. f fíJO Pocrit» Rv<tl -'í 

ABSTRACT. Wc have devclopcd a pro- 
cedure for staining cartilage and bone 
in tish larvae as small as 2 mm (noto- 
chord length), for which standard alcian 
blne/alizarin red proccdurcs did not 
give positive and/or consistcnt rcsults. 
Small calcified structures only 100-200 
pm in length can be clcarly visualizcd. 
The method is suitable for both onto- 
genlc studies during early stages of 
skeletai development in most marine 
flshes (e.g., Sparus a ura ta L., fitolea 
sene^aíensis Kaap), whose larvae at 
halching are often only a few millime- 
ters long and for detectlog skeletai 
abnormalitles in small larvae. This pro- 
cedure can also be used for specimens 
that have beea preserve d lo 100% 
ethanoL for up lo two years. 

i rr-i-i .-i i- .i » .i:l:i-i--I ! i >•' . n t > < I Hf. l.i Ch.IJ.. AíiC"- 
ciMir IVtiWiw * Mciki iiUi BkiI v,y Hinhi hiKik^v, COWHf lOT Mlltnc 
M . n-r-, . iiuimsiIv .. AJjiíc.i' l.CTRA C.MI | Uk tlr : .ilii».l.r. i 
BOOSSta PoimjÂ TM UIJ0LflOOO7t KkK litJBO.fllBJSJ. E- 
nwil l .i*-1 .ih. | • 

IIII.IK .-i HISTOÍ -IFMrSTRV r, ..ir.. ciW N '/.ikin- Ir.;. 
1111;.1 Viilufin- 75, Mjnbtí 2 

Kcy words: alcian bluet alizarin red. 
bone, cartilage. Diplodus sp., ílaloba- 
trachus didactilus, larvae, skeleton. 
Solea senegalensis. Sparus aurafa 

Trt hniqucs using alc ian blut- lu siaiu 
carlilagc and alizarin red to slaín bone 

have hern dewrihed bv severa] aulhors for 
many pnqioses and speeies (e.g.. Inouye 
U)7Ç. Wasscrsng 1Õ76. Dingerkus and 
Uhler 1977, Kimniel and Irarnel 1081. 
Taylor and Van Dykt- 1 f )8-5, Franclllon and 
Mcnnicr 1985. Parenti 1986. Klynikowskv 
and llanken 1991. Webb and Ih,-rd 1994. 
Song and Parenti 1995). This irehnique 
has been nscd for marine fish larvae bolii 
io stndy skekTal developrnenl and lo 
deteet skeletai abnormaMties in red sra- 
breani Pagnís major IMatsuoka 19851. 
seabass Direnirarcbu-s iaJjra-v (Daonlas ei 
al. 1991. Bogllne et ai. 1993. Marino d al. 
1993J and m gilthcad seabream Sparus 
awata (Koumonndouros ct al 1997, Pau- 
sdno and Power 1998). Becausc mosl ma- 
rine teleostei laivae at halching and 
during early developmenla] stages are only 
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a fcw millimctcrs long, with skcleta] stinc- 
turcs in thc mlcron raiige, one of lhe prob- 
Irms cncountered with thls technlque Is 
thc loss of calclíied material and subse- 
quent abscnce of stalnlng with allzarin 
rcd. Thls Is due to prior cartllage stalning 
In acldlc solutlon. whlch causes rapid 
demlnerallzallou of small structures um 
dergolng calclíication. 

AÍclan blue at low pH (0.5 1.0) lias a 
hlgh afflnity for sulfated mucopolysaccha- 
rides, whlch are major components of car- 
tllage. thereby pennanently stalning ihrse 
slruclures. Al highcr pH (5r 2.5], hcnvcvcr. 
ãlcian blue looses Us sprrifkrlty for sulfated 
mucopõlysact:haneles. Ou llie olher hand, 
alL/.arin red binds caleiurn and stains bonc 
and olher calciftcd structures in alkalinc 
media (Ptíarse 1985, Kiernan 1990), 

We deseribe herc severaI improvemcnts to 
previously dcscribcd teehniqucs. and these 
werr use d to double stain cartllage and 
hone In larvar and juvenilcs of marine 
leleost lishes sueh as sole (Soíen se/repafen- 
sis), giithead seabream (Sparus aurafa]. 
white seabream (Dfpíodus sp.) and toadfish 
(Hatobaírnchus didactyíus. Schneider) and 
lo detcet mincrallzatlon In 2.6 mm recently 
hatchcd lar\rae, 

MATERIALS AND METHODS 

For thls study. we used larvae and juve- 
nlles of marine teleost fish currently used 
In our Center for Marine Sciences íncluding 
soíp {Solea senegalcnsls]. glltlread seu 
breain (Sparus auraía). whlte seabream 
(D/píodns sp.) and toadfish (/iatobaírochus 
dldactyíus). Specimen sízes ranged from 
2.6 mm for larvae of S. amata and S. serie- 
galcnsls to 78 mm for juveniles. Ali 
reagents were purchased from Sigma 
Chemical Co. Madrid. Spain. 

Stock Solutions 

Ftcaiwe. 4% fonnalin buffered lo pH 
7.2 7.4 with 0.1 M phosphate bufler. 

TBST. 50 mM Tris, pH 7.4; 150 mM 
NaCI: 0.1% (v/v) Triton X-100. 

Aícian bÍLit? 8GX soiutiorL 10 mg Alcian 
blue 8GX (C. I. 74240). 70 ml absofrte 

Biolechnic & Histochem str. 

ethanol. 30 ml glacial acetlc acid. The so 
lutíon (final pH ^ 1.0) was íiltered before 
use or storage. Tire stock stain was dis 
carded when ils pH reaclred 2.5 3.0. The 
solution can be stored for a maximum of 3 
months al 4 C. 

Alizarin red S solufiou. One grani of 
allzarin red S (C.l. 58005) in 100 ml 0.5% 
KOII. The stock solution was Íiltered 
ihrough paper prior lo use ol storage. 

Ethanal .sofufion.s. 1(K), 96. 90. 70, 50, 
30. and 15% with distilled water. 

KOH. 0.5 to 2.0% in distilled water. 
H,Or 30. 
0.5% KOH + Gíycerot. Increaslng glyc- 

crol baths 3:1. 1:1. 1:3. 

Poabfe Síaining Procedure 

Ffxatíon. Spcclmcns were anesthetlzed 
In 3-amlnobenzolc acid ethyl ester (MS 
222) (Sigma A5040). then lixe d in buffered 
formalln prepared as described above. The 
samples were kept Sn lhe dark for 1 2 hr 
at room temperature or overniglit ai 4 C 
when workíng with larvae from 2.5 to 5.0 
mm. When worklng with larger speci- 
mens. Lhe ILxalion time was exlended up 
to one week al room temperature to en- 
sure proper íixation. Adequate times musl 
be adjusted for each specimen. The con- 
tainer was gently shaken during íixation 
lo avoid a decrease in pH around thí- 
specimens. 

Washing. lar\rae were washed for 3-4 
min with TBST irnmediatrly aflcr íixation 
followcd by a 5 min wash in distilled 
water. This step was importanl for lhe 
elimination of residual tixalive and for dc- 
greasing lhe lissues. which allows im- 
proved dye penetration and clcaring. 

Preseniatian. Museum specimens can 
be preserved in 70-100*16 ethanol and pro- 
cesse d la ler for cartllage/bonc stalning, li 
d es i red. 

Cortilage staining. Specimens were 
Iransfcrred direetly from wash water to al- 
cian blue solution. When using museum 
specimens. larvae were hydratcd prior to 
staining ihrough a dccrcasing alcohol se- 
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ries (sr<- stock solulíuiis). Lan ar t hrn wei e 
staincd only longenougti for alrian blue to 
priuMratr tilo tl&SLies. In mir hands. larvar 
'A mm loní; staJttecl in 10 min wh lie larvar 
0 mm long requlred 20 min to Incorpora Lr 
lhe st ala adrcjnalrly. 

.V-eufrafízcifíO/t. Inimecliately alter slaiii- 
ing cartlla^r. spreimums v/i rr iriujsJrrrrd 
lor a íew minutrs lo an absolnte etbanol 
bath coritainiriL Ircslily adclrd ]' .i KOM 
lapproximaLrly 100 u l oi 1% KOH in 100 
ml ethanul) lo nriitralí/c reniciininií acidily 
Vvltllli i Li ir lissnrs, 

Mací-mfíon. Speclmens wrrr trans- 
íerred to an absolute eihanol bath, by- 
dratrd : lirnnyh a decreasiiiy alcohol 
srrii-s lo dislillcd water. tlirn placcd in a 
0.5-2.0:'d KOH bath imtil lissnrs si arreei 
in olear. A tew homs are usuaily requtred. 

/íone síainíncy. Speeiíurns were placed iu 
alizarin red stainLny solulion for 30 min. 
The stainln^ soiution was prepared b_v 
addin^. enonph Alizarin rerl stock solution 
lo 1% KOH to turn li deep pnrple (approx 
imatcly 1:50 dilution of ali/arln red sloek 
solution in 1% KOI I). 

Final cleaririy. Final clcarinj^ was 
achieved by ineubai inrí speclmens at room 
temperature and wilh illumlnatíon in a 
bath oi J% KOI 1 lo whicb we added a drop 
01 H202 ii tlir s])ecimen was strongly pig- 
jnrnted or opaqne. The quantlty of H,rO; 

nuist br very srnall lunder 0.1% of total 
clearíng solution) and speclmens should 
br removed iflntbbles start to íortr» aronnd 
thein nwing to oxldatlon of Lhe Lissnes. II 
larvar breome too soft. fuitlirr eleoring 
cati br donr in a 3:1 KOH:glyeero3 soln- 
liun. The rlcarlng tltne depends on the 
sizr, pigmentailon and typr of lissne and 
thrrefore must bc optlmizrd for ratTi case, 
If elearing time is proloriged. dissociation 
of lhe tissues can. occur. 

/TreserraNorj. The slained and cleared 
spreimens were moved ihrough a series 
of KOR-.glycerol baths Lo a final bath of 
absoluto glycerol. whrrr lhey were pre- 
served. As described for sloc k solullons. 
the time in each batlj drprrids on lhe time 
requlred lor glvoerol peneiration luto lhe 

saniple; normally the speeimens are 
rrady when they sirik- A frvv er\rstals ol 
phenol wrrr added tu prrvrnt mieroblal 
growrb. If speelmens are completely 
eira red before passéigr lo glyccrol. the 
KOH solution can be rejilaced wub dls 
liIIrd water. 

RESULTS AND DISCUSSiON 

The double siaining procedure prr 
senEed here has bren nscd lor samples of 
fish larvar LSpnro.s a ura ta. SoJea senf 
galensis. Dipkxius sp. Haloibatmchii-s di 
daclLflus] vrith good reprodiicibilily. lhe 
short íixation penod (1-2 in) was suffi- 
clent to prrservrc the samples witlioul no- 
tlcrable dissoeiatlon of Lhe Hp<4(nmen 
tis-surs dnring stalnlng and prrsen-ation. 
No differc-nces in the vlsuallZcition of ealel- 
lied stmrmres were obsenwd betwccn 
newly lixed and two year old mnsenm 
sfK-eimiMis that had been stored for two 
yrars in 100' i ethianol. indit-aling that no 
signibeam loss of siainable msnerallzed 
lissne occnrs wlten samples are preserved 
as described abovr for up to two year-- In 
onr hands structurrs slained wH.li alcian 
bine dtd not lo&e quality for up to three 
years alter pmcessirig. and ii has been re 
ported earlier that therr is no change in 
(bis stalning wítli lirnr iTaylor and Van 
Dyke 1985}. Ahzarin rrc\ stalnlng. Itow 
rver. has been rrporlrd (o fade ovei tinir 
ITaylor and Van Dyke 1085. Klvmkó-Asky 
and Hanken 1001). althouglt ii did nol 
occur in our âjxícimms even after threr 
years ol presrrvation alter stalnlng. tXevrr- 
theless. 11 fading oecurs. the specimnis 
can be brought back to KOH by revrrs- 
íng tire presrrvation procedure described 
above and rr-sl alncd. 

Figure 1 shows that our teclmiqur can 
reveal even slight amounts ofcartilagínons 
and ealcifiod tissues, as shown in lhe 2.5 
mm InolíKíhord IcngíhJ latvae whrrr lhe 
eak iíird cieUnim Is approximately 250 (im 
Jong [J'ig. la), and )n the funrrínc hypurals 
of a 5.5 min [standard lenglh) larva (Fig. 
Ib). Our ntrl hod Is also snilablr for study- 
sng sarletal devclopinenl siner il allows 
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Fi^j. 1. Sttici9 MV^Cj^clJc/KÍS li/VàC c)i ÍWO davt .iIU*i íi.itc Hiliv 12 (> mm OOtOCllOfVj Ujti^lhi with ■'<> visilíli* Cíirtil>18ÍnoU$ nr cal* 
«ili<«l --friii Mn-. crcffK for lhe it*^ pairei!, c .i t irirxl t Irifum. ^ppni\imaléK JWJ p-rn Ion.- n .i median posii on - - 
Kind lhe hcad :,i lhe laA>ae larrowt. loo * l>i l ir*.! r«iiftiiaginous hipurals appeafin^ io iht?»audUl rcRiuci uí an ld*day-old 
liri <■ affer h,it< hi jj, i M mm si.iinl.-rcl U*nv.lhí sf/xvj-iU-ov/* Icir\,ic .irrnvvs JlKl ■ i Ninr . tre* i<it< h nu. -J -> 

mm standard length) showlnj; lhe head «iructurc» undrrgoíng calcífícation 50 * Insei: <í«,».iil <>f bnmchial ai h*"*4 under- 
< ali. itu ation Tixii JCX) / . 

iht- drli-i lion ofsinall simcturcs mulei^o 
inj» miiu-nili/alion snch as lhe jau appara 
lus and branchial arrhrs ol a 9 tlay old 
sole larva (l iu. lc. mset). and In sntall lai 
vae und<Tiiciinii calcilicatlun svu h as lhe 
seabrt-arn larva in Flt»s, 2a and tlu- sole in 
I ii». 2b. In adflition. our (echnique has 
also proved nsclul tor carlv delm lion ol 
skHrial malíormatlons in ven vouini lar 
vac* IKiií. 3). 

lhe Ix^si rrsnlts lor eartilaiie slaininií 
urre ohlainrd ,it low pll. Tile spet ilirilv ol 
alcian liluc Inr snllated niiu opolvs;u « ha 
rules is grcatcsi near pll 1.0 while at jill 

lireakT lhan 2 0 lhe dve slains rnnstly 
Líronjis ol nuieopoh síh eheir ides/i:lvenj)ro- 

leins (Pearse I98bl. liy eonlrasl lo alcian 
bine meorporated imo sofl lissnes. hou- 
ever. vvhk h can be eliminaled. dve meorpo- 
rated Into caitilai»e nuieopolvs.iecharides 

cannol Im- washed om (Dim»eikns and Uh- 
ler 1977). 

Stanimií wlth alcian blue is the inosi 
crilical step in lliis tluuble slaininii 
technlquc bccause the aciditv ol the 
solntion can rapidlv deminerali/e 
sinaI! strnetures nmlcrtíoimí calrilira- 
tion. such as those observed in rc- 
centlv halched fish larvae where thcir 
ihlckncss mav be only a fevv mlcrons 
lhe stalnínLi lime in alcian bine is. 
thcrclore. a criticai paranirter bccause 
adcquale dve penetrai ion must be 
achíeved withoni sitrnihcani loss of 
mlncrall/ed sirut lures. Staining times 
ol 12-24 hr as projxiscd by Taylor and 
Van Dvkc (1985) led lo complete decai 
clílcalion in our sprcinicns. whereas 
10 15 min were suffirlcnt to staln 3 4 
mm larvae a<lr(pialcly. The stafnin^ 
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Fig. Ja. .ium/j i".fl oimstandard Ipn^thi nnilt -; 
calrificatirm <* lhe «kHetun. Niinefallzetl strudurw are* 
staincd rt-ri: i artilaginnus Mrutlurei, .ire Mamed blue J5 x 
Flj». 2b. Solea smtagahmis, 4!t days after hdtLhmg 18 2 mm 
standard Icnglh.» wiíh an .linkni turn^leieK formed «k« i 
»on Si uctures undergoing (.licifiLatiun are stainod red; 
cartilagmous aro «tiiincd Iiíim* 20 x. 

lime mu st bc adjusird for eai h case by 
cuatinuous obsenratl«n «f ilie specl 
mens durlng alrian bine staininu. 
laking carc not lo allow lhe speelmens 
lo drv. Furthermore, larvae dehvdraled 
in 100' > ethanol prior lo Htalning willi 
alrian bine. or thnsr transfrrred lo ilie 
slaining sulutlon dlreclly from lhe fixa 

Fig, 1. Mmorm-i vr-rielir.i and (mui-sie- • • intív.rr 
li- if.il i ilumn <:■ Ni Jea mv.v vj/eriso 1 ^ Liv ilcr hat< hm»» 
'» B mm sfiinri.inl li^rvglbl 1CK> * 

live showed grealer nonspccllic stain- 
nig ihan lhose lhal remalned hydralrd. 

The use of a KOIlielhanol solutlon lo 
nentrall/e alrian blue ralher lhan KOII 
alonc (Taylor and Van Uvke 1985) or 100% 
ethanol alone (lianken and Wassersn^ 
1981) hrlps preveni fnrthei decalclllcallon 
by aeldlty remaining within lhe speclmcn 
withoni allnwinu. preripilalion of the dye. 11 
lhe nrulrall/alion is aeroinphshed uslng 
KOH alone. lhe sprrimens» inay show a 
large amount of nonsperiíir slaining be- 
cause alcian bine jma ipiíaies at pH 6 
and is retalned within lhe sample, rcsult 
ing in a more dltlknll and exlended cleai 
Ing process. On the olher liand. uslng 
10(>'>. ethanol vvashes n-moves lhe dye. 
bui dites not neutralize lhe samples. 

The akohol dehydration slep that fui 
lows tieuLralization hclps lix alrian blue to 
rartilage whíle disso King exress dye In 
snrrounding sofl tlsstirs, as snggesled b\ 
Hanken and Wassersug (1981). 

Clearing llie tissues and rlimlnalíon of 
alrian bine stained soít lissnes in lanae of 
ihe si/es desiTil>ed herr is better ac hieved 

j - ■ 
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with KOH solulíon ãlont-. Thr lp,-psjii 
Ircatmcnts describe-d by Dingrrkus and 
Uhlcr (1977). Uanken and Wasscrsug 
(19B1) and Taylor and Van Dy kc 11985) 
are not applicable lo snmll lar\rac becan&e 
thcy cause rapid disHociation and deyra 
datlon of tlie tissucs. I hcsc trealments re 
nudu suilãble. howcvcr, for lare.cr, more 
ditTlculL lo clear spccimcns for wl^lch tíiey 
originally vvere dcscrlhcd. 

Our Lechniquc has produced good re 
sulis íbr dctcciing both cartilage and boné 
iti Soífu seHrgaleRsis. Sparus awma. 
Dipkxius sp. and Halobalradms didacuj 
a is larvar and Juveniles. as smail as 2.6 
inrn (nolochord Icngtli): Lhus Lt is suiiablr 
for ontogcníc studles of the skrlrUm in 
very carly dcvelopraent slages (Figa. 1 and 
21 and lor t hr detectlon of skeleíal abnor- 
malilirs in small lai-vae (Fig. 3). 

ACKNOWLEDGMENTS 

This work was supported in pari hv Praxis 
Bia 460/94 and NATO SA.5.2/ CRG940- 
751 PJG was tlie reiàpienl oí a ícllowshlp 
(BTL/2987/96) frorn lhe Portnguese 
Foundation for Science and Tcchnolo^'. 
The authors thank Índigo- Inovações dlg 
Itals. Lda' forexpert assistanrr with image 
dlgltallzatlon. 

REFERENCES 
BngHnmi: c.. Marino, G.. Dejtolkli. n , Rossi. A . Fftr- 

rcrl. !•" and CaUsutlrlla. S. 1993. Larva! and 
pc-tlai vul muiiiUnintí m senbr-.ss: nu rpuijluclcal 
appiúucJi i-vnlu.iii' linlish sccd quallly. Pio- 
duoticm, Envirormirnl and Qunllty Bonic-aux 
Ai|'.uK-.iltin<- K.nrn-v.iii Aquaoullure Sotíety 
apccial ptibJU^iiion 18: 1-16 

Daouias. ch., EcocMUaou* N. A. aird Bantswaa, I. 
1991. Ctoteotoglical aEmonnalttles tn laboratory 
reai-etl san has-. inircrjfroeJTws Inbraxl ílnufi 

Aquamllurr 97: 169-180. 
DiiiVi-ikus. (1.. and fhlcr. L D. 1977. Eivy . U-u: 

inji iil nlcian hlvir slaJncd whiolc aniall vrtiv- 
bratea Itar demonstratlon of canilam. Snin 
Teclintd. 52: 229 232, 

Faustino, M. ttnd Poww. D M. 1996. Developmeni 
ai nsifiihíiiicnl sMmcuires ln thc aea bream; ver- 
tvhral columm and fin complcx. J. Fteh Htul. 52; 
1 1-22 

HkiVi hmc & I iidof.hrrnirr'. 

FianclJiun. lí. anrl Mctmlcr > J J9S5 Caioift\.i 
timi i I prr^í-ni-ilinn dcs pn.paiuLut.h- CO lo if Cs 
nn bl<".i nlcian et a I allwarlnc Cy niuru 9: 12 1 
126. 

Hank» n. J and Wassersug. K. 1981. A new dcnjlilc 
slain lerhnlque rcvcals lhe natuje ot lhe hard 
híwnrs Visible Skelcton 16: 22-44. 

Iranryc. M 1976. DliTcicntial hlainiini uí rarlilagp 
ar.d bonc In fetal mouse ^keleton hy ah inn bine 
ar»d allawrln rcd. S. Con^en. Aium.lR: 171 173 

Kiernan, J A 1990. Histoltt.iiatl A. líisrorheminní 
frfcíhodsr Theary anrí IV ar ficar 2iiil rd. Pcr^ainon 
press Oxford, pp. 170-197. 

Klmmel, C. A and rrammell. C. 1981. A rapld pro 
cedure for routine double ssudinne aí cnrtlln£H 
and bonc in feial .uai adull .ndmahv SlnJn Tech 
nol. 56: 271-273. 

Kfymkowaky, M. W. atui Itankrn, J, 1991 Whole 
mount slahiiriu; ul .Vcrcjprr. anr: olhei" verte 
brates. Metliods Celi bml. 36: 419 441, 

Konmoundouma. G.. Gagliardi. F.. Dlvanacl.. 
Boglione. C-. Caiandcii.i. S and Kcntourí. ML 
1997. Naimal and abnormal ostcoioglcal devcl- 
opmciii al caudal lin in Spams miraín L. fty. 
Aqua'. nliurt 149: 215 226. 

Míii juu. G.. Bu^lhjrw-, <? Derlollnl. U Rossi. A.. Fci - 
rerl. F. and Catiniddlã. S 1993. Obscrvailona 
au dcvi-Iopini ni anrl anomallca ln the appeudk 
ulat skch-im-i rd scaba&s. Olce.nrra.aõui-s iôbroxL 
175S. larvar and Jm^enlles. Aquacutl. Flâli. 
Manngr. 24 445-456 

Mariituv. 1., Alvaiiz. R.. Herrae/.. J. and Herraê/. P. 
1992. SkektBl malíormadon ín haicheiy reared 
Rfmo nerrz^ tadpeles Anal Koc. 233: 31 1 '120 

Malsiiiika. M. 1986 Ostcoioglcal dcvcjoptnfnt in lijt- 
red sen hrcam. Pn^rus ina.ku. Jpn. Ich.ilnul: 
32: 35 51 

Parenti, 1.. R , 986 TTie phylogcnrtle sigrnlienncr ol 
htmt (ypea in culhleoat fláhes. Zaol I.:\N. 
.soe. 67(1)"37-51. 

Pense. A. G. E. 1985. Hisfuf.hí-inús.Tp; Tticorettoxl 
and .\pp\ied Vo! 2. Arínii/íúta Vcr.hnolrjjjy 4lh 
ed ChurchUl-LtvlnRBLone. Edinburiili. pp 
441 1055. 

Song. J and Parenti. L lí. 1995. Clearing and ^taln 
Ing whole hsh spcciincns lòr slTriiillaTicn is 
demonstradon of boné. cartitege and nerves 
Copda l 114-118. 

Taylor. W. K. and Van Dy kc G. C. 1985 Roiscd 
proeedures for stiiining and clcaring sma 
ii&hcs and ochcj vci icbi.iics lor lione anc ■ arti 
lagc study. Cybium 9: 107 119. 

Wasscrsug. R. 1. 1979 ptOCSdUFC for dlíTcrcntlal 
slairunq a: cai Ulay.c and hcinr :r: wíiolc I Jimalln 
1'ixcd vertebrateã. Siain Tnchnol 5 131 134 

Webb. G. N. and Byrd. R. A. 1994. Simultaneous díf 
fcrerr.ial -lasi.ing ul carlilage .m l lione ra rodeni 
fctu&cs: an ah-inji bine and allzarln red S proce- 
durc wttboilt glaci.d ac ri jr acid Blotcchnlc íi 
Hlsloelnem. 69: 181 185. 



Aquaculture 

Aquaculture 211 (2002) 305-323 , 
www.clsevier.com/locate/aqua-online 

Osteological development and abnormalities 

of the vertebral column and caudal skeleton in 

larval and juvenile stages of hatchery-reared 

Senegal sole {Solea senegalensis) 

RJ. Gavaia, M.T. Dinis, M.L. Cancela* 

Cenlcrfor Marine Sciences—CCMAR. University of Algarve. Campus de Gambelas 8000-810. Faro. Portugal 

Reccived 26 July 2001; received in revised form 9 April 2002; acccpted 9 April 2002 

Abstract 

The Senegal sole is a species recently adapted to aquaculture tor which little intonnation on larval 
development is available. This sludy was designed to describe normal skeletal development and the 
occurrence of skeletal malformations in Senegal sole reared in captivity. Eggs were collected from 
natural spawning, incubated until hatching and larvae reared to the juvenile stage in a closed 
recirculating system. Samples were collected throughout development at regular mtervals from 
hatching to fully formed juveniles. Specimens were stained with alcian blue and alizann red and 
observed for skeletal development and detection of anomalies. A high number of malformations 
were detected, both in the caudal complex and lhe vertebral column. About 44% of the individuais 
observed showed at least one malformation and the highest occurrence of deformities was observed 
in the caudal region and in the vertebral column. Accordingly, 28% of the total deformities identified 
in this study were detected at those sites and in adjacent arches and spines. The causes were not 
identified in this study, but the high incidence of malformations may reflect culture problems due lo 
rearing and/or feeding conditions that affect skeletal development. 
© 2002 Elsevier Science B.V. AH rights reserved. 

Keywords: Solea senegalensis-, Larvae; Development; Skeleton; Deformities 

1. Introduction 

The Senegal sole is a marine species recently adapted to aquaculture with high 
commercial value in the south of Portugal and Spain and in the Mediterranean basin. 
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Despite the interest in this species, only few studies have been reported on larval 
development and skeletal calcification (Dinis, 1986, 1992; Ribeiro ct al.. 1999; 
Gavaia cl al., 20()0a,b). There is no description of the normal skeletal morphology 
in the adult fish nor on the onset of these structures during Senegal sole develop- 
ment. 

The quality of aquaculture-produced fish depends on organoleptic and morphological 
characteristics that are directly related to the quality of the fry and its diet (Dinis and 
Soares, 1993). In aquaculture, skeletal abnormalities are a serious economical problem, as 
they icduce the market value of produced fish by affecting their morphology and survival 
(Koumoundouros et al.. 1997a). Since manual sorting is required to discard deformed 
individuais, there is also a negative effect on growth and conversion rates as well as in 
susceptibility to disease (Koumoundouros cl al.. 1997b; Boglione ct al., 2001). High 
frequencies of deformities, often associated with reduced growth and viability, have been 
reported in hatchery-produced fish (Hilomen-Garcia, 1997; Kitajima et al.. 1994) and may 
be caused by either genetic (Bengtsson et al., 1998) or externai factors. The most probable 
causes seem to be the existence of unfavorable abiotic conditions (Polo cl al., 1991; 
Pavlov. 1997; Pavlov and Moksness, 1997; Faustino and Power. 1999) but nutritional 
deficiencies (Estevez and Kanazawa, 1995; Takcuchi ct al.. 1995; Dcdi ct al., 1998), 
environmental factors (Boglione et al., 1993; Lindesjoo et al.. 1994; Divanach ct al.. 1997; 
Haaparanta et al.. 1997) and rearing conditions (Koumoundouros et al.. 2001), have also 
been reported to play a role in this process. Previous studies suggest that malformations are 
induced in early stages during the embryonic and larval periods of life, although the causes 
and mechanisms responsible are not well understood (Daoulas ct al.. 1991; Koumoun- 
douros ct al., 1997a). 

Several studies on skeletal defonnities have been reported for larvae and juvenile 
European sea bass (Chatain, 1987; Daoulas ct al.. 1991; Boglione cl al., 1993: Marino ct 
al.. 1993) and gilthead sea bream (Papcrna, 1978; Andrades et al., 1994, 1996; 
Koumoundouros et al.. 1997a,b; Faustino and Power, 1999) as well as for other 
commercially produced fish like fourhom skulpin (Bengtsson et al.. 1998), red sea bream, 
Japanese sea bass and amberjack (Kitajima cl al., 1994) and the flat fish Japanese flounder 
(Hosoya and Kawamura, 1995, 1998). Flowever, to be able to analyze the appearance of 
malformations throughout development, knowledge of the normal onset of skeletal 
stmetures was required (Kohno cl al., 1983; Boglione et al., 1993; Marino ct al.. 1993; 
Kohno, 1997; Faustino and Power. 1998. 1999). In this work, we describe the normal 
vertebral and caudal skeleton of Senegal sole, as well as the most commonly observed 
skeletal deformities occurring in the early stages of development when reared under 
aquaculture conditions. 

2. Materials and methods 

2.1. Rearing conditions 

Eggs were collected from natural spawning of a Senegal sole (Solea senegalensis) 
brood stock adapted to captivity in a closed recirculating system without water temper- 
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ature control, fed squid and polychaets. About 50 g of fcrtilized eggs ( ~ 50000) were 
transferred to 80 1 cylindroconical tanks in a closed recirculating system and incubated at 
a density of 350 eggs 1_1 with continuous air supply and a 40 l/h water tumover. 
Incubation was done under the same environmental conditions of the broodstock tank. 
Hatching took place 36 to 48 h after spawning. The newly hatched larvae were 
maintained in the incubation tanks for larval rearing until eye migration was completed, 
and transferred to flat bottom tanks when benthic lifestyle was acquired. Light was 
controlled with fluorescent lamps, maintaining a 12:12 h light-dark photoperiod 
throughout the incubation stage and during larval and juvenile rearing periods. Temper- 
atures were maintained between 16 and 18 0C throughout ali the rearing stagcs. 
Developing larvae were fed with newly hatched Ar temia nauplii from day 3 to day 
10, 24 h metanauplii from day 11 to metamorphosis, and 48 h metanauplii until the end 
of the experiment. The metanauplii were enriched with the phytoplankton Tetraselmis 
suesica and Isochrisys galbana, clone T-lso. 

2.2. Sample collection 

Specimens were randomly collected throughout ali the developmental period, from 
hatching through metamorphosis and up to juvenile stages. Ten specimens were 
collected every 2 days from hatching until day 30 after hatching (DAH) and then every 
5 days until 75 DAH. One individual was also collected at 5 months. Individuais were 
anesthetized with 0.1% phenoxyethanol and fixed in phosphate buffered saline (PBS)- 
buffered 10% fonnalin (pH 7.4) for 24 h, rinsed in distilled water and washed in PBS 
(pH 7.4). Specimens were immediately processed or preserved in 100% ethanol for later 
use. 

2.3. His to lógica l procedures 

Skeletal development in Senegal sole was followed from hatching to juvenile stages by 
detecting the appearance of calcified and cartilaginous structures through spccific staining, 
following a previously described protocol (Gavaia et al., 2000a). Alcian Blue 8 GX 
(Sigma) was used to stain cartilage in blue followed by Alizarin Red S (Sigma) to stain 
calcified structures in red, in combination with KOH and peroxide treatment to increase 
transparency of soft tissues and allow clear observation. The stained specimens were 
preserved in glycerol with a crystal of phenol to prevent development of bactéria or fungi 
contamination. 

2.4. Observation and measurements 

Observations and photographs of individuais were made with a light microscope 
ZE1SS equipped with a RICOH KR-10 M photographic camera or a WILD Heerbrugg 
M9A binocular microscope equipped with a Kodak photographic camera. Total length 
(Lt) was measured from the tip of the snout to the end of the caudal fín. Standard length 
(Lst) was measured from the tip of the snout to the end ot the notochord bcforc and 
during the urostyle flexion, and from the tip of the snout to the end ot hypuralia after 
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notochord flexion. Ali lengths were measured to the nearest 0.05 mm with an ocular 
micrometer using a binocular microscope. The anatomical terminology relating to the 
skeletal structures followed that used by Hosoya and Kawamura (1995. 1998) to 
describe the axial skeleton of the Japanese flounder. In counting vertebrae, abdominal 
and caudal vertebrae were defined based on the presence of parapophyses or haemal 
spines, respectively. The urostyle was counted as a caudal vertebra. Drawings were 
based on digital photographs of stained individuais using the software Paint Shop Pro 
7.02. 

In this study, 179 individuais ranging from 3.1 to 59.2 mm standard length were stained 
for cartilage and bone. measured. observed and photographed. 

3.1. General morphology of the adult Senegal sole 

In the largest individual observed (5 months of age, 59.2 mm Lt), the vertebral and 
caudal skeleton were totally formed and mineralized. except for the distai extremities 
of the hypurals, epural and spines that articulated with fm rays, which remained 
cartilaginous (Fig. 1). No free uroneurals were observed. The structures that articulated 
with fin rays in the caudal complex (Fig. 2F) were typically Tive hypurals, one 
parhypural, one epural, one neural spine from the first prcural centrum and two haemal 
spines from preural centrum 1 and 2. The hypurals 1 —4 were fused to the urostyle by 

Fig. I. Caudal fin complex of a juvenile sole with 59.2 mm total length. Full development of skeletal structures 
and scales has been achieved. The caudal fin is exclusively composed of soft rays and symmetrically divided by 
the lateral line scales (arrow head). The hypural plates are fused and present branching. 

3. Results 
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"ig. 2. Schcmatic representation of lhe caudal fin complex development in Senegal sole. Calcified structures are 
Dresented in while and cartilaginous structures in black. Nolochord is shown in gray. (A) 13 DAH specimen 4.4 
nm Lst). (B) 15 DAH spccimcn (4.55 mm Lst). (C) 18 DAH specimcn (4.7 mm Lst). (D) 18 DAH spec.men 5_6 
mm Lsl). (E) 34 DAH spccimcn (7.8 mm Lst). (F) 6-month-old juvenile spccimcn (59.2 mm Lst). Cr-Caudal lin 
rays; DAH—days aficr hatching; Ep-cpural; Hy—hypural; Lst-standard length; Mhs—modifted haemal sp.ne. 
Mns—modified neural spine; Ne—notochord; Phy—parhypural; PU—preural vértebra; Ur—urostile. 

their próxima! bases, which in tum were fused with the base of each adjacent hypural, 
forming a unique plate (Figs. I and 2F). As clearly shown in Fig. 2F, hypural 5 
parhypural and epural remained separated from the urostyle, while hypural plates 1 
and parhypural presented branching through vertical ridges that extended from the 
distai to the proximal region, almost to the base of the plates. No branching was 
observed on hypural 5, epural or on the modified spines. The caudal fin had a total 
number of 20 soft rays. From these, the epural and the neural spines articulated with 3 
rays the hypural 5 with 2 rays, hypurals 1-4 with 10 rays and the parhypural and the 
haemal spines with 5 rays (Fig. 2F). The caudal fin was symmetrical, with 10 rays on 
each side of the lateral line (Fig. 1, arrowhead), which extended almost to the posterior 
tip of the caudal fin. , . n , . • > j tt 

The vertebral column was composed of 45 vertebrae, separated in 8 abdominal and 37 
caudal, including the urostyle (Fig. 3F). Each abdominal vertebra (Figs. 3F and 4A) was 
equipped dorsally with a neural arch and neural spine and ventrally with a pair of 
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Fig. 4. Schematic representation of an abdominal vertebra (A) and a caudal vertebra (B) from a Senegal sole 
juvenile. Ha—haemal arch; Hpz—haemal poszigapophysis; Hprz—haemal prezigapophysis; Npz—neural 
poszigapophysis; Nprz—neural prezigapophysis. For other abbreviations, sec Fig. 3. 

parapophysis from the fourth to the eighth vertcbrae. The first abdominal vertebra was 
articulated with the basioccypital articulatory process that connects the vertebral column to 
the skull (Fig. 3). The first five neural spines were generally thicker than the others. The 
caudal vertebra (Fig. 4B) was equipped dorsally with a neural arch and neural spine and 
vcntrally with a haemal arch and haemal spine. The neural spines of preural vertebrae 1 
and 2 and the haemal spine of the first preural vertebra were elongated and modified to 
help support the caudal fin rays (Fig. 2F). Both abdominal and caudal vertebrae exhibited 

Fig. 3. Schematic representation of the vertebral column development in Senegal sole. Calcified struclures are 
presented in whitc and cartilaginous struclures in black. Notochord is shown in gray. (A) 0 DAH larva (3.4 mm 
Lst). (B) 13 DAH Lst larva (4.3 mm Lst). (C) 15 DAH specimen (4,55 mm Lsl). (D) 18 DAH specimen (4.7 mm 
Lsl). (E) 18 DAH specimen (5.65 mm Lst). (F) 45 DAH specimen (8.3 mm Lst). Bop—basioccypital articulatory 
process; Cv—Vertebral centra; Hs—haemal spine; PI—pleural vertebra; Pp—parapophysis; Na—neural arch; 
Ns—neural spine. For other abbreviations, scc Fig. 2. 
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in the neural arch an anterior neural prezygapophysis and a posterior neural poszyga- 
pophysis. The haemal arches similarly exhibited an anterior haemal prezygapophysis and a 
posterior haemal poszygapophysis (Fig. 4). 

3.2. Skeletal development 

At the yolk sac and early larval stages, Senegal sole presented a straight notochord 
that extendcd for the entire length of the body, being the only visible support structure 
(Fig. 3A). At these early stages, the only fin structures present were the primordial 
marginal fm fold and the pectoral cartilaginous plates (results not shown). The caudal 
fin was the fírst to differentiate, followed by the fonnation of fin rays by intra- 
membranous ossification. Development of vertebral column elements occurred in 
parallel with caudal fin structures and eye migration. By the time development of 
the vertebral column and formation of the caudal fin were completed, eye migration 
had also occurred. 

Major morphological changes during metamorphosis imply acquisition of asymmetry 
and occur in parallel with changes in life style from pelagic to benthonic. These changes 
are (1) eye migration from left to right side and concomitant bending of the urostyle; (2) 
torsion of internai organs that starts during the process of eye migration; this process 
initiated in larvae around 4.1 mm Lst and ended when larvae were approximately 8 mm 
Lst (circa 27 DAH). 

3.2.1. Vertebral column development 
Vertebral column was formed by the vertebral centra, the neural and haemal arches 

and spines, the parapophyses and the ventral ribs. They were ali formed by intra- 
membranous ossification except for the arches and spines of the four preural centra, 
which appeared initially as cartilaginous structures and calcified by endochondral 
ossification. No vertebral elements were observed at hatching and in early stages of 
development, where the notochord was the only axial suspension structure present 
(Fig. 3A). 

The fírst elements of the vertebral column to be observed were neural arches 2-6 in the 
fírst abdominal vertebrae of a 4.3 mm Lst larvae (Fig. 3B), at 13 DAH. Arch development 
initiated with two buds formed latero-dorsally by intramembranous ossiflcation on each 
side of the notochord. The buds elongated dorsally until they joined together forming the 
arch (Fig. 3B). After the arch was formed, the spine also appeared by intramembranous 
ossiflcation and elongated dorsally. Vertebral development continued caudad for ali the 
remaining neural arches except for the fírst, which formed cephalad. Haemal arches also 
developed caudad as observed for neural arches. 

The fírst haemal arches were observed in a 4.55 mm Lst larvae, showing neural arches 
2-8 and haemal arches 1-12 (Fig. 3C). In an 18 DAH, 4.7 mm Lst specimen, 28 neural 
arches and 17 haemal arches were visible and the fírst neural arch was already completely 
formed (Fig. 3D). The development of the arches in caudal vertebrae was faster than in 
trunk vertebrae, where the arches were still not closed. The cartilaginous buds of the 
arches in preural vertebra were already present near the urostyle, which had not yet begun 
its bending upwards. Parapophyses 3-5 were visible on trunk centra at this stage (Fig. 
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3 D). Calcification extended from the base of the arches, beginning to form the centra 
surrounding the notochord. 

At 5.65 mm (Fig. 3E), the anterior vertebrae and arches were nearly formed with the 
notochord completely surrounded by calcified tissue, while in the posterior caudal 
vertebrae, the calcified tissue was starting to spread around the notochord from the site 
of insertion of the arches. The urostyle had started its upward bending, and was partially 
calcified. Only the modified arches and spines from preural vertebra 1 and 2 and the 
hypuralia were still present as cartilaginous structures. 

In an 8.3 mm Lst 45 DAH individual, with metamorphosis and flexion of the urostyle 
completed, ali vertebral elements were formed and calcified (Fig. 3F). The vertebral centra 
completely surrounded the notochord and the adjacent arches were ali closed around the 
ventral aorta in the haemal side and around the nervous chord in the neural side. The 
arches exhibited a spine that formed in the median plan of the body, and elongated from 
the proximal to the distai region. The parazygapophyses were still forming and the 
characteristic holes in the neural arches were not yet visible in the posteriomost caudal 
vertebrae. 

In larger animais, the vertebral elements and processes only increased in complexity 
and size, and the spines elongated distally. The first two neural spines in the pleural 
vertebrae increased in thickness compared to the other spines. 

3.2.2. Caudal fin complex 
The caudal elements were formed either by endochondral or by intramembranous 

ossification. The first group included the hypurals and epural, the preural arches and 
modified spines; the second group included the urostyle, the preural centra and the caudal 
fin rays (dennatotrichia). 

Hypural 1 was the first visible element, appearing in a cartilaginous form at 13 DAH in 
preflexion larvae ranging in size from 4.3 to 4.65 mm Lst. It was followed by hypural 2 
(Fig. 2A) at 4.4 mm Lst and hypural 3 at 4.45 mm Lst, circa 15 DAH. Hypural 4 appeared 
generally in larvae larger than 4.5 mm Lst, at 15 to 18 DAH (Fig. 2B). At this stage, the 
parhypural and the cartilaginous buds of the arches were visible. From the bases of these 
arches began to form the preural centra 1, 2 and 3, on each latero-dorsal face of the 
notochord, as seen in larvae with 4.7 mm Lst (Fig. 2C). At this stage, the upward flexion 
of the urostyle is initiated and the caudal rays started to form by intramembranous 
ossification within the primordial fin, in the area adjacent to the forming cartilaginous 
hypurals. Three ossifying rays that articulated with hypural 2 and 3 were visible, with 
mineralization starting in the median zone and extending to the extremities of the soft rays 
(Fig. 2C). The epural appeared during flexion of the urostyle, between 5.2 and 5.65 mm 
Lst. The hypural 5 was the last structure to appear ventrally, next to the tip of the 
notochord, in 18 DAH larvae larger than 5.5 mm Lst (Fig. 2D), when flexion of the 
urostyle was almost concluded. 

At 6.6 mm Lst, ali the caudal plates had increased in size and calcification was visible 
in the urostyle, extending to the proximal bases of hypurals 1 -4, which began to fuse with 
the urostyle (results not shown). The neural and haemal arches of the preural vertebrae 
started to calcify, as well as the corresponding centrum, which gradually surrounded the 
notochord, starting from the area of insertion of the arches. At this stage, ali fin rays were 
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already present, with alizarin red staining decreasing in intensity from the longer central to 
the shorter lateral rays. The caudal fin was still connected to the anal and dorsal fins by the 
primordial fin tissue (results not shown). 

In a 7.8 mm Lst 34 DAH larvae (Fig. 2E), ali the plates were largely ossified, 
with greater intensity of alizarin red staining observed in the proximal parts, and 
progressively decreasing in intensity towards the distai parts. The posterior end was 
still cartilaginous and thus stained in blue. Calcification also extended to the spines 
in the preural vertebrae. At this stage, the caudal rays were ali ossified and 
articulated with hypuralia. The caudal fin was totally separated from the anal and 
dorsal fins. 

At 12.8 mm Lst, ali the caudal fin elements were totally calcified and hypurals 1-4 
were íusing to the urostyle and to each other by their proximal bases (results not shown). 
At 19.8 mm Lst, vertical fissures had appeared in the posterior regions of the parhypural 
and hypural 4, indicating the beginning of branching. Hypurals 1-4 were totally fused to 
the urostyle (results not shown). At the juvenile stage, in a 59.1 mm Lst individual, 
hypurals 1-4 and parhypural showed one vertical fissure each, extending from the 
posterior to the median zone of the plates (Fig. 2F). At this stage, reduction of the 
urostyle size in proportion to ali other structures and branching of the caudal fin rays were 
evident (Fig. 1). 

3.3. Skeletal malformations 

A large number of deformities were observed in the individuais used for this study, 
from larvae at the initial developmental stages to juveniles with fully developed skeletal 
structures. Incidence of malformations ranged from fish with only one small anomaly to 
fish displaying multiple deformities with different degrees of severity. From a total oí 179 
specimens observed, 79 (44%) presented at least one deformity in the skeletal structures 
analyzed. From these, more than half (25.6% of the individuais analyzed) showed only one 
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Fig. 5. Distribution of analyzed fish according to the number of deformities observed in each individual. 
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deformity while 33 specimens (18.4% of the individuais) presented multiple deformities 
(Fig. 5). 

Malfonnations were divided into nine categories according to the place of incidence, as 
follows: trunk vertebra, caudal vertebra, arches, neural spines, haemal spines, para- 
pophysis, caudal fm rays, hypurals and epural. The frequency of each type of deformity 
encountered in the total number of specimens observed is shown in Fig. 6. Caudal vertebra 
showed higher frequency of malfonnations (28% of the observed cases) but they also 
occurred in the neural (11%) and haemal spines (9%), trunk vertebra (7%), and vertebral 
arches (10%). In Fig. 7, some examples of the most frequent deformities observed are 
shown. Fig. 7A shows the caudal complex of a young larva (24 DPFI) still presenting a 
large number of cartilaginous structures. It is visible the appearance of a supemumerary 
hypural (arrow) and the abnormal formation of the parhypural fused to hypurals l and 2, 
ali still at a cartilaginous stage. The vertebral deformities observed were frcquently the 
result of partial or total vertebral fusions (arrow in Fig. 7B,C) and asymmetries to the 
vertebral axis (Fig. 7D). In some cases, abnormal compressions in the vertebra were also 
observed. Structures related to the abnonnal centra, like the arches, were also found to 
present malformations, either in their general conformation or by fusing to adjacent 
structures (Fig. 7C). 

A schematic representation of the most common deformities encountered and 
described in this article is shown in Fig. 8. The skeletal changes are shown in a diagram 
representing the axial skeleton of a 45 DAH individual, as follows: (1) fusion of caudal fin 
rays by their proximal portion; (2) malformation of neural arch and spine of the preural 
vertebra 3; (3) fusion of hypurals I -2, resulting in only one structure; (4) malformation of 
preural vertebra 2 with fusion of the correspondent haemal arch and spine with those of 
preural vertebra 3 (this type of defonnity is also very common in preural vertebra 1 and 
2); (5) malformation in a caudal vertebra partially fused with the adjacent vertebrae, 
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resulting in absence of the haemal arch and spine and with the corresponding neural arch 
malformed and fiiscd with the arch of the following vertebra, exhibiting an atrophicd 
neural spine; (6) fiision of the neural arches of two vértebras surrounding one that is 
deformed; (7) malformed caudal vertebra exhibiting no neural processes and an atrophied 
haemal spine; (8) compression of caudal vertebrae and of their corresponding processes 
(this type of deformity is sometimes associated with deviations from the normal axis as 



318 P.J. Gavaia et ai / Aquaculture 211 (2002) 305-323 

Fig. 8. Schcinatic representation of the axial skclelon of a 45 DAH individual, prescnting the major types of 
defonnities described in this work. (I) Fusion of the proximal portion of caudal fin rays. (2) Malfonnalion of neural 
arch and spinc of preural vértebra 3. (3) Fusion of hypurals I -2. (4) Malfonnalion of prcural vertebra 2 with fusion 
of the haemal arches of preural vertebra 2-3, resulling in one spine only. (5) Malformation in caudal vertebra 
associated with partial fusion with adjacent vertebrac resulting in absence of the corresponding haemal arch and 
spine. The corresponding neural arch is malformed and fused with the arch of the following vertebra. cxhibiting an 
atrophied neural spine. (6) Fusion of the neural arches of two adjacent vertebrac. (7) Abnormal caudal vertebra with 
atrophied haemal spine. (8) Compression in caudal vertebrac and corresponding processes. (9) Malformation in 
neural arch of the last pleural vertebra. (10) Abnormal prcsence of bony element connecting parapophysis. 

shown in Fig. 7D); (9) malformation in the neural arch of the last pleural vertebra; (10) 
abnormal extra-numerary bony element connecting the parapophysis of the two last 
pleural vertebrac. 

4. Discussion 

In this work, the osteological development of the caudal complex and vertebral column 
in Senegal sole is described. In this species, we have previously shown that the first calcified 
structures to appear are the appendicular elements (cleithrum) at 2 DAH (Gavaia et al.. 
2000a). Development of both caudal complex and vertebral column begins at 12-13 DAH, 
accompanying the urostyle torsion and acquisition of asymmetry by migration of the left 
eye. At this stage, larvae progressively change to a benthonic life style. Similar observations 
were made in the Japanese flounder, where the flexion of the notochord is closely related to 
the development of hypuralia (Hosoya and K.awamura, 1998). This parallelism can be 
explained by the importance of the described structures in the swimming and feeding 
capabilities of the larvae, especially in early stages of their development as reported for 
other species like red sea bream, rabbit fish or Asian sea bass (Kohno cl al., 1983. 1986. 
1996). Knowledge of the normal pattem of development of skeletal structures is essential 
prior to identification of the factors responsible for the onset of skeletal defonnities. 

The caudal fin of Senegal sole is the first to develop, acquiring full meristic count after 
6.1 mm Lst, followed by anal and dorsal and then paired fins. This same sequcnce of fin 
development has also been observed in the red sea bream (Kohno ct al., 1983), the 
milkfish (Taki el al., 1987), the common dentex (Koumoundouros el al.. 1999) and the 
Japanese flounder (Hosoya and Kawamura, 1998). In Senegal sole, there is a large 
variation in size and stage of development of larvae of the same age as can be seen in Figs. 
1D.E and 3C,D. This occurrence has also been reported for the gilthead seabream 
(Faustino and Power, 1998). The caudal structure of the Senegal sole is less complex 
than in the majority of species already reported, lacking the uroneural processes visible in 
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some sparid species (Matsuoka, 19X5; Taki cl al., 1986. 1987; Koumoundouros et ak, 
1997a, 1999). In addition, only one epural is found in the Senegal sole, a finding common 
only to the ycllowtail, with ali other species studied to date presenting two or more epurals, 
including the pleuronectiform Japanese flounder (Hosoya and Kawamura, 1998). 

The alizarin red-alcian blue double staining method for cartilage and bone allows the 
visualization of the entire skeleton throughout vertebrate dcvelopment and the easy 
detection of any deformities that may occur. Similar techniques have been used to localize 
bone and cartilage in froglets (Martinez cl ak, 1992), fetal mice (Webb and Byrd, 1994), 
and larvae and juveniles from sea bass (Boglione et ak, 1993; Marino et ak, 1993) and 
gilthead sea bream (Faustino and Power, 1998: Gavaia et ak, 2000a). 

According to previous reports, the observation of deformities in wild specimens of 
teleost fish is rare (Hosoya and Kawamura, 1998) either because they are less abundant or 
due to decreased viability of the abnonnal fish in their natural habitat. Nevertheless, 
skcletal malformations have been described in captured larval specimens of wild sea bass 
(Marino et ak, 1993), gilthead sea bream (Boglione et ak, 2001), common dentex 
(Koumoundouros cl ak, 2001) and Japanese flounder (Hosoya and Kawamura, 1995, 
1998), revealing, in ali cases, a significantly lower incidence of deformities, when 
compared to those observed in specimens of the same species reared in hatchery 
conditions. The meristic characteristics also prescnted a higher variability in hatchcry- 
reared than in wild captured specimens (Boglione et ak, 1993, 2001; Marino et ak, 1993; 
Koumoundouros cl ak, 2001). These observations indicate that deviations to normal 
development are correlated to rearing conditions and may even be induced by them. 

Our results show an overall incidence of deformities of 44% in hatchery-reared Senegal 
sole, a value that is comparable to those observed in species already well adapted to 
intensive aquaculture conditions (Table 1). Accordingly, in seedlings of the flatfish 
Japanese flounder reared in captivity, malformations such as increase of hypural branches, 
fused spines and central fiisions have been detected with an incidence of 30-60% of the 
total number of malformations observed in the caudal complex (Hosoya and Kawamura, 
1995, 1998). For the gilthead sea bream, samples from individuais reared under intensive 
culture conditions presented a frequency of deformities of up to 100% while under semi- 
intensive culture conditions, this frequency decreased to 55% (Boglione et ak, 2001). In 
aquaculture-reared sea bass, a high number of deformities were also encountered in the 
axial skeleton and fins, with frequencies of incidence of up to 75% in the vertebrae and 45% 
in the fins. In contrast, for common dentex it was found that only 6% of the individuais 
presented deformities, and from these the caudal fín region was not more affected than other 
regions of the skeleton (Koumoundouros et ak, 1999). The reason for such a discrepancy 
between species is not known and additional work is rcquired in order to explain this fact. 

Among the abnormalities observed in Senegal sole, the most common were vertebral 
fusions (Fig. 6), indicating that the development of these structures may be the most 
susceptible to rearing conditions in captivity. These deformities are among the most 
visible, since they can alter the shape and length of the fish depending on the severity and 
number of structures affected and consequently make it less attractive for the consumer. 
Nutritional factors such as leveis of vitamin A and its precursors or of vitamin C in the diet 
have also been shown to affect the development of skeletal structures. Low leveis of 
dietary vitamin C were implicated in the development of severe defonnities in rainbow 
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Tabie 1 
Axial skeleton deformities detected in other fish species 
Affected area Type of deformity Spccies References 

Pleural vertebra Fused vertebra Sea bream 
Sea bass 
Japanese flounder 
Rainbow trout 

Boglione et al., 2001 
Boglione et al.. 1093 
Dcdi ct al., 1995 
Madsen anti Dalsgaard. 
1999 

Shortening in vertebra Sea bream 
Sea bass 
Japanese flounder 
Rainbow trout 

Atlantic salmon 

Boglione et al., 2001 
Boglione et al., 1993 
Dcdi cl al., 1995 
Madsen and Dalsgaard. 
1999 
Kvcllcslad et al.. 2000 

Abnonnal vertebra Sea bream 
Sea bass 
Japanese flounder 
Rainbow trout 

Boglione et al., 2001 
Boglione et al., 1993 
Dcdi cl al.. 1995 
Madsen and Dalsgaard, 
1999 

Abnormal neural Sea bream Boglione et al., 2001 
arches and spines Sea bass Boglione cl ai., 1993 
Abnonnal parapophises Sea bream 

Sea bass 
Boglione et al., 2001 
Boglione cl al., 1993 

Caudal vertebra Fused vertebra Sea bream 
Sea bass 
Japanese flounder 
Rainbow trout 

Boglione et al.. 2001 
Boglione et al.. 1993 
Dcdi et al.. 1995 
Madsen and Dalsgaard. 
1999 

Shortening in vertebra Sea bream 
Sea bass 
Japanese flounder 
Rainbow trout 

Atlantic salmon 

Boglione et al.. 2001 
Boglione et al.. 1993 
Dcdi et al.. 1995 
Madsen and Dalsgaard. 
1999 
Kvellcslad et al.. 2000 

Abnonnal vertebra Sea bream 
Sea bass 
Japanese flounder 
Milkfish 
Rainbow trout 

Boglione et al.. 2001 
Boglione et al.. 1993 
Dcdi et al., 1995 
1 lilomen-Garcia. 1997 
Madsen and Dalsgaard. 
1999 

Abnonnal neural Sea bream Boglione et al., 2001 
arches and spines Sea bass Boglione et al.. 1993 
Abnonnal haemal Sea bream Boglione ct al.. 2001 
arches and spines Sea bass Boglione et al., 1993 

Caudal fin Fused preural vertebra Sea bream 
Japanese flounder 
Rainbow trout 

Boglione et al., 2001 
Dcdi cl al.. I99X 
Madsen and Dalsgaard. 
1999 

Abnonnal preural Sea bream Boglione ct al.. 2001 
vertebra Japanese flounder 

Rainbow trout 
Dedi et al.. 1998 
Madsen and Dalsgaard. 
1999 
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Tablc I (coutinued) 
321 

AfTected area 
Caudal fín 

Typc of deformity Species 
Fused modified 
arches and spines 
Abnormal hypurals 

Fused elements 
of hypuralia 
Supemumerary elements 

Abnormal caudal 
fin rays 

Rcferences 
Sea bream 
Japancse flounder 
Sea bream 
Japanesc flounder 
Sea bream 
Japanesc flounder 
Sea bream 
Japanese flounder 
Sea bream 

Boglione et al., 2001 
Dedi et al.. 1998 
Boglione et al.. 2001 
Dedi et al.. 1998 
Boglione et al.. 2001 
Dedi et al.. 1998 
Boglione cl al., 2001 
Dedi et al., 1998 
Boglione et al.. 2001 

trou. (Madsen and Dalsgaard. 1999) while the number of malformations affecting ,he 
caudal region and vértebra of Japanese flounder larvae treated with vitamin A palmitate 

nng metamorphosis were shown to merease with increasing dietary leveis of vitamin A 
(Ded, e, al.. 1995. 1998). Similar effeets of vitamin A ovef vertebn.1 eolumn demen^ 
were observed m turbot (Estevez and Kanazawa, 1995). Parasite infection has also been 

íwTshort 3 Prfh
,ble "TV" deVel0Pment of skeletal malformations (Taylor et al 

etoed f S
f

S 0,f the VertfraI column dosoribed in Atlantic salmon was suspected to be reldted to an infectious etiology (Kvellestad et al., 2000) 
This work represents the first description of the skeletal structures in Senegal sole and 

hetr appearance dunng normal development. It provides therefore the basic knowledge 
requtred to eastly identiiy the presence of skeletal malformations in this species, beíng of 
relevance for future shrdtes. Sinee nearly half of the fishes observed had at least one 
deformity and gtven the very high commercial value of sole, it would be importam to 
nalyze he molecular events underlying the onset of such a high percentage of deformities 

mvoí 'd ''m 'l CaP'iVity■ Establishment of both nutritionai and abiotic parameters myolved m the meehan.sms leading to the appearance of these deformities must be 
determined in order to prevent a high íncidence of malformations particularly under 
intensive culture conditions. "^umuy unaer 
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Abstract 

Matrix Gla protein (MGP) is a mcmbcr of the family of cxtracellular mineral-binding Gla proteins, expressed in several tissues with high 
accumulation in bone and cartilage. Although the precise molecular mechanism of action of this protein remains unknown, ali available 
evidcnce indicates that MGP plays a role as an inhibitor of mincralization. We invesligated the sites of gene expression and protein 
accumulation of MGP throughout development of the bony fish Sparus aurata, by in situ hybridization, Northern and RT-PCR Southern 
hybridization, and immunohistochemistry. The results obtained wcre comparcd with the patlerns of dcvelopmental appearance of cartilag- 
inous and mineralizcd slructures in this species, identificd by histological techniqucs and by detection of mRNA presence and protein 
accumulation of osteocalcin (Bone Gla protein), a marker for osteoblasts known to accumulate in bone mineralizcd cxtracellular matrix. The 
expression of MGP mRNA was first delected at 2 days posthatching (dph) by Northern analysis, RT-PCR amplification, and in situ 
hybridization, and thereafter continuously delected at various leveis of intensily, until 130 dph. In situ hybridization analysis performcd in 
parallel with immunohistochemistry indicated that until ca. 45 dph. the MGP gene was highly expressed in a number of differcnl tissues 
including skull, jaw, neural and hemal arches, and hcart and lhe protein accumulatcd in cartilaginous tissues. Al 85 dph. a stage when most 
skclctal structures are mineralizcd, MGP gene expression and protein accumulation were rcstrictcd to the remaining cartilaginous structures, 
whercas osteocalcin gene expression and protein accumulation wcre localized in most mineralizcd structures. MGP gene expression was also 
delected in heart and kidney, although in situ hybridization only delected MGP mRNA in heart, located in the arterial bulbus and not in lhe 
cardiac muscle. Our results are in agreement with those recently described for MGP localization in adult tissues of another teleost fish, as 
wcll as available data from higher vertebrates, strengthening the hypothesis of a conserved function for MGP from teleost fish to human, 
a period of more than 200 million years of evolution. In addition, Sparus aurata, a marine teleost fish roulinely grown in captivity. appears 
to bc a good model to further analyze MGP gene expression and regulation. 
© 2003 Elsevier Science (USA). Ali rights reserved. 

Keywords: Matrix Gla protein; Development; Bone and cartilage appearance; Osteocalcin; Sparus aurata 

Introduction 

Matrix Gla protein (MGP) is a 10-kDa secreted protein 
containing five residues of the vitamin K-dependent caleium- 
binding amino acid 7-carboxyglutamic acid (Gla) [1,2]. Reeenl 
evidence indicates that MGP functions as an inhibitor of min- 
cralization [3-5] and is synthesized in vivo mainly in cartilage 

* Corresponding author. Fax: +351-289-818353. 
E-mail address: lcancela@ualg.pt (M.L. Cancela). 

1 Both authors contributcd equally to this work. 

[6] and in the vascular system [7], The presence of MGP 
mRNA in the wall of major arterial blood vessels, both in 
mammals [8] and in fish [8a] may contribute to ils previous 
detection in a variety of soft tissues such as lung, heart, and 
kidney in mammals [9] and in amphibians [10]. 

The accumulation of MGP protein in mineralizcd bone 
and calcified cartilage seems to be duc to its calcium- 
binding properties related to the presence of 7-carboxylated 
residues and greatly exceeds that of the soft tissues, which 
fail to accumulate MGP under normal conditions [9] but can 
do so when subjected to abnormal mincralization [5,11]. 

8756-3282/03/$ - see front matter © 2003 Elsevier Science (USA). Ali rights reserved. 
doi: 10.1016/58756-3282(02)00981 -X 
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Following the purification of the MGP protein from a 
lower vertebrate and the subsequent cDNA and gene clon- 
ing [8a, 10,12], we have shown that the primary sequence of 
the MGP protein and its gene structure have been highly 
conserved between lower and higher vertebrates. These 
results indicate that lower vertebrates are adequate models 
for studying the early events underlying MGP onset of gene 
expression and fish in particular represent an easy model 
system to follow gene expression and protein accumulation 
during development. 

In this work we reporl the onset of MGP gene expression 
and protein accumulation during development of the marine 
fish Sparus aurata and relate its timing of appearance with 
the development of the skeletal structures, as assessed by 
histological techniques. A comparison between higher and 
lower vertebrates is established and some hypotheses are 
advanced conceming the function(s) of the protein in this 
species. 

Materials and methods 

1. Cloning of the Sparus MGP cDNA 

].]. Amplification and molecular cloning of a pardal 
Sparus MGP cDNA 

Total RNA was extracted from a Sparus (spp.) bone- 
derived cell line [12a], following established procedures 
[13], One microgram of total RNA was reverse-transcribed 
at 420C for 1 h, using M-MLV reverse transcriptase (Gib- 
coBRL, Grand Island, NY), followed by polymerase chain 
reaction (PGR) amplification, using a forward primer 
(corvMGP3F, 5'-AGGCGTGCAGAGACCTGCGAG-3') 
designed according to the Argyrosomus regius MGP cDNA 
sequence previously obtained (GenBank Accession No. 
AF334473) and a reverse universal adapter (5'- 
ACGCGTCGACCTCGAGATCGATG -3'). PGR was con- 
ducted for 30 cycles (1 cycle: 30 s at 940C, 1 min at 60oC, 
and 1 min at 680C), followed by a 10-min final extension at 
680C with Taq DNA polymerase (Promega). PGR products 
of the expected size were visualized following 1% agarose 
gel electrophoresis and ethidium bromide staining, excised 
from the gel, and eluted from the agarose slice using the 
CONCERT rapid gel extraction kit (GibcoBRL). Resulting 
DNA fragments were cloned into the pGEM-T-Easy vector 
(Promega, Madison, WI) and final identification was 
achieved by DNA sequence analysis of several clones by 
the dideoxy chain termination method [14], 

1.2. Amplification of the 5' end of the spMGP cDNA 
Poly A(+) RNA was purified from 600 /xg of total RNA 

extracted from a mixture of Sparus tissues (vértebra, heart, 
kidney, and branchial arches), using the QuickPrep Micro 
mRNA purification kit (Pharmacia Laboratories, Piscat- 
away, NJ) The mRNA was used to obtain the 5' end of 
spMGP cDNA by 5'-RACE PGR with the Marathon cDNA 

amplification kit (Clontech, Palo Allo, CA). Amplification 
of the 5'-RACE PGR products thus obtained was accom- 
plished with Advantage cDNA polymerase mix (Clontech), 
using the AP1 oligo (Clontech, 5'-CCATCCTAATAC- 
GACTCACTATAGGGC-3') and a specific reverse primer, 
MGP2R (5'-AAGCCGTGGCGATAGGCGTAGAAGC- 
3'), designed according to the partial spMGP cDNA se- 
quence previously obtained. Amplification conditions were 
those suggested by the supplier. The resulting amplified 
DNA fragments were cloned in pGEM-T-Easy vector and 
further identified by DNA sequence analysis. 

Two specific primers were then designed according to 
the sequence obtained, spanning from nucleotides 30 to 55 
(spMGPcDNAIF) and from 414 to 442 (spMGPIR), re- 
spectively, and used to amplify by PGR (same conditions as 
used in 1.1) the complete spMGP cDNA coding region, 
which was later used as a probe for Northern and Southern 
blot hybridization. 

2. Northern blot analysis 

Total RNA was extracted from Sparus tissues (heart, 
branchial arches, kidney, and liver) and from Sparus em- 
bryos and whole larvae collected at different developmental 
stages [2, 5, 7, 9, and 18 days posthatching (dph)] and 
size-fractionated by electrophoresis on a 1.4% formalde- 
hyde-containing agarose gel. The RNA in the gel was trans- 
ferred onto N+ Nylon membranes (Schleicher & Schuell, 
Keene, NH) by a capillary method [15] and prehybridized at 
420C in ULTRAhyb (Ambion, Austin, TX) solution for 2 h. 
A spMGP cDNA probe (spanning from nucleotides 30 to 
442 of the spMGP mRNA) was labeled with [a-32P]dCTP 
using the Prime-lt II random primer labeling kit (Stratagene, 
La Jolla, CA) and separated from unincorporated nucleo- 
tides on a MicroSpin S-200 HR column (Pharmacia). The 
purified labeled probe was added to the prehybridization 
solution and incubated with the membrane overnight under 
the same conditions described for prehybridization. Blots 
were washed twice in 2X SSC [IX SSC is 150 mM NaCl. 
15 mM sodium citrate (pH 7.0)], 0.1% SDS at 420C for 5 
min and twice in 0.1 X SSC, 0.1% SDS at 420C for 15 min, 
and a final wash was performed with 0.1 X SSC, 0.1% SDS, 
for 30 min at 550C. Autoradiography was performed with 
Kodak X-Omat AR film with two intensifying screens, at 
-80oC, for up to 1 week. 

3. RT-PCR amplification of MGP message in 
developmental stages of Sparus and Southern 
hybridization 

One microgram of total RNA, extracted from whole Sparus 
specimens from various developmental stages (1, 2, 3, 5, 7, 8. 
10, 20, 27, 37, 47, 61, 82, 91, and 130 dph), was treated with 
RNase-freè DNase I for 3 h (370C) and reverse-transcribed 
using the same conditions described above. One-twentieth of 
each reaction was amplified by PGR. using two specific oli- 
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spMGPcDNAIF 
MetArgSerLeuLeuGlnPheLeuAlaLeuPheAlaAlaVa 

ATACACACAGATATTTTTTTCAAGACTTCTCGCTCCATAATTGTCTTTTACGCCCCAGGATGAGGAGCCTTCTTCAGTTTCTGGCACTCTTTGCTGCGGT 100 

+1 10 20 
ISerValCysLeuCysTyrGluSerHisGluSerThrGluSerlleGluAspLeuPheValProProAsnGlnAlaAsnSerPhelleThrProGlnArg 
CTCGGTCTGCCTCTGCTATGAATCTCATGAAAGCACAGAATCCATTGAAGATCTGTTTGTGCCCCCGAACCAAGCCAACTCGTTCATCACGCCGCAGAGG 200 

Corv3F 
30 40 50 60 

GlyAsnValTyrSerProProArgGlyAsnGlyLeuAsnAsnTyrAsnLeuMetArgLysValLysSerProAlaGluArgArgAlaGluThrCysGluA 
GGCAACGTATACAGCCCACCCAGAGGGAATGGCCTCAACAATTACAACCTCATGAGGAAGGTGAAGTCTCCAGCGGAGAGGCGTGCAGAGACCTGTGAGG 300 

MGP2R 
70 80 90 

spTyrSerProCysArgPheTyrAlaTyrArgHisGlyPheGlnGlnAlaTyrGlnArgTyrPheGlyAlaArgAsnThrProGlnArgProAlaAlaTh 
ACTACTCGCCCTGCCGCTTCTACGCCTATCGCCACGGCTTCCAGCAGGCCTACCAGAGATACTTTGGCGCCCGAAATACACCTCAGAGACCAGCCGCGAC 400 

spMGPIR 
rArgArgTyr*** ^ 
XCGCCGATACTAGACTCCTAGTATCCGTCCGTCGAATGCGGAGTTATCTGCAAATGAATGTGCCCTCCTTCATTCCACATATTGCAACTTTTGTGTAATT 500 
TATGTAGTTGTTTCTGTGGCATCTCCCGGATGAAAAAAACCCATTTTATAATCAAAGAGGCATCCAACGTGGCTCATATGTTACAGCAGCCCGTCATTAT 600 
ACACACTTATAACTTCTTGGCTCATCTCTTGTGTAATCTCAGGATAACTTTTATCCACTATTATCACACCTGCCCTGCATTTATCAGCTTGATGGGAGGT 700 
TTTCCCCTCTATCCACTAACCATTTTTCACACTATCCGCCCGTTTATCTAGGCCAACAGCGCTGTCAGTGATTATTTCCATTGCTTTGATTTGAAAAAAT 800 
AAATTTCCCTTAATTGGGTTTTGTCTC 

Fig. 1. Complete nuclcolidc scqucncc of thc cDNA cncoding Sparus MGP. Numcrical positions in thc nuclcotidc scqucncc are shown al the right end of lhe 
scquencc. Localization of spMGPcDNAIF, Corv3F, MGP2R, and spMGPIR oligonuclcotidcs are denoted by horizontal arrows. Amino acid residues are 
numbered according to rcsiduc 1 of thc mature protein and are shown above thc rcspcctivc scqucncc. Thc stop codon is indicatcd by aslerisks and thc 
polyadcnylation signal is underlined. 

gonucleotide primers designed according to the spMGP cDNA 
sequence obtained previously (spMGPcDNAIF: 5'-TCGCTC- 
CATAATTGTCTTTTACGCCC-3' and spMGPIR: 5'-TC- 
CGCATTCGACGGACGGATACTAGGAGT-3'). PGR was 
carried out with Taq DNA polymerase (Promega) for 20 cycles 
(one cycle: 30 s at 940C, 1 min at 60oC, and 1 min at 680C), 
followed by a final extension period of 12 min at 680C. Pos- 
itive and negative controls were made by amplilying, respec- 
tively, a clone of spMGP cDNA and a samplc without DNA 
tcmplate with the same primers. As a control for the integrity 
of the RNA used for cach sample amplification, Sparus /3-actin 
was amplified from the same amount of RT reaction, using two 
specific primers designed according to the published Sparus 
/3-actin cDNA (GenBank Accession No. X89920; forward 
primer: 5 '-TTCCTCGGTATGGAGTCC-3'; reverse primer; 
5'-GGACAGGGAGGCCAGGA-3')- Resulting PCR produets 
were Southern transferred onto a N+ Nylon membrane 
(Schleicher & Schuell) and prehybridized at 420C for 2 h using 
UltraHyb solution (Ambion). A spMGP cDNA probc (span- 
ning from nuclcotidcs 30 to 442 of the spMGP mRNA) was 
labelcd with [Q;-32P]dCTP, as described above, and hybridiza- 
tion was perfonned in the same solution, for 15 h at 420C. 
Membranes were washed first with 2X SSC, 0.1% SDS (2X5 
min, 420C), followed by 0.1 X SSC, 0.1% SDS (2X 15 min) at 
420C. Autoradiography was performed with Kodak X-Omat 
AR film and two intensifying screens at — 80oC. 

4. Animais and tissue preparation for histológica! analysis 

Sparus specimens with ages ranging from 2 to 85 dph 
were collected and íixed with freshly made 4% paraformal- 
dehyde in 0.1 M sodium phosphate buffer, at 40C, from 24 h 

to 7 days, according to size. Specimens were then washed 
for 3X10 min in TBST buffer (50 mM Tris, pH 7.4; 150 
mM NaCl; 0.1% Triton X-100) and stored in methanol at 
40C. Specimens ranging from 27 to 90 dph were rinsed with 
10 mM PBS (pH 7.4) after tíxation, decalcified in 15% 
EDTA in PBSS (10 mM PBS, 5% sucrose) for 3 to 7 days 
at 40C, and rinsed in PBSS. Samples were dehydrated in 
increasing methanol concentrations and embedded in par- 
affin. Tissues were cut into longitudinal 5-/xm-thick sec- 
tions and mounted on slides precoated with 3-aminopropy- 
Itriethoxy-silane (Sigma, St. Louis, Mo), dried for 48 h at 
420C, and kept at room temperature (R/T) until use. 

5. Alcian blue/alizarin red histológica! staining 

Fixed specimens were hydrated by bathing in a 50% 
ethanol solution for 30 min (60 min for 90-dph specimens), 
in a 25% ethanol solution for 3 X 30 min and, finally, in 
ddl-ÇO for 3 X 30 min. Dctection of cartilaginous and 
mineralized tissues was performed by histological staining 
with alcian blue 8GX (Sigma) and alizarin red S (Sigma), as 
previously described [16]. 

6. In situ hybridizaíion 

6.1 Probc preparation 
Eight micrograms of the spMGP (from 30 to 442 bp; Fig. 

1 ) and Sparus osteocalcin (spOC; from 322 to 587 bp [16]) 
cDNAs cloncd in pGEM-T-Easy vector were linearized 
with restriction enzymes Sal\ and Apal (for spMGP) or with 
Apa\ and Pst\ (for spOC), in order to generate sense and 
antisense riboprobes, respectively. The resulting digestion 
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products were separated by electrophoresis in a 1% agarose 
gel, and the DNA fragments of interest excised from the gel 
and purified from agarose with the Qiaex II gel extraction 
kit (Qiagen, Chatsworth, CA). Linearized cDNAs were used 
to prepare digoxigenin-11-UTP-labeled single-strand RNA 
probes, with the DIG RNA labeling kit (Boehringer-Mann- 
heim Biochemica, Mannheim, Germany), following the 
manufactureis instructions. 

6.2 Pretreatment of the sections 
Sections were deparaffinized, rehydrated, digested with 

proteinase K (40 /xg/ml in 1 M Tris, pH 7.4) for 15 min at 
R/T, washed for 3 min with PBS/Tween (PTW: 1X PBS + 
0.1% Tween 20), and fixed in 4% formaldehyde (in PTW) 
for 30 min, followed by two 5-min washes with PTW. 

6.3 Hybridizaíion. washmg. blocking, and 
immunodetection of hybrídized probe 

In situ hybridization was perfonned as described previ- 
ously [16]. Photos were taken with a C-3030 Olympus 
digital camera coupled to a BX-41 Olympus microscope. 

7. Immunohistochemistry 

Antibodies were developed for fish (Argyrosomus re- 
gins) MGP (a/írMGP) and osteocalcin (ovl/OC) as previ- 
ously described [8a] and afTinity-purified. Speciíicity of 
these antibodies for Sparus antigen was confinned by West- 
ern blot (results not shown). 

Sections were dewaxed in xylene and hydrated in a 
decreasing methanol series and endogenous phosphatascs 
were blocked by incubation for 15 min in a 15% glacial 
acetic acid solution. Following two 10-min washes in Coons 
buffer [10 mM 5,5-diethylbarbituric acid sodium salt 
(Merck & Co., Rahway, NJ), 145 mM sodium chloride 
(Sigma), pH 7.4], sections were incubated for 30 min in 
Coons + 0.5% bovine serum albumin, at R/T, and overnight 
with oíArOC or a/lrMGP antibodies, at R/T, in a moisture 
chamber saturated with 20 X SSC. Sections were then 
washed twice in Coons, for 10 min, at R/T, and incubated 
with diluted (1:1000 in Coons) anti-rabbit IgG alkaline 
phosphatase conjugate (Sigma), for 2 h, at R/T. Antibody 
was removed by washing twice with Coons for 10 min, at 
R/T, and sites of antibody retention revealed by incubation 
with fast red TR/naphtol AS-MX (Sigma) in Tris buffer 
(Sigma). Mounting was performed in Aquatex aqueous 
mounting media (Merck & Co.). Photos were taken with a 
C-3030 Olympus digital camera coupled to a BX-41 Olym- 
pus microscope. 

Results 

1. Cloning of the spMGP cDNA 

Total RNA extracted from Sparus bone-derived cells 
was used for the reverse transcription and amplification of a 

M BA Kmh 1 I 
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Fig. 2. Devclopmcntal appearance and tissue distribution of Sparus MGP 
mRNA. as dctectcd by Northern blot hybridization. Total RNA was ex- 
tracted from various dcvelopmcnlal stages [embryo (Emb), 2 to 18 dph] 
and tissues [hcart (H), branchial archcs (BA), liver (L), and kidney (K)], 
fraclionatcd in a denaturing agarose gel, transferred lo a nylon mcmbranc 
and hybridizcd with a 32P-labclcd spMGP cDNA (A), as described under 
Materials and Mcthods. /3-Actin transcript leveis were determined (B) and 
used to normalize thosc of spMGP transcripts (C) using the Quantity One 
4.2.1 (Bio-Rad). A logarithmic scale was used in C to account for major 
diffcrcnccs bctwccn values of the diffcrcnl samples. 

partial spMGP cDNA as described under Materials and 
Methods. The 569-bp band encoded a partial amino acid 
sequence highly homologous to the /IrMGP in the region of 
the heterologous primer used (ArMGP3F [8a]). This DNA 
fragment spun from amino acid 55 of the mature protein lo 
the stop codon, and extended an additional 414 bp to the site 
of insertion of the poly A(+) tail, 24 bp after a consensus 
polyadenylation signal (Fig. 1). The 5'-end of the spMGP 
cDNA was obtained by 5'-RACE PCR, using the Marathon 
cDNA amplification kit (Clontech) and a specific spMGP 
reverse primer (MGP2R; Fig. 1). The spMGP cDNA thus 
obtained spans 827 bp and comprises a S^untranslated 
region (UTR) of 59 bp, an open reading frame of 351 bp, 
coding for a polypeptide with 117 amino acid residues, and 
a 417-bp 3'-UTR, from the stop codon to the site of inser- 
tion of the poly -A tail (Fig. 1). 

2. Developmental expression of the spMGP gene 

2.1. Detection of spMGP gene expression by Northern 
and RT-PCR Southern blot hybridization 

Northern blot hybridization showed the presence ot 
spMGP mRNA already at 2 dph, with no signal being 
detected in the embryo at the neurula stage (Figs. 2A and 
C). The spMGP mRNA was always clearly present in the 
subsequent developmental stages analyzed, with an increase 
in signal intensity observed during the first stages of devel- 
opment until 9 dph. The leveis of expression detected at 18 
dph were comparable to those at 9 dph. Analysis of tissue 
distribution showed that the spMGP gene was expressed in 
the branchial arches, heart, and kidney (Fig. 2A), with the 
strongest signal detected for branchial arches and heart (I ig. 
2C). No positive signal was detected in liver tissue (Figs. 
2A and C). 

RT-PCR followed by Southern blot hybridization con- 
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Fig. 3. Dclcclion of Sparus MGP mRNA by RT-PCR. Total RNA was 
cxtractcd from dcvclopmcntal stagcs (1 to 130 dph) of Sparus and uscd to 
amplify MGP mRNA by RT-PCR, as dcscribcd undcr Materials and 
Methods. The rcsulting PCR produets werc size-fractionated by agarosc gel 
clcctrophorcsis, Iransfcrrcd to a nylon mcmbranc, and hybridizcd with a 
"P-labclcd spMGP cDNA (A). Sparus /3-actin transcript leveis werc dc- 
termincd (B) lo assess for RNA integrily. 

firmed that the spMGP gene was being transcribed at 2 dph, 
with no RT-PCR amplification occurring for 1-dph larvae 
(Fig. 3A). A positive signal was always clearly detected in 
subsequent developmental stages, up to 130 dph. 

2.2. Detection of spMGP gene expression and protein 
accumulaíion by in situ hybridization and 
immunoh istochem isíry 

Transcripts of the Sparus MGP gene were detected by in 
situ hybridization at 2 dph in the branchial arches (Fig. 4A1) 
and accumulation of MGP protein at lhese sites was con- 
firmed by immunohistochemistry (Fig. 4A2). In addition to 
branchial arches, the only other cartilaginous structures at 
this age are the lower jaw (Fig. 4A4), the otic capsula (Fig. 
4A3), the hypural 1, and a small ventral cartilaginous for- 
mation, the coracoid-scapula complex (data not shown). 
Mineralization at this age is detected solely in the cleitrum 
and in the upper jaw (Fig. 4A4). 

At 9 dph, a stage when the mouth of the larvae has 
already opened (exogenous feeding is possible), the lower 
jaw is in the process of mineralization (Fig. 4B4), and 
structures such as the basioccipital process and the trabec- 
ulae have become cartilaginous (Fig. 4B3). At this stage a 
significam increase in the spMGP gene expression was 
observed, with a strong signal detected by in situ hybrid- 
ization in the branchial arches, trabeculae, MeckePs carti- 
lage, and the basioccipital process (Fig. 4B1). Accumula- 
tion of MGP protein was detected at the same general 
locations at this age (Fig. 4B2 and data not shown). 

Between 9 and 27 dph, Sparus larvae show a dramatic 
increase in the number of cartilaginous structures, namely at 
the levei of the axial skeleton (most neural and hemal arches 
are formed; data not shown) and of the skull bonés (Figs. 
4C3 and C4). AU these structures show signs of spMGP 
mRNA and protein accumulation, which can be clearly 
delimited to chondrocyte-Iike cells, included in cartilagi- 
nous capsules, with signal being detected in the branchial 
arches and preopercular cartilage (Fig. 4C1), hemal and 
neural arches, basioccipital process, ethmoid plates, jaw, 
MeckePs cartilage, and generalized in the skull bonés (Fig. 
4C2 and data not shown). No spMGP gene expression and 
protein accumulation was detected in any soft tissues until 
this stage (data not shown). 

Between 27 and 45 dph spMGP gene expression reaches 
a peak in terms of number of tissues where it is detected 
(Figs. 4D1 and D2), concomitant with the development of 
cartilage in ali the remaining tissues (Fig. 4D3). This period 
is also characterized by a strong increase in the ossification 
process, either intramembranous or endochondral (i.e., bone 
formation by direct mineralization from the matrix secreted 
by osteoblasts or by deposition of an osseous matrix in a 
preexisting cartilaginous matrix, respectively [17]) (Fig. 
4D4). At 45 dph the localization of spMGP mRNA closely 
resembles what is seen at 27 dph, mainly detected through- 
out the entire juvenile body, including the branchial arches, 
ethmoid plate, opercular and preopercular cartilages, skull 
and jaw bonés (Figs. 4DI and D2), and hemal and neural 
arches (data not shown). Protein accumulation was detected 
in the same locations (data not shown). However, and in 
contrast with results at 27 dph, MGP mRNA was now easily 
detected in the cardiac chamber known as bulbus arteriosus, 
mainly composed of smooth muscle cells and endothelial 
cells, while no MGP mRNA was detected in the cardiac 
ventricle, mainly consisting of striated muscle cells (Fig. 
4F1). No protein was found to accumulate in any of the 
heart compartments. This period corresponds to lhe end of 
the larval stage, when the specimens develop scales and the 
fins are fully differentiated. 

At 85 dph ossification is nearly complete (Fig. 4E3), with 
only the structures necessary for the continuous growth of 
lhe fish remaining in the cartilaginous state [16]. AU the íin 
soft rays, the vertebra, and almost every bone from the head 
and the jaw are ossified. The only structures that remain 
cartilaginous are the branchial arches (Fig. 4E2), some skull 
bonés, the accessory cartilage, the last ventral and dorsal 
pterigiophores, and the pectoral distai radiais (data not 
shown). The presence of spMGP mRNA and accumulation 
of MGP protein are restricted to these tissues (e.g., Fig. 4E1 
and data not shown), with no signal being observed in the 
previously MGP mRNA-positive cartilaginous tissues, 
which presumably have by now become bone structures. In 
general, the results obtained indicate that in the Sparus 
skeleton MGP mRNA production occurs mainly in cartilag- 
inous tissues, where it is located in chondrocyte-like cells 
associated with regions containing a mucopolysaccharide- 
rich extracellular matrix, revealed by alcian blue staining. 
No hybridization was observed when we used the MGP 
sense probe (data not shown). 

Díscussion 

In this work we describe the molecular cloning of Matrix 
Gla protein cDNA in the marine teleost fish S. aurata and 
analyze the developmental appearance and tissue distribu- 
tion of MGP mRNA and protein through the use of Sparus- 
specific molecular probes and functional antibodies. These 
íindings are correlated with cartilage formation and sites of 
tissue mineralization during larval development. 
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Analysis by Northern blot and RT-PCR coupled with 
Southern hybridization identified the temporal and spatial 
pattem of expression of the spMGP gene throughout Sparus 
development, from day 1 post-hatching to the juvenile 
stage. The MGP gene was expressed as early as 2 dph (Fig. 
2 and 3) and its transcripts were subsequently detected in ali 
stages of larval development analyzed. A significant (10- 
fold) increase in the relative amounts of MGP mRNA was 
observed between 2 and 9 dph, whereas at 18 dph the 
relative amounts of this mRNA were no different from those 
seen at 9 dph. These results may be the reflection of the 
large number of cartilaginous structures appearing between 
2 and 9 dph in the body structure of the larvae and the 
corresponding increase in MGP mRNA-positive cells, a 
hypothesis that was further analyzed by in situ hybridization 
techniques coupled with immunohistochemistry. 

In situ hybridization confirmed the presence of spMGP 
mRNA and protein at 2 dph (Figs. 4A1 and A2) in the first 
skeletal structures of Sparus known to develop a cartilagi- 
nous matrix (Fig. 4A3). In the next few days, the larvae 
body acquires a morphology that is indicative of its final 
phenotype, with the acquisition of more cartilaginous struc- 
tures in the head skeleton, as seen by alcian blue staining. 
The 10-fold increase in MGP mRNA detected between 2 
and 9 dph and the observed restricted location of this tran- 
script in chondrocyte-like cells could therefore reflect the 
onset of chondrogenesis with the differentiation of cells 
from the chondrocytic lineage involved in the formation of 
different skeletal structures. Comparable morphological 
changes have been shown, in higher vertebrates, to be as- 
sociated with a strong induction of MGP gene transcription 
[26]. These authors have shown by in situ hybridization 
that, in mouse, MGP mRNA was consistently more abun- 
dam in the periphery of the zone of resting and prolipher- 
ative chondrocytes than in the central area. This same pat- 
tem of MGP mRNA production is observed in Sparus (e.g., 
Fig. 4D2), indicating that the biosynthesis of spMGP is 
more active in the peripheral zone, where newly differenti- 
ated chondrocytes arise, than in the central zone, where the 
chondrocytes may be more mature. A recent work[18] sug- 
gests that MGP may be required for chondrocyte maturation 
in mammals. Our finding that in Sparus MGP mRNA is 
preferentially produced by newly differentiated chondro- 
cytes may signify that in fish this important putative func- 
tion is also accomplished by MGP. 

Synthesis of spMGP mRNA production seemed to de- 
crease once cartilage was fully mineralized, a result that 
mimics the pattem of expression that has been reported for 
higher vertebrates, where MGP mRNA has been detected 
prior to calcification, mainly associated with cartilage [6] or 
in hypertrophic chondrocytes adjacent to fronts of mineral- 
ization [19]. In addition, we have recently shown that in 
Xenopus laevis MGP gene expression is first detected at the 
lime of chondrocranium development, i.e., concomitant 
with the appearance of cartilage [10], 

Decalcification of the specimens used for this work hin- 

ders the detection of mineralized tissue and mineralization 
fronts in histological sections by histochemical techniques. 
We have used the pattem of gene expression and protein 
accumulation of osteocalcin (an osteoblast-speciíic vitamin 
K-dependent protein found to accumulate in bone extracel- 
lular matrix in mammals [20] and in fish [16]) to detect the 
presence of bone-derived calcified structures in lhe same 
specimens used for MGP studies, since the presence of 
osteocalcin mRNA or protein accumulation has never been 
observed in cartilaginous matrix or chondrocytes. Osteocal- 
cin gene expression and protein accumulation in 85-dph 
Sparus was detected in ali mineralized tissues that also 
stained with alizarin red in nondecalcified Sparus specimens 
of the same age, including vertebra (Figs. 4H2 and Hl, 
respectively) and jaw and skull bonés (data not shown), 
consistent with our previous findings [16]. We have de- 
tected cartilage- and bone-specific cells in the same skeletal 
structures in fish (unpublished results) and a similar carti- 
lage-bone location within the same skeletal structure in fish 
has been described by others [21], showing a chondrocyte- 
rich matrix that does not mineralize involved with a grow- 
ing bone capsula calciíying independently of the cartilage. 
These data also coníirm recent results from our laboratory 
with a different marine fish, A. regius [8a], where both MGP 
and osteocalcin were found in the same skeletal structures 
(branchial arches) but clearly produced by different cell 
types. In this work MGP mRNA-positive staining was never 
detected in the same cells as osteocalcin mRNA, and sites of 
MGP accumulation were always distinct from those found 
to accumulate osteocalcin. Moreover, when MGP and os- 
teocalcin were indeed detected in the same skeletal struc- 
tures, MGP was always associated with cartilage (data not 
shown) whereas osteocalcin accumulated in the periphery of 
the cartilaginous structure (Fig. 4GI and G2), suggesting a 
mechanism of endochondral ossification, where both pro- 
teins play their roles, albeit at different locations of the same 
structure. It seems, therefore, that, like in higher vertebrates, 
MGP in Sparus is required early in development and is 
tightly associated with chondrocyte differentiation and car- 
tilage formation, presumably involved in prevention or reg- 
ulation of its rate of calcification. It is still unclear how 
MGP fulfills its calcification inhibitory activity, bui an at- 
tractive hypothesis was recently postulated by Bostrom et 
al. [22], who proposed that MGP may, at least partially, 
fulfill its function by complexing BMP-2, an important 
inductor of osteogenesis. In addition, previous studies have 
proven MGP to be a potent inhibitor of mineralization in 
vitro via its y-carboxylated Gla residues [23], In any case, it 
seems that the presence of Gla residues is required for MGP 
to fulfill its function as calcification inhibitor since when 
functional Gla residues are abolished by warfarin treatment 
there is a clear increase in abnormal cartilage and vascular 
calcification [4,5,24], 

Northern blot hybridization has revealed the presence of 
spMGP cDNA in juvenile soft tissues such as heart and 
kidney. In situ hybridization results confirmed the presence 
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of spMGP mRNA in heart (Fig. 4F1), localized in the 
bulbus arteriosus, which is rich in smooth muscle íibers and 
endothelial cells, with no signal being detected in the stri- 
ated muscle forming the heart ventricle. MGP gene expres- 
sion in the heart has been reported for other species [9,10] 
and its synthesis by smooth muscle and endothelial cells 
from the vascular system has been proven [5,8]. Several 
studies also account for the presence of protein in the 
aortic vessel wall of mammals and not in the cardiac 
muscle itself, which is composed mainly of striated car- 
diac fibers [25]. Additionally, both functional and genetic 
MGP depletion studies in rodents [3,5] have shown a 
rapid calcification of the lamellae of coronary artery and 
aortic heart valve, suggesting that MGP is important in 
these tissues to prevent calcification. The presence of 
spMGP mRNA in heart and its expression pattern in this 
tissue suggests that this protein is also important in fish to 
prevent arterial calcification. In addition, the fact that, as 
in mammals [9], spMGP protein is not accumulated in the 
heart (data not shown), despite the relativcly high levei of 
MGP mRNA production, suggests that one of the protein 
functions, like in higher vertebrates, might be the clear- 
ance of excess calcium from tissues into the circulation, 
thus protecting against calcification. 

In situ hybridization did not confirm the presence of 
spMGP mRNA in kidney, with no clear signal above the 
background noise being detected in this tissue (not shown). 
Since the Northern blot signal was already relatively weak, 
it is possible that the spMGP gene expression in kidney can 
be due to the presence of vascular tissues that irrigate this 
organ. The detection of MGP mRNA was also weak (only 
detected by RT-PCR) in another lower vertebrate, X. laevis 
[10], a result confinned by our data and further suggesting 
the involvement of the arterial vessels in the positive signal 
detected. 

In conclusion, this study rcpresents the first comprehen- 
sive analysis of the pattern of gene expression and protein 
accumulation of MGP throughout development of a marine 
leleost, S. auraía. We have identified the pattern of MGP 
gene expression and protein accumulation throughout the 
first stages of Sparus development, in relation to skeletal 
development, and shown the existence of a similarity at this 
levei between this lower vertebrate and previous results 
published for mammals. Several implications arise from 
these results: (1) matrix Gla protein might have the same 
function(s) in ali organisms whcre it is prescnt, a result 
further emphasized by the previously described evolution- 
ary conservation of MGP amino acid residues thought lo be 
required for normal function [10; and references therein], 
suggesting that the need for its function arose more than 200 
million years ago; (2) fish in general can be considered as a 
valuable model for the study of this protein, both in struc- 
ture and in function; and (3) S. auraía is a valid model for 
analyzing gene expression and regulation in marine fish. 
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Abstract. In fish species the basic mechanisms of bone 
development and bone remodeling are not fully under- 
siood. The classification of bone tissuc in leleosts as 
cellular or acellular and the presence of transitional 
states between bone and cartilage and the finding ol 
different types of cartilage in teleosts not previously 
recognized in higher vertebrates emphasizes lhe need tor 
a study on lhe accumulation of lhe Gla-contaming 
proteins MGP and BGP at the cellular levei In the 
present study, polyclonal antibodies developed against 
BGP and MGP from A. regius (a local marine teleost 
fish) and against MGP from G. galeus (a Pacific Ocean 
shark), vvere tested by Western blot for their specificity 
against BGP and MGP from several other species o 
teleost fish and shark. For this purpose we extracted and 
purified both proteins from various marine and tresh- 
water leleosts, identified them by N-terminal amino acid 
sequence analysis and confirmed the presence of gam- 
ma-carboxylation in lhe proteins with the use ol a stain 
specific for Gla residues. Each antibody recognized ei- 
ther BGP or MGP with no cross-reaction between 
proteins detectcd. Ali purified fish BGPs and MGPs 
tested were shown to be specifically recognized, thus 
validating lhe use of these antibodies for further studies. 

Matrix Gla Protein (MGP) and Bone Gla Protein (BGP, 
osteocalcin) belong to the family of vitamin K-depend- 
enl (VKD), y-carboxyglutamic acid (Gla)-containing 
proteins that have been unequivocally associatcd with 
bone formation and mineralization [1-4], and more re- 
cently, with vascular calcification [5-10]. 

MGP is a 10-15 kDa-secreted protein, containing 4-5 
residues (depending on lhe species) of the Ca2' binding 
Gla residue [11-15] while BGP is a small secreted pro- 
tein with approximately 6 kDa molecular weight and 
includes three Gla residues. Although there is little in- 
formation about the regulalion of expression ol these 
proteins in teleosts, BGP in teleost fish has been shown 
to be associated with bone-like mineralized tissues pie- 
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scnl in branchial arches, jaw, vertebra and scales [15, 16] 
while MGP was only recently found to accumulate, 
mainly in the extracellular matrix of calcified cartilage 
[15]. In this previous work, the MGP gene was found lo 
be predominantly expressed in chondrocytes from 
branchial arches, with no expression detected in lhe 
different bone-like mineralized tissues analyzed while 
BGP mRNA was mainly located in bony tissues asso- 
ciatcd with osteoblast-like cells, as expecled [15]. As 
previously seen in mammals and Xenopus, MGP mRNA 
was also found to be present in teleost soft tissues, 
predominantly in heart and kidney [15], with lhe ex- 
pression of MGP in heart tissue mainly associated with 
two specific ccll types, smooth musclc and endothclial 
cells [15]. 

We have recently developed specific polyclonal an- 
tibodies against BGP and MGP from the teleost fish A. 
regius [15] as well as against MGP purified from 
soupfin shark {Galeorhinus galeus) (our unpublished 
results). The purpose of lhe present work was to 
demonstrate the usefulness of these antibodies for 
studies of BGP/MGP accumulation and tissue distri- 
bution in marine and fresh water fish and amphibians. 
To achieve this goal we purified and characterized 
MGP and BGP from various fish species and from 
Xenopus and compared lhe ability ol our antibodies to 
recognize these specific antigens. 

Material and Methods 

Extraction of MGP and BGP from Fish and Amphibian Tissues 

Vertebra from Sparus aurata, Solea senegalensis and Prionace 
glauca branchial arches from Halobatrachus didactylus and 
the entire skeleton of Xenopus laevis and Damo reno wcrc 
cleaned from adhering soft tissues and the Gla-contaming 
proteins were extracted based on previously desenbed proce- 
dures [14, 15. 17], Briefly, lhe mineralized material was ground 
in a mortar with liquid nitrogen to less lhan 1 mm in diameter, 
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exlensivcly washcd with 6 M guanidine HC1 and water and 
dried with acctonc. The resulting powder was demineralized 
with 10% formic acid. dialyzed (SpectraPor 3) against 50 mM 
HC1. freeze-dried. re-suspended in 6 M guanidine-HCI. 0.1 M 
Tris-HCl pH 9. 10 mM EDTA. further dialyzed (SpectraPor 3; 
Spectrum, Gardena, CA. USA) against 5 mM ammonium 
bicarbonate and freeze-dried [15]. P. glauca dialyzed extract 
showcd a precipitate that was separated. dissolved in 50 mM 
HC1 and stored at -80oC. Samples were then analyzed by 
SDS-PAGE as described in "Eleclrophoresis and Blotting." 

For ali lhe other preparalions, the crude extracts were ul- 
trafiltrated using a Ccntricon-10 with 10 kDa molecular weight 
cut-off (Amicon, Millipore, Bedford, MA, USA). The com- 
bined final filtrates containing BGP (lower than 10 kDa) were 
further dcsalled and concentrated using a Centricon-3 (3 kDa 
cut-off) (Amicon). 

Both the filtrate and filter-rctained samples were collectcd 
and their protein contem was determined as described in 
"Protein Quanlificalion." Proteins in each fraction were fur- 
ther analyzed by SDS-PAGE. 

Protein Quanlificalion 

Total protein concentration in crude acid extracts was deter- 
mined using the Commassie plus protein assay reagent (Pierce, 
Rockford. ÍL, USA) according lo lhe manufactureis protocol. 
For the determination of protein concentration of purified 
BGP samples, the value of E01% 1 cm = 1.33 at 280 nm [18] 
was used. For MGP concentration determination the value of £0.i% i cm = [ q at 28o nm was used (P.A. Price, personal 
communication). 

N-Termina! Protein Sequence Analysis 

Di BGP (D. rerio BGP) and /WBGP {H. didactylus BGP) pu- 
rified proteins were directly deposed on a polybrene-coated 
glass (iber filter. PgMGP (10 pg) (P. glauca MGP) containing 
samples were loaded onto 4 lanes and fractionated on a 18% 
SDS-polyacrylamide gel, then transferred onto a PVDF 
membrane filter (Applied Biosyslems, Foster City, CA, USA) 
and staincd with Commassie Brilham Blue in order to visualize 
protein bands. The band corresponding to PgMGP (around 18 
kDa) dctectcd in each lane was cul for further identification by 
protein sequence analysis. Automatic Edman degradations 
were performed as described [13] using an Applied Biosyslems 
Model 494 sequenator equipped with an on-line HPLC and 
employing lhe standard program supplied by the manufac- 
turer. Phenylthiohidantoin (PTH) amino acid derivatives were 
separated by a 2.1 mm x 22 cm C-18 reverse-phase HPLC 
column (Applied Biosyslems) and the gradient conditions were 
those recommended by Applied Biosyslems. 

Eleclrophoresis and Blotting 

Total protein (20-30 pg) was dissolved in SDS sample buffer 
containing reducing agenl (NuPage, Invitrogen, La Jolla, CA. 
USA), applied to a 12% or 4-12% gradient polyacrylamide 
prccast gel containing 0.1% SDS (NuPage. Invitrogen) and 
fractionated at a constam 140 volts. The gels were stained 
either with 0.2% Commassie Brilham Blue R-250 (C.l. 42660, 
Bio-Rad, Richmond, CA, USA), 10% trichloroacetic acid. 
10% 5-sulfosahcyhc acid or with a DBS-staining solution 
spccific for Gla-containing proteins [(8.5 mM 4-diazobcnzenc 
sulfonic acid (DBS); Sigma, Spain; 6.4 mM NaNCU in 2 M 
acetatc buffer. pH 4.6)] as described in [19]. Lysozyme (Sigma) 
and protease factor Xa (New England Biolabs) were used. 
respectivcly. as negalive and positive controls for the DBS- 
staining method. Blotting onto nitrocellulose (Invitrogen) was 
performed for 1 h at constam 80 mA using a Bio-Rad Mini 
Trans-Blot Celi system (Bio-Rad) and a Bis-Tris transfer 
buffer (NuPage. invitrogen). The membranes were blockcd for 

2 h with 5% (w/v) non-fat dried milk powder in TBST (15 mM 
NaCl, 10 mM Tris-HCl buffer, pH 8, 0.05% Twecn 20; Blotto) 
and then incubated overnight with 0.04 pg/ml anii-/lrMGP or 
anti-/írBGP affinity-purified antiserum in Blotto or with anti- 
GgMGP polyclonal antibody diluted 1:100 in the same solu- 
tion. Immunoreactive protein bands were detected using al- 
kaline phosphalase-labeled goat anti-rabbit IgG antibody 
(Gibco-BRL, Paisley, UK) diluted 1:20,000 in TBST and vis- 
ualized using NBT/BCIP substrate solution (Sigma) as de- 
scribed [20], Negative controls consistcd in the substitution of 
lhe primary antibody with phosphate-buffered saline (150 mM 
NaCl, 15 mM sodium phosphate buffer, pH 7.2; PBS) in lhe 
experiments with the purified antibody and with normal rabbit 
serum when using lhe non-purified antibody. Controls also 
included pre-incubation of the primary antibody for I h al 
room temperature with purified ^rMGP and ArBGP purified 
protein (1:10 weight ratio). 

Dot-blot Analysis 

Purified protein samples were deposiled in 1 (il aliquols (0.5 pg 
total protein) onto a nitrocellulose membrane (Invitrogen). 
Membranes were allowed to dry for 1 h and blocked for 2 h 
with 5% (w/v) dried milk powder in TBST. Incubation with 
anti-zlrMGP, anti-zlrBGP affinity-purified antibodies and 
anti-GgMGP polyclonal antiserum and detection of immuno- 
reactive protein spots was performed as described in "Elecl- 
rophoresis and blotting." 

ArBGP. ArMGP and GgMGP Antiserum 

MGP and BGP were purified from formic acid extracts of A. 
regius branchial arches as described [ 15]. Rabbit polyclonal 
antibodies against MGP and BGP from A. regius were ob- 
tained from Stratcgic BioSolutions (Ramona, CA, USA) using 
the purified protein adsorbed to polyvinylpyrrolidonc (PVP- 
40), as described [II. 15]. GgMGP (MGP from Galeorhinus 
galeus) antiserum was raised against purified GgMGP [21] 
using a described method [11]. 

Specificity of the antiserum was determined by Dot-blot 
and Western-blot immunoassays as described in "Eleclro- 
phoresis and Blotting" using either the purified proteins 
(X/MGP and /IrBGP) [15] or the characterized MGP obtained 
from a crude extract of P. glauca calcified cartilage. 

Affinity Purification of ArBGP and ArMGP Antiserum 

Purified protein samples [15] (5 mg of /írBGP dissolved in 0.1 
M NaHCOj, 0.5 M NaCl. pH 8.3 and 1.2 mg of/1/MGP re- 
suspended in 0.2 M NaHCOj, 4 M urea) were coupled to the 
CNBr-aclivated Scpharosc 4B resin (Amersham-Pharmacia, 
Piscataway, NJ) overnight at 40C. Adsorption of the zírBGP 
and /IrMGP polyclonal antibodies was performed according 
to the manufacturei instructions. Bound antibodies were 
elutcd with 100 mM glycine pH 2.5 followed with 100 mM 
tricthylamine. pH 11.5 and samples (I ml) were immediately 
neutralized by adding 100 pl of 1 M Tris-HCl, pH 7. Ab- 
sorption of lhe effluent at 280 nm was monitored. The resulting 
pcak fractions were dialyzed against phosphate-buffer saline 
and stored at -20oC. 

Determination oj BGP Theoretic Isoeleclric Point 

Isoelectric point of BGPs from A. regius. S. aurata. D. rerio, X. 
laevis and B. taurus were calculated using lhe Peptide Stalislics 
Tool (PEPSTATS) from biotools (http://biotools.umass- 
med.edu ). The complete mature sequence derived from cDNA 
was used in each case and values were calculated in the absence 
of either hydroxylation of proline or y-carboxylation of 
glutamic acid residues. 
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Fig. 1. Comparison of migration behavior on SDS-PAGE of 
Gla-containing BGPs from diffcrcnt tclcosts (S. aurata, D. 
rerio, S. senegalensis, H. didciciylus, X. laevi.i and B. taurus. (A) 
and (B) Each lane of 12% SDS-PAGE (Nupage, Invitrogen) 
was loaded with 10 pg of protein. One gel was staincd using the 
CBB-staining method for total protein detection (A) and the 
other with DBS-staining method specific for Gla-containing 

Results 

Identification of Gla-containing Proteins from Mineralized 
Tissues of Teleost and Cartilaginous Fishes and from Xenopus 

BGP and MGP were separated from the acid extract of 
5. aurata, H. didaetylus, S. senegalensis, D. rerio and X. 
laevis mineralized tissues by ultrafiltration, as described 
in Material and Methods. SDS-PAGE results depicted 
in Figure IA demonstrate that most of lhe protein in 
BGP-containing filtrates from 5. aurata, D. rerio and H. 
didaetylus migrated as a single eomponent with higher 
mobility than BGP purified from A. regias branchial 
arches, a migration behavior similar lo X. laevis BGP 
(Fig. IA). Only S. senegalensis BGP samplc showed 
more than one band, and lhe reason for this discrepancy 
remains lo be clarified. In addition. ali fish and Xenopus 
BGPs showed a higher migration behavior than bovine 
BGP (Fig. IA, C). Positive reaction (red-orange) ob- 
tained with the DBS-staining method (Fig. 1B) follow- 
ing SDS-PAGE elearly indicated that the purified 
proteins from ali species were gamma-earboxylated. 

Comparison of the migration behavior between fish 
{S. aurata, S. senegalensis, A. regias, D. rerio), Xenopus 
and bovine BGPs in non-denaturing conditions over a 
18% Tris-Glycine native gel is depicted in Figure 2. The 
results confirm the purity of the fractions analyzed since 
in this type of gel ali protein samples tested migrated 

proteins (B); MWM, SeeBlue pre-stained molecular weight 
markers (Invitrogen). (C) Protein 10 pg eilher A. regias or B. 
taurus purified BGP was loaded per lane on a 18% SDS-PAGh 
gcl (Novex, Invitrogen) and staincd with CBB; MWM. low 
range molecular weight markers from BioRad. Corresponding 
molecular weights (in kDa) are indicated on lhe margins of the 
figure. 

■ -5 H a 5 •>' 5 ~ — V 

Fig. 2. Comparison of native electrophoresis migration be- 
havior of BGPs from different fish species (A. regias, S. sene- 
galensis, S. aurata and D. rerio), X. laevis and B. taurus applied 
to 18% Tris-glycine polyacrylamide gel (Novex, Invitrogen). 
Each lane was loaded with 10 pg of protein and the gel was 
stained using lhe CBB staining method. B. taurus decarb - B. 
taurus BGP decarboxylaled (Poser and Price, 1979). 

essentially as a major band although a second less in- 
tense band is also seen that could be explained by lhe 
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Table 1. Detection and characterization of BGP protein purificd from bone and calcified cartilage acid cxtracts obtained from 
several leleost lishcs (À. regias, S. senegalensis, S. aurata, H. didactylus, D. rerio) and X. laevis 

SDS-PAGEa 

Specimen (tissue) CBB DBS 
Immunodetection11 

(antibody) N-terminal sequencec 

BGP A. regias (vértebra) 10 kDa Positive Western blot (anti-/í/BGP) AAKELTLAQTE*SLRE*VCE* 
TNMACDEMADAQG1VAAY 

S. aurata (vértebra) 4 kDa Positive Western blot (anti-TrBGP) n.d. 
S. senegalensis* (vertebra) 4 kDa Positive Western blot (anti-/!/-BGP) n.d. 
D. rerio (skcleton) 5 kDa Positive Western blot (anti-zlrBGP) AGTAXGDLTPFQLE*SLRE*VCE* 
77. didactylus 8 kDa Positive Dot blot (anti-^/BGP) AAAELSLVQLE*SLRE*VCE*Q 

(branchial arches) 
X. laevis (skeleton) 10 kDa Positive  * n.d. 

a The proteins were electrophoresed on a 18% SDS-PAGE 
(NuPage. Invitrogen) stained with CBB and DBS and the 
molecular weights were estimated by plotting the log versus 
relative migration distance using lhe pre-stained molecular 
weight markers (SeeBlue. Invitrogen) over a linear range 
h Immunodetection of the proteins was performed by Western 
blot or Dot blot analysis using anti-/l/-BGP affinity purified 
antibodies as primary antibody (0.1 pg) and alkaline phos- 
phatase-labeled goat anti-rabbit IgG antibody with the NBT/ 
BC1P substrate solution as secondary antibody 
c N-terminal sequence was obtained as described in Materials 

and Mcthods section and is numbered from lhe firsl amino 
acid residue identified from sequence determination. E*. Gla 
residue. X. non-identified amino acid residue. (n.d.) not de- 
termined 
t Besidcs this one band (3-6 kDa) there were 2 extra bands 
both coloring with CBB- and DBS-staining (SDS-PAGE. 
Figure I) and recognized by lhe same antibody (Western blot. 
Figure 3) 
* Affinity purificd antibodies (anti-.-frBGP and anti-/lrMGP) 
as well as anti-CgMGP polyclonal antiserum were tested and 
gave negative results 

presence of a BGP with a different degree of carboxy- 
lation. In fact, the effect of carboxylation of BGP is 
quite clear once we compare, over a native gel, the mi- 
gration of B. taurus BGP with a sample of decarboxyl- 
ated protein (Fig. 2B) obtained using a described 
procedure [23]. 

N-terminal amino acid sequence analysis was ob- 
tained for DrBGP and HdBGP (Table 1) and their 
identity was confirmed bascd on the fact that the first 21 
(DrBGP) and 19 (HdBGP) amino acid residues se- 
quenced showed high homology with previously se- 
quenced BGPs [15, 17]. The assignment of lhe three Gla 
residues in the N-terminal sequence (Table 1) was based 
on comparison with other BGP sequences [17] where 
these residues are highly conserved, and also on lhe fact 
that in the standard sequence analysis no PTH deriva- 
live could be identified at these positions. Western- blot 
analysis of the fish BGP-containing filtrates from S. 
aurata, D. rerio. H. didactylus and S. senegalensis using 
lhe anti-/í/-BGP purified antibody (Fig. 3) also con- 
firmed the identification of these bands as BGP. 

Analysis by SDS-PAGE of the centricon 30 filter- 
retained contents of each sample followed by CBB and 
DBS staining permitted the identification of a Gla- 
containing protein in X. laevis, S. aurata and S. sene- 
galensis sample extraets (Fig. 4) with a migration be- 
havior (14-18 kDa) similar lo that previously obtained 
for /Í/-MGP (Fig. 4). The P. glauca sample showed a 
clearly defined band (Fig. 4) that was sufficiently pure 
and abundam lo obtain a N-terminal amino acid se- 
quence (30 amino acids residues were obtained, see 
Table 2) and confirmed its identity lo be PgMGP based 
on its high homology with the previously sequenccd 
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Fig. 3. Western blot analysis of BGPs from severa! teleost fish. 
1 pg of each protein was electrophoresed on 18% SDS-PAGE 
(Novex, Invitrogen). Following electrophoresis, proteins were 
blotted onto nitrocellulose. and membranes were incubated 
with 0.04 pg/ml of anti-/l/ BGP affinity purified antibody. Al- 
kaline phosphatase-labeled goat anti-rabbit IgG wasused as 
secondary antibody and NBT/BCIP as substrate solution. 
MWM, pre-stained molecular weight markers from Bio-Rad. 
Corresponding molecular weight (in kDa) are indicatcd on the 
right margin of the figure. 

soupfin shark MGP [21]. Weslern-blot analysis of the 
filter-retained content in each sample using either the 

tTj V .2 
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Table 2. Detection and characterization of MGP protein in crude or purified bonc and calcified cartilage acid cxlracts oblained 
from scveral telcost fish {A. regius, S. senegalensis, S. aurala, D. rerio), X. laevis and blue shark (P. glauca) 

SDS-PAGE11 

Immunodetectionb 

Specimen (tissue) CBB DBS (antibody) N-terminal sequcnccc 

MGP A. regius (hranchial arches) 14-18 kDa Positive Western blot YE*SHESXESAEDLFVPXQ 
(anti--4rMGP) XANSFMTPXRG 

D. rerio (skeleton) 14-18 kDa Positive Western blot n.d. 
(anti-/hMGP) 

S. senegalensis (vertebra) 14-18 kDa Positive Western blot n.d. 
(anti-TrMGP) 

S. aurata (vertebra) 14-18 kDa Positive Western blot n.d. 
(anli-4;MGP) 

X. laevis (skeleton) 14-18 kDa Positive Western blot n.d. 
(anti-GgMGP) 

P. glauca 14-18 kDa Positive Western blot DSSESNEIDDVLELGRRDA 
(vertebra, jaw, branchial arches) (anti-GgMGP) NSFMKYPQLGN 

11 The proteins wcre electrophoresed on a 4 -20% SDS-PAGE 
(NuPage, Invilrogen), stained with CBB and DBS and the 
relative molecular weight estimated by comparison with prc- 
staincd molecular weight markers (SecBluc, Invitrogen) 
b Immunodetection of the protein was performed by Western 
blot or Dot blot analysis using lhe anti-^r MGP purified an- 
libodies (0.1 pg) or anti-Gg MGP polyclonal antiserum (1:100 
dilution) as primary anlibody and alkaline phosphatase-labe- 

led goat anti-rabbit IgG antibody with the NBT/BC1P sub- 
strato solution as secondary antibody 
c The N-lcrminal sequence presented in this table was oblained 
as describcd in Materials and Methods section and is numbered 
from the first amino acid residue oblained from sequence de- 
termination. X, non-identified amino acid residue. E*, Gla 
residue, (n.d.) not determined 

anti-/í;MGP purified antibody or the anti-GgMGP 
polyclonal antiserum (Table 2) also eonfirmed the 
identifieation of these bands as MGP. 

For the S. aurala and S. senegalensis retentate 
samples a single band with positive immunoreaetion 
with anti-TrMGP purified anlibody was oblained (Fig. 
4, A2, B2). These results together with the DBS-stain- 
ing results performed on the same SDS-PAGE that 
also gave positive eoloration for a band with the same 
migration behavior (Fig. 4, Al, BI) eonfirmed that the 
protein was y-earboxylated and that there was no evi- 
denee of MGP aggregation. The presenee of a seeond 
band in the same filter-retained extract (and a third 
band in the case of S. senegalensis sample) with a 
positive eoloration by the DBS-staining bui with a 
higher migration behavior suggested that BGP was 
present in both S. aurala and S. senegalensis filter-re- 
tained samples (Fig. 4, Al, BI). Western blot using 
anti-/l/'BGP purified antibody as a control in these 
samples, gave positive immunoreaetion for BGP con- 
firming the hypothesis of the presenee of BGP in S. 
aurala and S. senegalensis filter-retained samples (re- 
sults not shown). 

Wcstcrn-blot analysis of X. laevis filter-retained 
eontent identified a band around 14-18 kDa with posi- 
tive immunoreaetion with anti-GgMGP polyclonal 
antiserum that also gave positive eoloration with DBS- 
staining performed on the same SDS-PAGE, confirming 
that the protein was y-carboxylated (Fig. 4, A3, Al). In 
the case of D. rerio, lhe results oblained by Western blot 

showed three bands that posilively immunoreacted with 
anti-/í/-MGP antibody with a pattern of migration be- 
havior similar lo /1/MGP (Fig. 4, A2). The absence ol 
any detectable band around 14-18 kDa is possibly due 
to protein aggregation during the ultrafiltration proce- 
dure performed using 5 mM ammonium bicarbonate. 
This phenomenon is characteristic of MGP especially 
when stored in non-denaturing buffers as previously 
referred to [23, 24], A comparable result was also ob- 
served, although to a less extent, for lhe /IrMGP sample 
(Fig. 4, A2). However, and in agreement with results 
oblained for A. regius (results not shown), no eoloration 
by DBS-staining was observed for this />MGP sample 
(result not shown) probably because of the protein ag- 
gregation limiting the exposure of the Gla residues to 
the staining, an csscntial fcaturc to obtain a positive 
result with this staining procedure. 

Given the complexity of the protein mixture eontent 
in X. laevis, S. senegalensis, S. aurala and D. rerio filter- 
retained samples, the low efficiency oblained on the 
separation over a 4-12% gradient SDS-PAGE (Fig. 4) 
and also lhe low MGP eontent and lhe aggregation 
phenomenon, il was not possible to obtain a clear 
N-terminal amino acid sequence for these samples. 

PgMGP sample analysis by Western blot with anti- 
GgMGP polyclonal antiserum showed a positive im- 
munoreaetion for lhe 14 kDa band but a seeond band 
was also identified in the precipitam fraction with a 
higher migration behavior (around 6 kDa) (Fig. 4, Cl. 
C2). This band probably represents fragments of MGP. 
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Fig. 4. SDS-PAGE and Western-blol 
analysis of several leleost fish (S. auraia, 
S. senegalensis, D. rerio, A. regius), X. laevis 
and P. glauca dialyzed acid extracts 
containing MGP. Electrophoresis was 
performed using 4-12% SDS-PAGE gels 
(Nupage, Invitrogen). Each lane was loadcd 
with 30-50 pg of total protein. CBB: Gcls 
were stained using the CBB staining 
method for total protein detection (A4. B3, 
C2). DBS: Gels were stained using the DBS 
staining method specific for Gla residues 
(Al. bT). anti-/l/-MGP and anti-GgMGP: 
for Western blot analysis, a 1:10 dilution of 
the samples was used to load the gel. 
Following electrophoresis. proteins were 
blolted onto nitrocellulose. and the 
membranes were incubated either with 0.04 
pg/ml of anti-/l/-MGP purified antibody 
(A2, B2) or 1:100 dilution of anti-GgMGP 
polyclonal antiserum (A3, Cl). Alkaline 
phosphatase-labeled goat anti-rabbit IgG 
was used as secondary antibody and NBT/ 
BC1P as substrate solution as described in 
the Materials and Methods. MWM. 
SeeBlue pre-stained molecular weight 
markers (Invitrogen). 

a result previously obtained in /IrMGP purificalion 
from teleost fish-calcified cartilage [15]. Western blot 
analysis of the insoluble and the soluble dialyzed frac- 
tion using the anti-/írBGP antibodies gave negative 
resulls (results not shown). 

Antiserum Purificalion and Characterization 

For use in immunohistochemistry and in the analysis 
of cell protein extracts, zl/"BGP and /4/MGP poly- 
clonal antisera were affinity-purified, as described in 

Materials and Methods, using zlrBGP and /írMGP 
purified from A. regius branchial arches [15]. As shown 
in Figures 5A and 5B. the affinity purificalion elution 
profile of both antisera permitted the separation of two 
different antibody entities, anti-zírBGP-l and anti- 
ArtíGP-2 in zlrBGP polyclonal antiserum (5A) and 
anti-/írMGP-l and anti-/í/MGP-2 in ArMGP poly- 
clonal antiserum (5B). Comparing the relative amount 
of the elution peaks obtained, anti-^/ BGP-2 (5A) and 
anti-/í/MGP-l (5B) purified antibodies seemed to be 
the most abundant in lhe unpurified anti-zírBGP and 
anti-zlrMGP antiserum, respectively. Dot blot analysis 
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Fig. 5. Affinity purification of anti-/b-BGP (A) and anti- 
/IrMGP (B) polyclonal antiserum using CNBr-activated 
Sepharose 4B resin coupled with the corresponding antigen. 
Bound antibodies were elulcd with approximately 100 mM 
glycinc pH 2.5 (a), followed with 100 mM triethylamine, pH 
\ 1.5 (b). Fractions of approximately 1 ml were collected every 
5 minutes. Elution profile was obtained by measuring ab- 
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sorbance of eflíuent fractions al 280 nm. Peak fractions were 
collected and dialyzed with phosphate buffer saline (PBS). 
Immunoreaction of 0.1 pg of/IrMGP, /írBGP or polypeplide 
/O-MGP fragments (Fa and Fb, B-ll) upon treatment with 0.04 
pg/ml of anti-/lrBGP purified antibodies (A-I) and anti- 
/írMGP purified antibodies (B-I) obtained by Dot-blot anal- 
ysis, as described in Materials and Methods. 

using different anti-/lrBGP purified antibody dilutions 
against various concentrations of lhe purc antigen 
showed that anti-.4rBGP-l and -2 recognized the BGP 
antigen with lhe same degree of sensitivity (results not 
shown). 

Characterization of anti-/l/ MGP-purified antibodies 
by Dot-blot analysis also showed that anti-zlrMGP-1 
and -2 recognized' both /IrMGP antigen and lhe puri- 
fied /IrMGP fragments [15] with the same degree of 
sensitivity, as tested by Dol blot analysis (Fig. 5B-1, B- 
II). Relative specificity of these antibodies was further 
tested using different antibody dilutions against various 
concentrations of purified MGP and polypeplide 
fragments and shown to be both equally specific for 
the fragments and the mature protein (results not 
shown). 

Our results also indicate that the anti-^/MGP and 
anli-/l/BGP purified antibodies were 100 times more 

sensitive than the unpurified antiserum since a dilu- 
tion of 1:10,000 (corresponding to the same total 
protein concentration of originally unpurified antise- 
rum) could detect 10 ng of purified antigen (results 
not shown). 

Immmwdeíection of BGP and MGP Proteins from Different 
Teleosl Fish. X. laevis and P. glauca Using Ar BGP. Ar MGP 
and GgMGP Antibodies 

Specificity of both lhe affinity-purified anti-^/ BGP and 
anti-/lrMGP and the non-purified anti-C7gMGP anti- 
bodies was confirmed by Western blot analysis. The 
specificity was further tested by comparing its reaction 
with BGP and MGP proteins extracted from sevcral 
teleost, a cartilaginous fish and Xenopus. 

Recognition of S. aurata, S. senegalensis and D. rerio 
BGPs by anti-zl/BGP purified antibodies was assessed 
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Table 3. Immunodetection results for MGP and BGP ex- 
tractcd from several teleost fishes (A. regius, S. aurata, S. 
senegalensis, D. rerio). X. laevis and P. glauca using lhe affinity 
purified anti-/írMGP (0.1 pg) and anti-zírBGP antibodies (0.5 
pg) and lhe anti-CgMGP polyclonal antiserum (1:100 dilu- 
tion). Relative specificity was deduced from Western blot and 
Dot blot analysis (as described in Materials and Mcthods) 
using the same concentration of antigcn and primary antibody 

Antibody Antigen Species Relative specificity 

A. regius + + + 
anti-/hBGP BGP S. aurata + + 

S. senegalensis + + 
H. didaetylus + + 
D. rerio + + 
X. laevis - 

anti-zlrMGP MGP A. regius + + + 
S. aurata + + 
S. senegalensis + + 
P. glauca + 
D. rerio + + 
X. laevis - 

anli-GgMGP MGP P. glauca + + + 
X. laevis + + 
A. regius + + 

by Western blot (Fig. 3) using the proteins purified from 
acid extraets of calcified tissues (Table I). A positive 
reaction with anti-^rBGP antibodies was seen by Dot 
blot assay with H. didaetylus BGP while no positive 
reaction was observed for A7BGP (Table 1). 

Positive immunoreaction of S. aurata, S. senegalensis 
and D. rerio MGPs was seen by Western blot analysis 
using lhe anti-^rMGP purified antibodies as depicted in 
Figure 4. However, this antibody did nol recognize X. 
laevis MGP whereas P. glauca MGP was recognized but 
with a lower specificity than teleost fish MGPs (Table 3). 
However, both P. glauca and X. laevis MGPs were im- 
munodetected by Western blot using anti-GgMGP 
polyclonal antiserum (Table 3). 

Discussion 

Based on previous results obtained in higher vertebrates 
(B. taurus) [25], in X. laevis and the teleost fishes Xiphias 
gladius, S. aurata and A. regius [15, 17, 26], we were able 
to purify and characterize BGP from the vertebra and 
jaw of several other marine teleost fishes (5. senegalensis 
and //. didaetylus), and from lhe entire mineralized 
skeleton of a fresh water teleost (D. rerio). In contrast 
with mammals, two major histological types of bone can 
be found in teleost fish (ccllular and acellular bone) [27, 
29]. Despite these structural differences, our results in- 
dicate that in fish, as in mammals [26], fish bone-like 
mineralized tissue is the major site of accumulation for 
BGP [14, 15, 17] supporting the hypothesis that BGP 

function is likely to be associated with bone in ali ver- 
tebrates. Comparison of A. regius BGP SDS-PAGE 
migration profile with those from other teleosts (S. 
senegalensis, S. aurata. H. didaetylus and D. rerio), as 
well as from X. laevis and fí. taurus, showed clear dif- 
ferences. While X. laevis, H. didaetylus and A. regius 
BGPs had a similar behavior and migrated more like the 
B. taurus protein, lhe S. aurata and D. rerio BGPs mi- 
grated as smaller entities (Fig. 1). This result cannot be 
explained solely by lhe known molecular weight differ- 
ence between the proteins, or by the differences in 
gamma-carboxylation, since lhe results of N-terminal 
sequence obtained (A. regius [15], H. didaetylus and D. 
rerio, (this study), S. aurata and X. laevis [17], and B. 
taurus [29]) showed that BGP was always fully gamma- 
carboxylated at each of the three Gla residues. Com- 
parison between calculated isoelectric points (pi) (Table 
4) also does not reflect the anomalous migration be- 
havior in SDS-PAGE since they ali have low pis. In 
contrast, the relative migration behavior of these BGPs 
on native polyacrylamide gels (Fig. 2) correlates better 
with lhe differences observed between their calculated 
pis (Table 4), suggesting the presence of different leveis 
of gamma-carboxylation. 

Comparing the gel filtration purification proíiles for 
BGP from different fishes (swordfish [26], S. aurata [17]. 
L. macrochirus [16] and A. regius [15]) and considering 
the different leveis of purity achieved in each reported 
experiment using similar techniques, we concludc that 
the BGP contenl in bone-like mineralized tissues seems 
to be dependem not only on the origin of the tissue bui 
also on the fish species and stage of development. Dif- 
ferent contents of BGP in vertebra may reflect not only 
the cellular versus acellular nature of the bone (de- 
pending on the species analyzed) but also on the re- 
quirement for this protein. which may vary depending 
on growth stage in teleosts. 

This study reports for the first time lhe identificalion 
of MGP in acid extraets of teleosts vertebra. The 
identificalion of MGP in the teleosts S. senegalensis, S. 
aurata and D. rerio suggests that lhe levei of MGP ac- 
cumulation in teleost fishes mineralized tissues is also 
probably dependem on the stage of development since 
previous experiments failed to purify MGP from teleost 
fish vertebra acid extraets [15, 17]. This evidence is 
further supported by our previous immunohistochem- 
istry results where we found that MGP can accumulate 
in A. regius neural arch vertebra in regions counler- 
staining with Alcian Blue (stains positive for mucopo- 
lyssacarides) [15]. The full characterization of this 
extracellular matrix by in si tu hybridization and im- 
munohistochemistry will be lhe subject of future sludies 
once additional specific molecular markers are available 
for this fish. a work presently ongoing in our labora- 
tory. Differences between the leveis of MGP accumu- 
lation in vertebra of young and adult fishes may also 
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Table 4. Comparison of descriptive information based on BGP amino acid sequences of B. taurus, X. laevis, A. regius, S auraia 
and D. mio obtaincd using Peptide Statistics Tool (PEPSTATS) from biolools (http://biotools.umassmed.edu)1 

B. taurus X. laevis A. regius S. aurata D. rerio* 

Molecular weight (Da) 5704.33 5359.79 4868.49 4950.63 5209.89 
Isoelectric point (pi) 4.21 4.08 3.76 3.87 4.10 
Number of residues 49 49 45 45 48 

8 Typcs of residues Aliphatic 8 8 7 10 
Aromatic 9 6 4 5 6 
Non-polar 31 28 28 29 30 

18 Polar 18 21 17 16 
Charged 16 12 9 8 9 
Basic 6 4 2 2 3 
Acidic 10 8 7 6 6 

Sequence GenBank aecession numbers are: AF459030 for 
Argyrosomus regius; AF048703 for Sparus aurata (scabream); 
AF055576 for Xe no pus laevis; X53699 for bovine (Bos taurus); 
AY0784I3.1 for Danio rerio 
* The complete mature sequence derived from nucleotic 

analysis vvas used for this comparison obtaincd from 
AY078413.1 (Gavaia, Simes et al., 2003 submitted) 
11 Values were calculated for BGP in the absence of hydrox- 
yproline and y-carboxylation of glutamic acid residues 

reflect changes in the degree of mineralization found 
throughout development and in adult life and could be 
related lo variable MGP synthesis rates at different 
periods of life or different requirement for MGP as the 
fish grows. These results are in contrast with data ob- 
taincd in mammals in which it was shown that MGP 
accumulates at similar leveis in bone of fetus or adult 
rats [II]. The prescncc in lelcost fish MGPs of an cx- 
tended C-terminus enriched in basic amino acids also 
found in shark [15, 21] and never found in mammalian 
MGPs, could be one of lhe reasons for the apparent 
higher affinity of the MGP for the mucopolisacaride- 
rich extracellular matrix found in branchial arches cal- 
ciíied cartilage and vertebra of fish. 

Following the purification of MGP and BGP from A. 
regius mincralized tissues, lhe generation of specific 
polyclonal antibodies was successfully accomplished, as 
seen when tesled for specificily and sensitivity for each 
specific antigen by Western blol analysis. The results 
obtaincd clearly showed that the anti-^rMGP poly- 
clonal antiserum only recognized fish MGP and not fish 
BGP and that anti-/í/BGP polyclonal antiserum was 
also specific for BGP [15]. 

To incrcasc antibody spccificity for use in immu- 
nohistochemistry studies, both polyclonal antisera were 
affinity-purified. Analysis of their purification profile 
suggested the presence of different antigen recognition 
sites in these antibodies, resulting in the purification of 
two separate peaks, each one in different elution con- 
ditions (acid and basic) (Fig. 5A, B). Both antibody- 
containing fractions resulted in comparable results 
when tesled for iinmunoreactivity at different dilutions 
against the purified mature proteins. In the case of anti- 
/ffMGP antibodies, immunoreactivity against the puri- 
fied MGP polypeplide fragments was also tested and 
both purified anti-^/MGP antibody entities gave com- 
parable results (Fig. 5B-I, B-II). Based on these results 

and since the two /1/-MGP fragments comprised most of 
the mature protein (fragment Fa extended from residue 
22 lo lhe C-terminal residue, fragment Fb from residue 
31 to the C-terminal residue) the possibility that the 
two antibodies recognize different epilopes cannot be 
inferred. 

Immunodetection results obtaincd by Western blot 
using the affinity purified anti-/l/MGP and anti- 
/1/BGP antibodies showed that anti-zírMGP specifi- 
cally identified MGPs extracted from S. senegalensis, S. 
aurata, D. rerio and lo a lower extent from P. glauca 
but did not immunoreact with X. laevis MGP (Table 
3), a result that can be explaincd by lhe higher degree 
of sequence homology of the X. laevis sequence with 
MGPs from mammals and birds than with A. regius 
MGP [15]. Interestingly, the X. laevis MGP was found 
to immunoreact with another MGP polyclonal antise- 
rum previously developed against shark MGP (anti- 
GgMGP), a result that is not surprising given the fea- 
tures that shark and X. laevis MGPs have in common. 
namely the presence of an aspartic acid at position 
2 and not a Gla residue which is seen in ali other MGP 
sequences including A. regius [15]. However, this reac- 
tion was not as strong as was seen with MGP purified 
from a different shark {Prionace glauca) as expected. 

Immunoreactivity of BGPs isolated from S. senega- 
lensis, S. aurata, D. rerio and H. diclactylus was also 
tested by Western blot and the results clearly showed 
that the purified anli-/írBGP polyclonal antibodies were 
able to specifically recognize BGP purified from each of 
these different teleosts. As seen for MGP, the purified 
/IrBGP polyclonal antibody did not recognize BGP 
extracted from Xenopus bone (Y/BGP) (Table 3). This 
result has some consistency after comparison with the 
presently known fish BGP sequences [15, 30] since am- 
phibian BGP is more closely related to bird and mam- 
malian BGPs than to lhe fish proteins. The most notable 
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features are the conserved N-terminal insertion in bird, 
mammalian and Xenopus that is absent in teleosts and a 
homologous C-terminal in ali Xenopus, bird and mam- 
malian BGPs that is not conserved in fish BGPs. 

The validation of these important biochemical tools 
in the rccognition ofeither BGP or MGP antigen from 
different teleosts species, as well as from X. laevis and P. 
glauca, which are currently being studied in our labo- 
ratory, should be useful to further understand the dep- 
osition, distribution and developmental appearance of 
these proteins in non-mammalian vertebrates, thus 
providing further insight into its function throughout 
vertebrate evolution. The purified antibodies can now 
allow the establishment of spccific immunoassays lo 
adequately measure circulating leveis of fish BGP and 
MGP. as already seen in the mammalian system. An- 
other potential use of these tools may be lo simplify 
purification procedures since they can be used to affimty 
purify these Gla-containing proteins from bone and 
calcified cartilage demineralized extracts. 
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Abstract 

In this study the tissue distribution and accumulation of bone Gla protein (Bgp or 

osteocalcin) and matrix Gla protein (Mgp) were determined during larval development 

and in adull tissues of the zebrafish (Danio rerio) and throughout metamorphosis in 

Senegal sole {Solea senegalensis) following cloning of the corresponding cDNAs. 

Mineral deposition was investigated in parallel using Alizarin red. In zebrafish, the 

presence of bgp and mgp mRNA was revealed by in situ hybridization in ali mineralized 

tissues during and after calcification, including bone and the calcified cartilage of 

branchial arches. This expression was confinned by Real Time PGR in specimens of 

same age and developmental stages. Immunolocalization of Bgp and Mgp demonstrated 

that these proteins accumulate mainly in the matrix of skeletal structures already 

calcified or in the process of calcifying, confirming in situ hybridization results. 

Interestingly, some accumulation of Bgp was also observed in kidney, which could be 

due to the presence of a related protein, nephrocalcin. Chromosomal localization of bgp 

and mgp using a zebrafish radiation hybrid panei indicated that both genes are located 

on the same zebrafish chromosome, in contrast to their mapping in mammals. Results 

obtained in Senegal sole further indicate that, during metamorphosis, there is an 

increase in expression of both bgp and mgp, in parallel with the calcification of axial 

skeleton structures. 

In contrast with results obtained for previously studied marine fishes, in sole as 

in the fresh water Zebrafísh, Mgp accumulates in both calcified tissues and in vessel 

walls of the vascular system, as also seen previously in higher vertebrates. These results 

suggest a major difference in the pattern of Mgp accumulation between marine and 

freshwater fishes, the latter being more reminiscent of those results obtained in 
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mammals. From an evolutionary point of view, these results further indicate that 

zebrafish is a suitable model to conduct studies on mgp gene expression and function. 
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1. Introduction 

Matrix y-carboxyglutamic acid (Gla) protein (Mgp) and bone Gla protein (also 

known as Bgp or osteocalcin) are small extracellular matrix proteins originally isolated 

from vertebrate bone (Price et al 1976, Price et al 1983, Price and Williamson, 1985) 

and belong to the family of Ca2' binding vitamin K-dependent proteins. In mammals, 

genetic studies have provided evidence that Bgp and Mgp function as inhibitors of 

tissue calcification (Ducy et ai, 1996; Lou et ai, 1997), with expression of bgp being 

specific to bone tissue and dentine (Price 1990) while expression of mgp is mainly 

associated with cartilage and soft tissues (heart, kidney and lung) (Fraser & Price, 1988, 

Cancela et ai, 1990, Cancela et al., 2001), as well as the vascular system (Hao et al, 

2004). Furthermore, Mgp has been proven to be a decisive factor for differentiation and 

maturation of chondrocytes and a key regulator of endochondral and intramembranous 

ossification (Yagami et al, 1999, Newman et al, 2001). However, much remains to be 

elucidated concerning the roles played by these two proteins at the molecular levei. 

Price et «/ (1977) identified Bgp in fish bone (swordfish, Xiphias gladius). Later, 

Nishimoto et al (1992) purifíed Bgp from the scales of bluegill {Lepomis macrochirus) 

while Cancela et al (1995) and Roy et al (2001) isolated Bgp from bone of the 

seabream (Sparus aurata) and carp (Ciprinus carpia) respectively, and found that Bgp 

is present in fish bone in amounts comparable to those extracted from mammalian bone. 

The first nucleotide sequences for fish bgp cDNA and gene were obtained for Sparus 

aurata indicating a comparable gene structure with mammalian genes and a similar 

expression pattem following the onset of calcification (Pinto et al 2001). The bgp 

cDNA was also cloned from another marine fish, Argyrosomus regius, and specific 

antibodies developed against the purifíed protein (Simes et ai, 2003). More recently, 
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these antibodies were validated for various marine and freshwater fishes including 

zebrafish and Senegal sole (Simes et al 2004). 

In fish, Mgp was first purified from the vertebra of a cartilaginous fish, the 

soupfin shark {Galeorhinus galem) (Rice et al 1994). However, its purification from a 

teleost fish was only achieved very recently in Argyrosomus regius, a fish with large 

calcified branchial arches, the only tissue where Mgp was found to accumulate (Simes 

et al 2003), in contrast with results obtained for mammals, chicken and amphibian, 

which accumulate Mgp in bone tissue. The cloning ot its cDNA and development of 

specific antibodies allowed identification of sites of mgp gene expression and protein 

accumulation in this fish (Simes et al 2003). Its subsequent cloning from Sparus aurata, 

which can be grown in aquaculture conditions, provided for the first time insight into 

the tissue distribution and expression of mgp, demonstrating that the protein 

accumulates mainly in cartilage and gene expression is restricted to cartilage and arterial 

system during larval developmental of this marine fish (Pinto et ai, 2003). 

Despite this recent information obtained for fish Bgp and Mgp, not much is 

known about their function in non-mammalian organisms and in particular, during the 

early formation of fish skeletal elements. Since these proteins are known to be 

endogenous calcification inhibitors, we chose to work in two ditterent teleost fishes 

living in environments with very different calcium concentrations, fresh water and sea 

water. Zebrafish {Danio rerio), is a fresh water teleost with cellular (osteocyte 

containing) bone, which is an accepted model organism for vertebrate development. The 

cells involved in bone formation and remodelling are described as being similar in many 

aspects to those found in the mammalian system, with the presence of osteoblasts (bone 

forming cells) and both mononucleated and multinucleated osteoclasts (bone resorbing 

cells) (Witten et al, 2001) although little is known of how these cells interact to 



modulate bone matrix formation and remodelling (Witten et ai, 2001). In contrast, the 

Senegal sole {Solea senegalensis) is an important marine fish for aquaculture and was 

chosen because it undergoes a radical change in skeletal morphology during larval 

stages, which is crucial for its later survival and life style. The skeletal development for 

this species has been previously described (Gavaia et «/., 2002). The first bony structure 

reported is the cleithrum that fornis early after hatching, while the remaining skeletal 

structures appear as cartilage. Sole undergoes a metamorphosis with eye migration from 

left to right side and concomitant bending of the urostyle and torsion of internai organs 

that starts in larvae around 4.1 mm standard length (Lst) and ends at approximately 8 

mm Lst. Development of both caudal complex and vertebral column begins at 12-13 

days after hatching, accompanying the urostyle torsion and acquisition of asymmetry by 

migration of the left eye and changing to a benthic life style (Gavaia et al., 2002). 

In this article we report for the first time the cloning of full length bgp and mgp 

cDNAs from zebrafish and provide a comprehensive description of the onset of bgp and 

mgp gene expression throughout larval development and into adulthood. Ihese findings 

are related to the sites of Bgp/Mgp protein accumulation and the appearance of bone 

and cartilaginous structures as detected by histological techniques. These results are 

compared with those obtained for Senegal sole, and analyzed in light ol the recent 

information obtained in the literature for fish Bgp and Mgp. Furthermore, these results 

provide the essential basal knowledge required to further study the role exerted by Bgp 

and Mgp on the molecular mechanisms associated with onset and mineralization ot 

skeletal structures in the two species analyzed. 
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2. Materials and Methods 

2.1 Larval rearing and maintenance 

S. senegalensis eggs were collected from natural spawning of a broodstock 

adapted to captivity and incubated in 80 1 cylindro-conical tanks at a density of 350 eggs 

per liter, under the same environmental conditions of the broodstock tank. Newly 

hatched artemia nauplii were supplied from day 3 to day 10, 24 h metanauplii from day 

11 to metamorphosis and 48 h metanauplii until juvenile stage. The metanauplii were 

enriched with the phytoplankton Tetraselmis suessica (clone T Chui) and Isochrisys 

galbana (clone T Iso). 

D. rerio eggs were obtained from natural spawning of wild type breeding fish, 

maintained at 28.50C on a 14 hour light/10 hour dark photoperiod. Larvae were 

maintained and raised by standard methods, according to Westerfield et al (1995) in the 

zebrafish book. 

2.2 Samplc collection 

Samples of larval and juvenile individuais were randomly collected at regular 

intervals throughout the developmental period, from hatching through metamorphosis 

and up to juvenile stages. For histological analysis, individuais were anaesthetized with 

0.1% 2-phenoxyethanoI (Sigma, St Louis, MO) and tixed in buffered 4% 

paraformaldehyde (pH 7.4 in PBS) for 24 h at 40C. After fixation, samples were washed 

in PBS and immediately processed for skeletal double staining or conserved in 

methanol at -20oC until further processing. For RNA preparation, individuais were 

frozen in liquid nitrogen and either immediately processed or stored at -80oC for later 

use. 
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2.3 Histological procedures 

Whole mount staining of the skeleton: Development of Dania rerio and Solea 

senegalensis skeletal structures was followed from hatching to juvenile stages through 

specific staining according to Gavaia et al (2000). 

Histological slides: Some individuais of the same age and developmental stage 

of those used for whole mount skeletal staining were included either in paraffin or in 

Historesin Plus (Jung). Paraffin sections of 6-8 (im were prepared in a microtome, 

floated in sterile distilled water, collected in TESPA (3-aminopropyltriethoxysilane, 

Sigma) -coated slides and dried over night at 370C. Historesin Plus sections with 2-5 

(im were obtained in a JUNG supercut 2065 microtome and collected in TESPA coated 

slides. The sections were stored at 40C in a dry box with silica gel until processing for in 

situ hybridization or immunostaining. Some sections were stained for mineral deposits 

with Alizarin red S and haematoxylin or with silver nitrate by the von Kossa^ method 

to confirm presence of mineral. Adjacent sections were stained with haematoxylin-eosin 

(HE) or toluidine blue to identify physiological structures. 

Staining for acid phosphatase activity: Tartrate resistant acid phosphatase 

(TRAP) detection was performed using a modifícation of a previously established 

method (Burstone 1959). Plastic sections of mineralizing larvae and juveniles were 

incubated in a working solution containing naphthol-ASBI-phosphate, sodium nitrite, 

hexazotized pararosanilin and 50 mM sodium tartrate in veronal acetate buffer at pH 5, 

for 1 hour at 370C. Counterstaining was performed with haematoxilin. After staining, 

the sections were dehydrated and mounted with EUKIT (Merck). 

Staining for alkaline phosphatase activity. Alkaline phosphatase activity was 

demonstrated by incubating samples for 1 hour at 370C in a solution containing 

naphthol AS-MX phosphate, Fast blue BB, and magnesium sulfate, in 0.1M Tris buffer 
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(pH 8.0). Counter staining was performed with nuclear fast red for 10 minutes. After 

staining, the sections were dehydrated by air drying and mounted with EUKIT. 

2.4 Molecular cloning of D. rerio and S. senegalensis bgp cDNAs 

Partial cDNAs for Dcrnio rerio and Solea senegalensis bgp (Danio rerio bgp 

AY078413; Solea senegalensis bgp AF059349) were cloned from total RNA extracted 

from the vertebral columns and heads of adult wild-type fishes by RT-PCR 

amplification. l|ig of total RNA was reverse transcribed using the Universal oligo-(dr) 

primer and MMLV-Reverse transcriptase (Gibco, BRL) and amplified by PCR with Taq 

DNA polymerase (Promega) in a Perkin Élmer DNA thennal cycler (Perkin Élmer, 

Foster City, CA, USA). Amplification of D. rerio bgp was achieved using a íorward 

primer (ZbBGP 6F) designed based on the N-terminal amino acid sequence obtained 

(Simes et ai, 2004) and the universal adapter as reverse primer. For the cloning of 

Solea senegalensis bgp the forward primer (SBG5F) was designed from a concensus 

region based on alignments of ali fish bgp sequences previously known and the 

universal adapter was used as reverse primer. PCR products were resolved in a 1.5% 

agarose gel by electrophoresis and expected size fragments extracted from the gel, 

inserted into the plasmid pGem T-easy (Promega), cloned and sequenced (T7 

sequencing kit, Amersham-Pharmacia Biotech, USA). For the identification of the 5' 

ends of the two cDNAs, poly(A+) RNA was purified from 300 pg of total RNA 

extracted from either a whole zebrafish specimen or from the vertebral column, 

branchial arches, kidney and heart of a juvenile sole, with Quick Prep Micro messenger 

RNA (mRNA) purification Kit (Amersham-Pharmacia Biotech, USA). The 5'ends ot D. 

rerio and S. senegalensis bgp cDNAs were amplified by 5 rapid amplification oí cDNA 

ends (S^RACE) with the MarathonTM cDNA Amplification Kit (Clontech), and 
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specific reverse primers (ZbBGPIR and SseBGPIR) designed within the corresponding 

partial bgp cDNA sequences previously obtained. Amplification conditions used were 

those indicated by the supplier. Sequences of ali primers are shown in Table 1. 

2.5 Molecular cloning of D. rerío and S. senegalensis mgp cDNAs 

A partial cDNA sequence for Danio rerio mgp (BF938148) was obtained by 

TblastN search on the NCBI gene bank (EST: fm73all.yl). One forward primer was 

designed based on this sequence (DrMGPlF) and used to amplify the 3' end of Danio 

rerio mgp sequence using 1 pg of reverse transcribed total RNA obtained from 

zebrafish heads and vertebral columns and the universal adapter as reverse primer. 

A partial Solea senegalensis mgp sequence was amplified from 1 pg of total 

RNA isolated from Senegal sole head and vertebral column by RT-PCR using a forward 

primer designed from a consensus region based on alignments of ali fish mgp sequences 

previously known (CorvMGP3F, Simes et ai, 2003) and the universal adapter as 

reverse primer. PGR products were resolved in a 1.5 % agarose gel by electrophoresis 

and expected size fragments extracted from the gel, inserted into the plasmid pGem f- 

easy (Promega), cloned and sequenced (T7 sequencing kit, Amersham-Pharmacia 

Biotech, USA). 

The 5'-end of Danio rerio mgp and Solea senegalensis mgp cDNAs were 

amplified by 5-RACE with specific reverse primers constructed based on the previously 

obtained partial mgp cDNAs sequences (DrMGPIR) and (SseMGPIR) and using the 

same Marathon libraries and PGR conditions described for Danio rerio mgp and Solea 

senegalensis bgp S^end amplification. Sequence of ali primers is indicated in Table 1. 
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2.6 Detection of D. rerio bgp and mgp gene expression by quantitative Real-time 

PCR 

Total RNA was isolated with TR1ZOL reagent from different larval and juvenile 

stages of D. rerio, ranging from 32 hours post-fertilization (hpf) to 47 days post- 

fertilization (dpf). 1 |ig of total RNA was reverse transcribed using an oligo (dT) 

adapter. 

Real-time PCR was performed in a iCycler iQ real-time PCR detection system 

(Bio-Rad), using the following primer sets: ZBGP8F and ZBGP2R to amplify D. rerio 

bgp-, DrMGP4F and DrMGP2R for D. rerio mgp, Dr28SRIBlF and Dr28SRIB to 

amplify D. rerio 28S ribosomal RNA and, SsBGP3F and SsBGP2R to amplify S. 

senegalemis bgp, SsMGP2F and SsMGP2R for S. senegalensis mgp, SsACTIF and 

SsACTIR to amplify 5". senegalensis /^-actin (based on a partial sequence previously 

obtained - AF059350). Sequence of ali primers is indicated in Table 1. 

The PCR reactions were set up in triplicates by adding 2pl of a 1:10 cDNA 

dilution to 18}il reaction mix containing 0.5 pM of each primer, and 10 pl of iQ SYBR 

green Supermix (Bio-Rad). The PCR program contained an initial cycle of 3 min at 

950C followed by 50 cycles comprising an initial denaturation step at 950C for 30 sec, 

followed by annealing and extension at 680C for 30 sec. The fluorescence was measured 

at the end of each extension cycle in the FAM-490 channel. Relative leveis ot 

expression were determined using as control leveis those found for the youngest 

specimen analyzed in each species (29 hpf for zebrafish and 72 hpf for Senegal sole). 

2.7 Immunohistochemistry 

Immunohistochemistry was performed as described using rabbit polyclonal 

primary antibodies developed against Bgp and Mgp from A. regius and previously 
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validated for D. rerio and S. senegalensis Bgp and Mgp (Simes et ai, 2004). Io 

confírm the specificity of the immunostaining, controls were performed by replacement 

of primary antibody with pre immune serum or BSA and by omission of primary and 

secondary antibodies. 

2.8 In situ hybridization 

Partia! cDNAs for both D. rerio and S. senegalensis hgps and mgps were cloned 

into pGem T-Easy. After linearization of the plasmid with appropriate endonucleases, 

Digoxigenin (DIG)-labelled sense and antisense RNA-probes were synthesized 

according to the manufactureis specifications using either bacteriophage T7 or SP6 

RNA polymerases (Boehringer Mannheim). Probe synthesis was analyzed by agarose 

(1.2%) gel electrophoresis. Sections were prepared and in situ hybridization performed 

as described (Simes et ai, 2003). 

2.9 Mapping of mgp and bgp genes on the Zebrafish LN54 panei. 

The radiation hybrid panei LN54 (Loeb, NIH, 5000rad, 4000rad) was 

constructed by Mare Ekkeis group (Hukriede et ai, 1999) and used to map mgp and 

bgp genes from zebrafish. One microliter of each of the 93 radiation hybrid DNA 

samples (100 ng/pl) and three controls, consisting of DNA from the two individual 

parental cell Unes (zebrafish AB9 and mouse B78) and a 1:10 mixture of the later two, 

were amplified by PGR, using 1 pM of primer pair ZFMGPMAP1F / ZFMGPMAP1R 

or ZFBGPMAP1F / ZFBGPMAP1R (Table 1). Reaction mixture included Ix PGR 

Buffer (Invitrogen), 2 mM MgCE, 0.2 mM each dATP, dCTP, dGTP and dTTP, and 1 

unit of Taq DNA polymerase (Invitrogen) in a total volume of 20 pi. PGR was 

performed for 35 cycles (one cycle: 30 sec at 940C, 40 sec at 680C and 45 sec at 720C) 
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with a pre-dwell of 3 min at 940C and a post-dwell of 12 min at 720C. PCR products 

were separated on 1.5% agarose gels and the images captured with a Gel Doe 2000 

using the Quantity One 4.2.1 software (BioRad). Ali PCR assays were performed at 

least in duplicate. 
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3. Results 

3.1 Zebrafish skeletal development: The nomenclature used for description of head 

structures follows and extends that presented by Piotrowski et al. (1996) and Schilling 

et al. (1996) for the description of early branchial arches and skeletal development in 

the cranium. Specimens of zebrafish collected during the hatching period (between 48- 

52 hours post fertilization, hpf) present an underdeveloped skeleton, composed only of 

cartilaginous elements and the otolyths. Structures present in the head skeleton are the 

basihyal and the first branchial arches, ceratohyal and ceratobranchials 1, 2 and 3, 

MeckePs cartilage, palatoquadrate, hyosymplectic, ethmoid plate and trabeculae. The 

notochord is the only axial support element and the paired pectoral fins appear as 

cartilaginous plates, attached to a cartilaginous coraco-scapular complex. No calcified 

structures are visible at this stage, beside the otolyths. At 72 hpf the larvae present a 

similar distribution of skeletal elements, although an elongation of the structures is 

observed and the number of ceratobranchials has increased to 5. MeckeTs cartilage has 

migrated forward and the mouth is already opened. At this stage a calcified cleithrum 

becomes visible, supporting the coraco-scapular complex. The first calcified pharyngeal 

teeth appear at 96 hpf (Figure IA) attached to the fifth pair of ceratobranchials as 

ventral elements. At this same age the process of perichordal caleification of the 

basioccipital articulatory process (BOP) has started, and this is the first structure of the 

axial support skeleton to mineralise. At 5 days post fertilisation (dpf) calcification 

continues to increase in the cleithrum, pharyngeal teeth and BOP and extends to the 

opercular bonés (Figure 1B). At 6 dpf the hyosymplectic starts to mineralize in a 

perichondral manner (Figure 1C), and the zones on the periphery of the opercula start 

to calcify. The ceratohyal cartilage begins to mineralize in a median region at 8 dpf 

(Figure 1D) extending subsequently to both extremities. The first two cartilaginous 
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hypural plates appear ventrally at the posterior extremity of the notochord (Figure 1E). 

The first forming vertebrae are observed at 9 dpf as a mineral deposition over the 

notochord (Figure 1F), starting on the dorsal zone and then extending ventrally. The 

first vertebrae to forni are 3, 4, 5 and 6, followed shortly by vertebrae 1 and 2. 

Calcification continues in the head structures and the cartilaginous hypural 3 appears. 

Vertebral fonnation continues towards the posterior end and at 12 dpf ali individuais 

showed vertebrae surrounding the notochord to the levei of caudal vertebrae 20-25 

(Figure 1G). The five hypurals, parhypural and modified haemal arches are already 

present (Figure IH) and the first calcified rays of the caudal fin are fonning by intra- 

membranous calcification. The ceratobranchial 5 is almost completely calcified and the 

first mineral deposits appear in the basihyal, palatoquadrate and Meckel s caitilage. The 

first neural arches appear at 14 dpf on the fourth vertebra, already with visible 

calcification (Figure II) while the cartilaginous elements of the hypuralia are beginning 

endochondral mineralization (Figure 1J). An almost completely formed vertebral 

column is visible at 19 dpf (Figure 1K), with ali structures calcified, except foi the two 

most posterior vertebra that form the urostile, still undergoing calcification, and in the 

process of upwards inflexion. The caudal fin has achieved the total number of structures 

with ali rays, hypurals, epurals and modified arches and spines. The dorsal and anal fins 

are already formed and largely mineralized while in pectorals, mineralization of the rays 

is just beginning. The head is largely mineralized although skull bonés forming by 

intramembranous calcification and cartilage undergoing endochondral ossification are 

continuing to develop until late juvenile stages. 

3.2 Cloning of zebrafish and Senegal sole bgp and mgp cDNAs 
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D. rerío and S. senegalensis bgp cDNAs: Taking advantage of the N-terminal amino 

acid sequence obtained for purified Danio rerio Bgp (P83238) (Simes et ed., 2004), the 

complete nucleotide sequence of the corresponding cDNA was obtained by a 

combination of RT-PCR and S^ACE-PCR using total RNA extracted from fully 

calcified individuais. The Danio rerio bgp cDNA (AY178836) spans 406 bp and 

contains an open reading frame (ORF) of 315 bp (Figure 2) encoding a polypeptide 

with 104 aminoacids (AA), comprising a 56 residue pre-propeptide and a 48 residue 

mature peptide. The nucleotide sequence of the Solea senegalensis {Sse) bgp cDNA, 

obtained by a similar approach, spans 629 bp and encodes a 45 residue mature protein, 

preceded by a 55 residue pre-propeptide (Figure 2). Ali pre-pro cleavage sites were 

deduced by comparison with other known Bgp sequences from mammals, birds, fish 

and amphibian (Figure 2). The first amino acid of the mature form was identifíed by 

comparison with results obtained following protein sequence analysis of Bgp purified 

from zebrafish and sole bone (Simes et ai, 2004). In both cases, the deduced N-terminal 

region was in full agreement with the sequence previously deduced by amino acid 

sequence analysis. 

Zebrafish Bgp was found to contain three more amino acids then S. senegalensis 

Bgp at the N-terminus of its mature form. Out of the 45 AA present in the common 

region of the mature protein common between the two species, 36 residues were 100% 

conserved, including the three Gla residues and the two cysteines required for the 

disulphide bridge. This high levei of identity contrasted with that observed between the 

pre-pro regions, where only 18 out of 55 residues were conserved. Comparison of the 

two cDNAs also identifíed a larger 3'-untranslated region (UTR) in S. senegalensis bgp 

cDNA with two consensus polyadenylation signals while the shorter 3,-UTR in 
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zebrafish bgp contained a CA repeat, four nucleotides downstream from the stop codon, 

and only one polyadenylation signal. 

D. rerio and S. senegalensis mgp cDNAs: The Dani o rerio mgp cDNA (D/-MGP- 

AY07281I), cloned by a combination of RT- and 5'-RACE PCR, spans 625 bp (Figure 

3) and comprises an ORF with 318 bp coding for a polypeptide of 105 residues 

comprising a pre-peptide of 21 residues and a mature protein of 84 residues. The 3'UTR 

includes a dinucleotide repeat motif (GT) and one canonical polyadenylation site. The 

Solea senegalensis mgp cDNA (AY113679), cloned similarly, spans 799 bp and 

contains a 435 bp ORF encoding 144 residues (Figure 3) from which the first 19 

constitute the pre-peptide. At the 3'-end is located a motif repeated two times within the 

coding region (consensus: CAGAGACCCCAGATACCCCAG, coding for Gln-Arg- 

Pro-Gln-Ile-Pro-Gln). Comparison between the two sequences show the conservation of 

the phosphorylation motif in the N-terminal region (Ser-Xxx-Glu-Ser-Xxx-Glu-Ser), the 

Ala-Asn-Xxx-Phe motif and the three putative Gla residues located within the region 

containing the two cysteines responsible for the disulphyde bridge (Gla-Xxx-Xxx-Xxx- 

Gla-Xxx-Cys-Gla-Xxx-Xxx-Xxx-Xxx-Cys). There is also a C-terminal extension in 

both fish sequences compared with mammalian Mgps, which is longer in Senegal sole 

than in zebrafísh (Figure 3). 

3.3 Detection of hgp and mgp gene expression in D. rerio and 5". senegalensis 

developing larva 

3.3.1 Detection oí bgp and mgp gene expression by quantitative Real Time -PCR 

Expression leveis for bgp and mgp were determined in RNA samples from D. 

rerio and S. senegalensis larvae and juveniles, covering the main skeletal development 
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stages for both species. bgp and mgp mRNA expression was observed at ali 

developmental stages analyzed, but with a different pattern of expression for each 

species (Figure 4). In D. rerio, bgp leveis increase 13 fold from somitogenesis stage (29 

hpf) to complete embryo at 48 hpf followed by a strong upregulation at 120 hpf and 

returning to leveis comparable to the reference sample or even moderately suppressed at 

9 dpf (Figure 4A). At 13 dpf and ali stages thereafter bgp leveis were 60 to 90 fold 

higher than the reference sample. mgp expression leveis closely parallel the bgp 

expression, being up-regulated and down-regulated at the same developmental stages. 

For S. senegalensis, bgp expression leveis are stable from 72 hpf until 7 dpf but then 

increase by c.100 fold from 10 dpf to 14 dpf. A further dramatic increase in expression is 

observed at 15 dpf corresponding to the stage of metamorphosis, but by20 dpf, as 

metamorphosis ends, bgp expression leveis retum to the pre-metamorphic stages, but 

again an increase of 1000 fold is observed in juveniles. mgp is expressed at lower leveis 

at ali developmental stages until 14 dpf but then dramatic increase is observed at 15 dpf. 

Leveis remain high throughout metamrphosis and in juveniles. 

In the zebrafish, mgp and bgp gene expression leveis increased in parallel 

throughout larval development, and showed a stable expression levei at late larval and 

juvenile stages. In Senegal sole bgp expression started lo increase after 10 dpf, and was 

observed to be highly up-regulated around the time of metamorphosis (13-16 dpi). In 

contrast, mgp is down-regulated in larval stages before metamorphosis and highly up- 

regulated during metamorphosis. 

3.3.2 Time-course of bgp gene expression by in situ hybridization 

Using mRNA in situ hybridisation on sections of larval fish, we examined the 

time-course of bgp expression in both zebrafish and Senegal sole. Here we highlight the 
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stages when expression is first seen in individual skeletal elements. In D. rerio, bgp 

gene expression was first observed by in situ hybridization at 7 dpf on the fifth 

ceratobranchial cartilage, by which stagethe calcified pharyngeal teeth are already 

present. At 11 dpf both BOP and otic capsules presented ògp-positive cells, as well as 

the Meckelfs cartilage (Figure 5A). At 13 dpf vertebrae were developing around the 

notochord and hypertrophic cells in the forming vertebral arches showed positive signal 

for bgp expression (Figure 5B). At the same age, bgp expression was also observed in 

other structures undergoing calcification like opercular bonés, BOP and the 

ceratobranchials (Figure 5C). As the calcification of the BOP increased, expression 

appeared within the cells adjacent to the calcifying zones of the structure (Figure 5D). 

At 24 dpf, bgp mRNA was observed in cells associated with the mineralizing 

cartilaginous pterigophores of the dorsal fin (Figure 5E). As the number of structures 

undergoing mineralization increased in the head region, a more generalized expression 

was observed in the skeletal structures, as seen in the ceratobranchials, opercula, 

ceratohyal, BOP and jaw of a 24 dpf sample (Figure 5F). In the adult fish, the 

proportion of matrix greatly increased relative to the number of cells, and the positive 

signal indicating bgp expression became restricted to areas containing cells with a 

hypertrophic phenotype. Localization of bgp gene expression in Solea senegalensis by 

in situ hybridization was first detected after the beginning of mineralization and in 

parallel with the onset of metamorphosis in the head structures, a process that initiated 

at around 12-13 dpf in the studied individuais. In 15 dpf larvae, bgp expression was 

detected in the first vertebra forming over the notochord (Figure 5G), and later, bgp 

expression was detected in cells within forming neural arches. It was also detected in 

head structures such as endochondral bonés from skull as shown in the hyosymplectic 

and basioccipital process and in the branchial arches (Figure 5H). At 20 dpf larvae 
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showed expression in the fonning skeletal elements of the fins such as the dorsal 

pterigophores and distai radiais (Figure 51). At 58 dpf osteoblasts expressing bgp are 

clearly visible in the mandíbula of a juvenile sole (Figure 5J). 

3.4 Time-course of mgp gene expression by in situ hybridization 

Using mRNA in situ hybridisation on sections of larval fish, we examined the 

time-course of mgp expression in both zebrafish and Senegal sole. Here we highlight 

the stages when expression is first seen in individual skeletal elements. In D. rerio, mgp 

expression was first detected at 96 hpf on chondrocytes of the ethmoid plate (Figure 

6A). At 9 dpf, mgp expression was located in chondrocytes both from trabecular 

cartilage and ceratobranchial arches (Figure 6B) as well as in the Meckefs cartilage 

and quadrate (Figure 6C). At 10 dpf, in cartilage from pectoral fin, mgp mRNA was 

detected in chondrocytes but was not observed in the cleithrum (Figure 6D). At 13 dpf 

mgp gene expression was observed in ceratobranchials, mainly in hypertrophic 

chondrocytes and in the BOP (Figure 6E). In addition, mgp mRNA was also observed 

in hypertrophic chondrocytes from Meckefs cartilage and in chondrocytes of the 

hyaline cartilage from the basibranchial cartilage (Figure 6F). At 16 dpi mgp mRNA 

was observed in chondrocytes from the BOP (Figure 6G), within the cytoplasm ol 

hypertrophic chondrocytes from the Meckefs cartilage and within chondrocytes of the 

ethmoid plate (Figure 6H). At 17 dpf mgp expression was detected in chondrocytes of 

the optic capsules (Figure 61) and at 20 dpf in chondrocytes from the Zellknorpel 

cartilage in the branchial filaments (Figure 6J). At 25 dpf, the vertebrae were nearly 

formed with the notochord completely surrounded by calcified cartilage. At this stage, 

mgp expression was located in endosteal cells surrounding the vertebral centra. These 

cells were elongated in shape, with strong staining for mgp (Figures 6K and 6L). mgp 
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expression was also located in chondrocytes from the pterigophores (Figure 6L). In the 

adult fish, as mineralization of the skeleton increased, expression of mgp was only 

detected in chondrocytes within the remaining cartilage islands. 

In S. senegalensis, mgp gene expression was observed mainly in skeletal 

structures both cartilaginous and calcified. At 7 dpf mgp mRNA was first observed in 

the branchial arches. At 11 dpf mgp mRNA was clearly observed in the chondrocytes of 

the branchial arches, trabeculae and hyosymplectic (Figure 6M), an. At 17 dpf when 

vertebral structures are forming, mgp mRNA was observed in the chondrocyte-like cells 

at the base of the vertebral arches, and in the developing internai skeleton of the fins, as 

seen in the dorsal pterigophores in Figure 6N. In juveniles, mgp expression was present 

only in non-calcified skeletal structures, like the cartilaginous growth zones or the 

cartilage in the base of the vertebra arches, as observed in a 47 dpf sole (Figure 60). 

3.5 Time-course of Bgp accumulatíon 

To confirm and extend the studies of Bgp mRNA expression, we used a well- 

characterised antibody that specifically detects Bgp in teleost fish to characterise the 

distribution of accumulated protein. Danio rerio Bgp was found to accumulate in the 

matrix of tissues undergoing calcification as determined by immunolocalization studies. 

This accumulatíon was first detected at 8 dpf in the BOP and calcified teeth of the 

branchial arch 5 and in the otolyths (Figure 7A). At 9 dpf accumulatíon was also 

observed in the cleithrum and in the BOP undergoing intra-membranous mineralization 

(Figure 7B). At 13 dpf, Bgp accumulatíon was observed in the calcified upper jaw and 

in the mineralized matrix deposited by osteoblasts on the surface of Meckels cartilage 

undergoing perichondral mineralization (Figure 7C). At this age Bgp was detected in 

the inthe mineralized matrix of the forming vertebrae and arches on the surface of the 
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notochord sheath, as observed in Figure 7D for vertebra and haemal arches. At 20 dpf 

the skeletetal elements of the fin and of fin support were mineralizing, and presented 

positive signal for Bgp accumulation, as observed in the coraco-scapular complex 

(Figure 7E). In the last vertebral element, the urostile, strong Bgp signal was observed 

by immunofluorescence within sites undergoing perichordal mineralization (arrows in 

Figure 7F). The developing vertebrae, arches and spines of a 20 dpf specimen showed a 

strong Bgp accumulation associated with a noticeable thickening of the mineralized 

tissue surrounding the notochord (Figure 7G). At 31 dpi ali the structures that compose 

the caudal fin, including hypurals, lepidotrichia and the last vertebrae clearly showed 

accumulation of Bgp associated with the mineralized matrix. A strong increase in signal 

was observed as vertebra and arches became thicker (Figure 7H). Bgp accumulated 

strongly in juvenile and adult calcified tissues, as seen in the supramandibular, 

trabeculae and skull bonés (Figure 71) as well as in the branchial arches of a juvenile by 

immunofluorescence (Figure 7J). A clear signal was also observed on the kidney of 

juveniles and adults, associated with the glomerulii (Figure 7K). 

In S. senegalensis, Bgp was found to accumulate in mineralized skeletal 

structures but with a slight delay in respect to the appearance of mineralization. At 15 

dpf larvae showed Bgp accumulation in the mineralized vertebrae forming around the 

notochord (Figure 7L). At 17 dpf Bgp was found in the calcifying caudal vertebrae, and 

associated neural and haemal arches and at 25 dpf Bgp was observed in ali the vertebral 

elements as revealed by immunofluorescence (Figure 7M), showing strong 

accumulation of Bgp in calcified vertebral column and parapophysis of 25 dpf 

individuais with a completed metamorphosis. At this same age Bgp accumulation was 

also detected in the cartilaginous distai radiais undergoing endochondral caleification 

(Figure 7N). 41 dpf juveniles presented strong Bgp accumulation in ali calcified 
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structures, as observed in the calcified cartilages of the branchial arches (Figure 70). 

Ali the structures are formed at juvenile stage and Bgp is observed to accumulate in ali 

bonés, both from endochondral or intramembranous origin, and in ali cartilages that 

present calcification. 

3.6 Detection of sites of Mgp accumulation by immunohistochemistry 

Using a previously validated polyclonal antibody for Mgp we examined the 

accumulation of Mgp in both zebrafísh and Senegal sole structures throughout 

development by immunohistochemistry. Here we report the stages when accumulation 

was flrst seen in individual skeletal elements. Mgp was first observed in the 

mineralized otolyths at 96 hpf and the intensity of staining increased as the structure 

grew, as observed in a 6 dpf larvae (Figure 8A). As new calcified structures appeared 

(see Figure 1), accumulation of Mgp was observed in the mineralized matrix as soon as 

it formed as can be observed in a 8 dpf larvae in the mineralized otolyth and cleithrum 

(Figures 8B and 8C). At 13 dpf when vertebrae and arches are forming, Mgp was 

observed to accumulate in pleural vertebrae where mineralization of neural arches 

initiated, as seen in vertebrae 3-5 of a 13 dpf larva (Figure 8D). At this same age, 

accumulation of Mgp was observed in the mineralizing branchial arches and pharyngeal 

teeth (Figure 8E). At 20 dpf Mgp accumulation was present in the mineral layer over 

cranial cartilages undergoing endochondral ossification (Figure 8F) and in the forming 

caudal vertebra and associated arches (Figure 8G). In juveniles at 40 dpi a strong signal 

for Mgp accumulation was observed in the pre-opercular bonés undergoing 

endochondral ossification (Figure 8H) and in skull bonés undergoing intra- 

membranous ossification (Figure 81). In S. senegalensis, Mgp accumulation was first 

detected at 8 dpf in the cartilaginous otic capsules (Figure 8J) but not in the otoliths. As 

23 



calcification initiated, Mgp accumulation was observed in the mineralizing matrix of 

forming endochondral and intramembranous bonés such as vertebrae and cranial 

structures, as can be observed in the the calcified matrix below the trabécula of a 17 dpf 

larvae (Figure 8K). In 26 dpf post larvae, Mgp accumulation was observed mainly in 

calcified structures including mineralizing branchial arches, but also in the aorta and 

cardiac arterial bulbus (arrowhead in Figure 8L). 

3.7 Detection of ALP and TRAP enzymatic activity 

The nature of the cells responsible for bone deposition was verified by 

detennining the activity of alkaline phosphatase (ALP) required for the correct 

formation of the mineralized extracellular matrix, in order to identify bone fonning 

cells, and tartrate resistant acid phosphatase (TRAP), required to degrade the 

mineralized matrix, to detect bone resorbing cells both in D. rerio and in S. 

senegalensis. ALP is consistently detected in structures undergoing mineralization 

throughout skeleton development. In 13 dpf D. rerio, ALP activity is present in the 

mineralizing vertebrae (Figure 9A), and at 17 dpf is detectable in pre-opercular bonés 

(Figure 9B) undergoing intracartilaginous ossification and the opercular bone 

undergoing intramembranous ossification. At the same age, TRAP activity indicative ot 

ongoing resorption of mineralized matrix was detected in mineralizing branchial arches 

(Figure 9C) and in skull bonés undergoing intramembranous ossification at 26 dpf 

(Figure 9D). Only mononuclear cells were observed in sites where TRAP activity was 

detected. In S. senegalensis, ALP is also observed in various calcified structures like in 

fonning neural arches vertebrae of a 17 dpf individual (Figure 9E). Resorption was 

observed in the vertebrae but not in head structures at this age (results not shown). 

Interestingly, although calcified structures were present in the head region, no 
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resorption sites were detected by TRAP staining in individuais undergoing 

metamorphosis at the stage in which ocular migration occurs (15 dpf). In a 32 dpf 

juvenile, TRAP activity was strongly detected in the areas surrounding vertebrae, arches 

and spines (Figure 9F). 

3.8 Chromosomal mapping of D. rerio mgp and bgp genes using the LN54 panei. 

The D. rerio mgp and bgp genes were mapped on the radiation hybrid panei 

LN54 by PCR amplification in order to determine in which chromosome they were 

located and to check for the presence or not of synteny with mammals. Using the D. 

rerio mapping program at http://nmchdl .nichd.nih.uoviSOOO/zfrh/beta.cui a best lod 

score of 12.5 for the marker Z1209, located on LG3, 9.54 cR was obtained for Dcmio 

rerio mgp (Figurei0). 

Amplification of the radiation hybrid panei with the bgp primers resulted in a 

product with approximately 350 bp. Amplification with the same set of primers in the 

cDNA would give a product of 251 bp due to the presence of a small intron in the 

region encompassed by this set of primers. This has recently been confirmed by the 

identification of D. rerio bgp gene structure (Laize et ai, JBC, in Press). The mapping 

program showed that Danio rerio bgp is also located on LG3, with a best LOD score oí 

12.1 for the marker Z15479, located at 3.87 cR from the bgp gene (Figure 10). 

No amplification was detected when mgp and bgp specific primers sets were 

used in the control reaction containing mouse genomic DNA (B78), while high leveis of 

product were derived from D. rerio genomic DNA (AB9) and from the 1:10 mix of D. 

rerio versus mouse genomic DNA (Mix). 
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Discussion 

In this work we have cloned, for the first time, complete cDNAs for bgp and 

mgp in zebrafish and Senegal sole. We made a comprehensive study of gene expression 

and protein accumulation for these two important mineralization-related proteins during 

development of the skeleton in these fish species with different ecologies. These data, 

summarized in Tables 2 and 3, make an interesting comparison with our previous data 

for other fishes and with preexisting infonnation for mammals. 

Expression of bgp and mgp during skeletal development. Zebrafish has an 

accelerated development compared with other teleosts and, in general, structures 

develop earlier and faster than for the marine fish species examined here and elsewhere 

(Pinto et ai, 2003). In our work we used an improved histological procedure to detect 

sensitively development of the calcified and cartilaginous structures that compose the 

zebrafish skeleton by detecting both calcium deposition and cartilage with the 

histological markers alizarin red and alcian blue. This method allowed us to follow the 

onset of skeletogenesis in more detail compared with previous studies using calcein as a 

fluorescent marker for calcium (Du et ai, 2001) which do not allow cartilage 

visualization. 

The skeletal development in zebrafish larval stages is described in detail up to 

the juvenile stage, when most skeletal elements are already present, and thus 

complements earlier studies describing the development oí skeletal structures during 

specific periods. Schilling et ai, (1996), Piotrovsky et ai, (1996) and Schilling and 

Kimmel (1996) have described the chondrocranium in embryos up to 120 hours 

focusing in particular on the development of pharyngeal arches. Cubbage and Mabee 

(1996) describe skeletal development in larval and adult individuais, with special 
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reference to the cranium and paired fins. Du et al. (2001) used calcein to describe the 

axial skeleton, in larvae up to 23 days post fertilization (dpf)- Although their study only 

allowed visualization of calcified structures, our results concerning mineralisation are in 

good general agreement with those obtained by Du et al (2001). We detect calcification 

one day sooner in the head region, although this may perhaps result from differences in 

the feeding regimes employed, but the timing of subsequent events of skeletal 

development remain similar. . 

As observed for other species like mouse (Desbois et ai, 1994a) and seabream 

(Pinto et al, 2001) the accumulation of Bgp protein in zebrafish is detected soon after 

the appearance of the first calcified structures. Although Bgp accumulation was clearly 

observed at 8 dpf in the otolyths, cleithrum and pharyngeal teeth, some was detectable 

at 96 hpf. in the mineralized pharyngeal teeth. Thus Bgp is detected here within around 

a day of the onset of mineralisation although we note that Huysseune et al. (1998) and 

Van der heyden et al. (2000) report mineralisation slightly earlier than this. 

The presence of Danio rerio bgp mRNA is first observed at 5 dpf by in situ 

hybridization in the pharyngeal teeth of the fifth ceratobranchial arch and in the 

cleithrum, consistent with RT-PCR amplification of Danio rerio bgp at this age and 

with these structures being the first to become mineralized. . In Solea senegalensis, bgp 

is observed much later, at 15 dpf, and at a more advanced stage of skeletal development, 

when calcified structures are prominent in both the head and axial skeleton. At this age, 

sole were already mineralizing the vertebral column (Gavaia et al, 2002) and there is 

extensive calcification in the head region. We suggest that in this slower growing 

species, bgp expression appears to initiate later than in the faster growing zebrafish. 

This is consistent with results obtained by others for Sparus aurata (Pinto et ai, 2001), 

where presence of mRNA is only detected at relatively late stages (39 dpf). bgp 
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expression in Danio rerio is restricted to cells of mineralized structures or stuctures 

undergoing calcification like the cartilages undergoing endochondral calcification, in 

agreement with results obtained for other físh species (Pinto et ai, 2001; Simes et al 

2003). Expression of bgp was inainly observed in hypertrophic chondrocytes during the 

early skeletogenesis events, when the cartilaginous structures are starting to present 

deposits of mineral (as observed by histological staining) and becoming calcified 

cartilages or bonés. Although Bgp has been widely accepted as a bone marker and 

referred to as expressed mainly in osteoblastic and odontoblastic cells (Price, 1990), 

some references describe the presence of Bgp in cultures of hypertrophic chondrocytes 

from chicken (Neugebauer et al, 1995) and from mouse (Strauss et ai, 1990). The 

observation of bgp gene expression in chondrocytes at a stage when cartilage 

calcification is occurring is in agreement with those observations and may reflect the 

fact that during cartilage calcification a number of structures calcify before osteoblasts 

have been observed. Bgp is thought to be required for the correct formation of 

hydroxyapatite crystals in lhe mineralizing matrix of developing skeletal structures, as 

previously described in mouse (Boskey et al, 1998), a function that is consistem with 

the data obtained from físh and which suggesting evolutionary conservation of gene 

function. 

Relatíonship betvveen expression of bgp and mgp mRNAs and the onset of 

metamorphosis: The analysis of mRNA transcripts for bgp and mgp by quantitative 

real time PCR revealed expression of both transcripts in ali developmental stages 

investigated, but with different pattems for the two species. bgp transcripts showed a 

tendency to increase in both species with a peak for D. ferio at 120 hpf, corresponding 

to lhe periods when calcification of cranial bonés and initial formation of axial skeleton 
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elements take place. The pattem of mgp leveis closely matches that of hgp in zebrafish. 

In contrast, in S. senegalensis the leveis of mgp are proportionately much lower until the 

beginning of metamorphosis at 14 dpf. In S. senegalensis a dramatic increase of hgp and 

mgp expression is observed at 14-16 dpf when metamorphosis is initiated, coincident 

with the time of dramatic rotation of the skeletal structures to the ocular (right) side. 

This increase may be related both to the high number of structures that fonn de novo 

and calcify during the metamorphosis and to the corresponding need for rearrangement 

of pre-existing structures, which must rotate and change morphology. 

Sites of Mgp accumulation in fish versus mammals: Our results show that Mgp in 

zebrafish and Senegal sole is accumulating mainly in sites where a calcified matrix is 

present, either bone or calcified cartilage, in contrast to the observations in A. regius 

where Mgp accumulates in cartilage matrix and in chondrocytes (Simes et al, 2003). 

The results obtained for zebrafish are thus more in agreement to those found in 

mammals, where Mgp protein was found to accumulate only in the extracellular matrix 

of bone, cartilage and tooth cementum (Price et ai, 1983; Hashimoto et ai, 2001), 

despite the fact that mgp mRNA was present in cartilage and various soít tissues as 

described in rats particularly in heart, kidney, and arterial vessel wall (Fraser and Price, 

1988). 

Previous studies carried out in mammals reported that Bgp appears to be absent 

during early stages of osteoblast maturation, being undetectable in undifferentiated or 

recently differentiated osteoblasts near the growth plate but clearly detectable in mature 

osteoblasts (Mark et al, 1988; Ikeda et al, 1992; Liu et al, 1994). Likewise, studies of 

the accumulation of Bgp protein in osteoblastic cells by immunolabeling could only 

detect this protein in cuboidal cells with a clear osteoblastic phenotype (Liu et al, 1994). 

The relationship between Bgp and mineralization remains unclear even within the same 
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species, since some authors detect Bgp prior to mineralization (Bronckers et al, 1987; 

Gerstenfield et al, 1987; Mark et ai, 1988; Liu et ai, 1994) and others at the onset or 

after the beginning of mineralization (Groot et al, 1986; Boivin et al, 1990; Owen et al, 

1990, 1991; Pockwinse et al, 1992, Pinto et ai, 2001). This discrepancy remains to be 

explained and is likely to be linked to the still unclear function played by Bgp during 

bone formation and/or mineralization. For the species described in this study Bgp was 

detected after the onset of mineralization in ali the structures annalized as summarized 

in Table 2. 

Chomosomal localízation of hgp and mgp in zebrafish: Dan lo rerio mgp and bgp 

were found to be located on the same chromosome (LG3) in zebrafish, a result that 

differs from what is known in mammals, where the two genes are located in different 

chromosomes [chromosome 12 for mgp (Cancela et ai, 1990) and chromosome 1 for 

bgp (Puchacz et ai, 1989), in human; chromosome 6 for mgp and chromosome 3 for 

bgp in mouse (Johnson et ai, 1991; Desbois et ai, 1994b)]. Studies showing the 

existence of conserved syníeny groups between zebrafish and human (eg.: Barbazuk et 

ai, 2000) have raised the possibility that signiflcant portions of the zebrafish genome 

are uninterrupted by rearrangements since the divergence of the teleost and tetrapod 

ancestors. Indeed, analysis of LG3 shows a considerable degree of synteny with human 

chromosomes 17, 19 and 22. However, other genes are present in this Linkage Group 

that locates in different chromosomes in human, suggesting the existence of 

considerable differential chromosome rearrangement in the lineages that originated 

teleosts and mammals. However, several events are supposed to have occurred in the 

teleost genome since this divergence. One of these events may have been whole genome 

duplication in the teleost lineage or, alternatively, a more restricted duplication, rather 
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than a single, whole-genome event (Amores et ai, 1998; Gates et ai, 1999). Recent 

examination of the pufferfish genome sequences gives strong evidence for the whole 

genome duplication scenario in early teleost differentiation (Jaillon et ai, 2004). 

However, we found no evidences of gene duplication, either for mgp or hgp, which is in 

agreement with our previous fíndings for both genes in other lower vertebrate species 

(Pinto et al, 2001; Viegas et al, 2002; Conceição et al, 2002). In 1995 Cancela et al, 

based on structure similarity, suggested that Bgp and Mgp may share a common 

ancestor, which, by gene duplication and/or exon shuffling, would have originated two 

distinct, however related, proteins. The location of the two proteins only 2Mb away in 

the same chromosome, reinforces this hypothesis. More studies on the location of the 

two genes in other low vertebrates are, however, necessary to further test this 

hypothesis. 
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FIGURE LEGENDS 

Figure 1- Time-course of skeletal dcvelopment in Danio rerio using Alcian blue- 

Alizarin red double staining 

Whole mount double staining of the skeleton was used to follow ontogenic development 

of cartilaginous and calcified structures. 

A- 96 hpf D. rerio larvae head skeleton presenting calcified pharyngeal teeth (PT), 

cleithrum (Cl) and basioccipital articulatory process (BOP) while the remaining 

structures like MeckePs cartilage (MC) and ceratohyal (CH) remain as cartilage (100X); 

B- 5 dpf D. rerio larva presenting calcification on the opercula (Op) (40x); C- 

Beginning of the calcification of the hyosymplectic (HS) in a 6 dpf larva (lOOx); D- 

Beginning of the calcification of the ceratohyal (CH) in a 8 dpf D. rerio (lOOx); E- First 

hypurals (Hyp) developing at 8 dpf (lOOx); F- The formation of the first vertebrae (V) is 

observed at 9 dpf (lOOx); G- Calcification of the trabeculae (T) is observed at 11 dpf, 

vertebrae continue to fonn (in an anterior-posterior direction) towards the posterior end 

of the notochord (40x); H- Caudal hypuralia acquires final number of structures and 

caudal fin rays appear at 12 dpf (lOOx); I- Formation of the first neural arches (NA) is 

observed dorsally in the anterior vertebrae at 14 dpf; note that the mandibular is already 

calcified (M)(40x); J- Beginning of calcification of the hypurals at 14 dpf (40x); K- 

Composite image of a 19 dpf D. rerio with most skeletal structures present and 

calcified. 

Figure 2- Danio rerio and Solea senegalensis bgp cDNAs 

Nucleotide sequence of the cDNAs encoding D. rerio and S. senegalensis Bgp. The bgp 

cDNAs were obtained by a combination of RT-PCR and 5' RACE-PCR amplification. 

Numbering on right side corresponds to the nucleotides. Amino acid residues are 
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numbered according to the first residue of the mature protein and are shown above (for 

D. rerio Bgp) corresponding codon in the DNA sequence. The polyadenylation signals 

are underlined twice and the stop codons are identified by their three letter code. 

Conserved Cys residues are boxed. An asterisk is used to show identity between D. 

rerio Bgp and S. senegalensis Bgp amino acid sequences. The sequences used íor 

constructing primers are underlined and marked by horizontal arrows next to the name 

of the primer. Presumed Gla residues are shown in bold (based in homology with other 

bgp sequences). A 16 (AC) repetitive motif on D. rerio bgp 3'-UTR region is marked 

between curved arrows. 

Figure 3- Danio rerio and Solea senegalensis mgp cDNAs 

Nucleotide sequence of the cDNAs encoding D. rerio and S. senegalensis mgp. Danio 

rerio mgp and Solea senegalensis mgp cDNA sequences were obtained by a 

combination of RT-PCR and 5' RACE-PCR amplification. Numbering and labeling as 

in Figure 2. Amino acid residues are numbered according to the first residue of the 

mature protein and are shown above the corresponding codon in the DNA sequence, for 

D. rerio. A 13 (GT) repetitive motif on Danio rerio mgp 3'-UTR region is marked 

between curved arrows. 

Figure 4- bgp and mgp gene expression detected by real time PCR 

Quantitative detection of bgp and mgp leveis of mRNA transcripts throughout 

development in D. rerio and S. senegalensis. The relative expression leveis determined 

with respect to the youngest stage analyzed are presented as bar graphs for D. rerio (A) 

and for S. senegalensis (B) using logarithmic scales. 
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Figure 5- In situ localization of Danio rerio bgp mRNA. bgp gene expression was 

detected by in situ hybridization in sections of zebrafish larvae collected at different 

ages and developmental stages. 

A- bgp expression in the calcifying Meckofs cartilage (arrows) of an 11 dpf larvae 

(200x). B- Detection of bgp expression in a neural arch (arrowhead) at the beginning of 

formation at 11 dpf (lOOOx). C- At 13 dpf, bgp expression is detected in the branchial 

arches (BA) (arrowheads), Ceratobranchial (CB) and the calcifying preopcrcular bonés 

(Pop) (arrow) (lOOx). D- At 20 dpf, bgp expression is detected in chondrocytes of the 

BOP (arrows) (lOOOx). E- Expression is visible in the mineralizing internai fin support 

skeleton, in this case the pterigophores (Pt) of the dorsal fin of a 24 dpf zebrafish 

(lOOOx). F- At 24 dpf bgp expression is strongly detected in the calcifying preopercular 

bonés (arrows), branchial arches (arrowheads) and trabeculae (small arrow) (lOOx). G- 

bgp expression in the first vertebra forming over the notochord (arrow), just posterior to 

the BOP at 15 dpf (400x). H- Head of a 17 dpf larva with bgp expression detected in the 

branchial arches (BA), basioccipital process (BOP) and hyosympletic (Hs) (lOOx). I- 

Expression in the dorsal pterigophores (Pt) and distai radiais (Dr) of a 20 dpf larvae 

(200x). J- Osteoblasts (arrow) expressing bgp in the mandíbula of a 56 DAH juvenile 

sole (lOOOx). For other abbreviations see Figure 1. 

Figure 6- In situ localization of Danio rerio and Solea senegalensis mgp mRNA. 

Sites of mgp gene expression were detected by in situ hybridization in sections of D. 

rerio larvae (A to L) and S. senegalensis larvae (M to O) collected at different ages and 

developmental stages. 

A- mgp expression in the ethmoid plate of a 96 hpf larvae (arrow) (200x). B- Detection 

of mgp expression in chondrocytes from the trabecular cartilage (arrowhead) and 
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ceratobranchial arches from a 9 dpf larvae (arrows) (lOOOx). C- mgp expression in 

Meckers cartilage (arrowheads) and quadrate (arrow) in a 9 dpf larvae (lOOx). D- 

Cartilage from the pectoral fin of a 10 dpf larvae showing mgp expression located 

within the chondrocytes (arrow). Note absence of signal in the cleithmm (asterisk) 

(lOOOx). E- In 13 dpf larvae, mgp expression in the ceratobranchials (arrows) and in the 

BOP (asterisk) (lOOOx). F- At 13 dpf, mgp expression was also evident in the 

hypertrophic chondrocytes from the MeckeEs cartilage (arrowhead), quadrate (arrow) 

and in chondrocytes from the basibranchial cartilage (asterisk) (200x). G- mgp 

expression in a 16 dpf larvae, showing expression in chondrocytes from the BOP 

(arrowhead) (lOOOx). H- At 16 dpf, mgp expression is also detected in hypertrophic 

chondrocytes of the MeckeEs cartilage (arrow), and in chondrocytes from the ethmoid 

plate (arrowheads) (lOOOx). I- 17 dpf larvae showing mgp expression in chondrocytes 

from the optic capsules (arrowheads) (lOOOx). J- D. rerio gill fílaments showing mgp 

expression close to the plasma membrane in chondrocytes from the Zellknorpel (arrow) 

(lOOOx). K- mgp expression in endosteal cells surrounding the vertebral centra in a 25 

dpf larvae (arrows) (lOOOx). L- mgp expression in chondrocytes from the pterigophores 

in a 25 dpf larvae (arrowheads). Note also the presence of fusiform cells surrounding 

the central core of a vertebra (arrow) (lOOOx). M- mgp expression at the branchial 

arches (arrowheads), trabécula (arrow) and hyosymplectic (asterisk) of a larval S. 

senegalensis at 11 dpf (200x). N- mgp expression (arrows) in the chodrocytes of the 

dorsal pterigophores in a 17 dpf S. senegalensis (500x). O- mgp gene expression in the 

vertebral cartilage of a 47 dpf S. senegalensis (lOOOx). 
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Figure 7- Immunohistochemical and immunofluorescent detection of Bgp 

accumulation in different developmental stages of Danio rerio (A-K) and Solea 

senegalensis (L-P). 

A- Accumulation of Bgp in the teeth of branchial arch 5 (?Ba) and otolyth (Ot) of a 8 

dpf D. rerio larvae (200x); counterstaining with toluidine blue. B- Accumulation of Bgp 

in the teeth of branchial arch 5, otolyth and cleithrum of a 9 dpf D. rerio larvae 

(400x).C- Accumulation of Bgp in MeckoFs cartilage of a 13 dpf D. rerio larvae 

(lOOOx). D- Accumulation of Bgp is first detected in calcifying vertebra and haemal 

arches at 13 dpf (lOOOx). E- Accumulation of Bgp in the calcifying pectoral fin (F) and 

coracoscapular complex (Co) of D. rerio at 20 dpf (400x). Notice the accumulation at 

the periphery of the coracoid undergoing perichondral mineralization. F- 

Immunofluorescent detection of Bgp accumulation in lhe mineralizing urostile at 20 dpf 

(400x). G- Accumulation of Bgp in the vertebral column (V), neural arches (Na), neural 

spines (Ns) and haemal arches (Ha) at 20 dpf (200x). H- Bgp accumulation in the 

vertebral column, haemal arches and in the mineralizing matrix of hypural plates (Hy) 

of the caudal fin and in the mineralized fin rays of a 31 dpf D. rerio juvenile (lOOx). I- 

Accumulation of Bgp in a juvenile is detected in ali the bonés and calcifying cartilages 

of the head region, eg. supramaxilary (arrow) and associated bonés, the ethmoid plate 

(arrowhead) and the supra orbital cartilage that surrounds the eye (lOOx). J- 

Accumulation of Bgp is widely detected by immunofluorescence in the branchial arches 

of a juvenile D. rerio (200x). K- Bgp accumulation in epithelial cells from some renal 

tubules of the kidney in juvenile zebrafish individuais (400x). L- Immunofluorescent 

detection of Bgp in the forming vertebra (Arrows) surrounding the notochord of a 15 

dpf S. senegalensis larvae (400x). M- Detection of Bgp accumulation in the vertebra 

and parapophysis (Pp) of S. senegalensis at 25 dpf (Ml brightfield and M2 darkfield) 
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(250x). N- Accumulation of Bgp in the calcifying distai radiais at 25 dpf. O- Bgp is 

strongly detected in the calcified branchial arches of a 41 dpf S. senegalensis juvemle 

(01 bright field and 02 dark field) (250x). P- No staining observed in the head bonés in 

a control with pre-immune serum of an 18 DAH larvae. 

Figura 8- Immunohistochemical detection of Mgp accumulation in Danio rerio (A- 

I) and Solea senegalensis (J-L). 

A- Accumulation of Mgp in the otolyth of a 6 dpf larvae (400x); B- 

Accumulation of Mgp in the otolyth and cleithrum at 8 dpf (400x); C- Consecutive 

section (to that in B) of the otolyth (arrowhead) and cleithrum (arrow) stained by 

Alizarin red and counterstained with toluidine blue (400x); D- Accumulation of Mgp at 

the zones initiating the mineralization of neural arches in pleural vertebrae 3-5 of a 13 

dpf larva (lOOOx); E- Accumulation of Mgp in the mineralizing branchial arches and 

pharyngeal teeth at 13 dpf; F- Mgp accumulation in the otolyth, BOP and cranial 

cartilages (arrow) undergoing endochondral ossification at 20 dpf (lOOOx); G- Mgp 

accumulation in the forming caudal vertebra and associated arches at 20 dpf (250x); H- 

Mgp accumulation in the preopercular bonés under endochondral ossification (arrows) 

in a 40 dpf juvenile (lOOOx); I- Mgp accumulation in skull bonés undergoing 

intramembranous ossification (arrow) at 40 dpf (lOOOx); J- Mgp accumulation in the 

otic capsule (OC) of a 8 dpf Senegal sole (200x); K- Mgp accumulation in the 

mineralizing matrix under the trabécula (T) of a 17 dpf larva (400x); L- Mgp 

accumulation in the mineralizing branchial arches and pharyngeal teeth of a 26 dpf 

Senegal sole (200X), but also in the aorta and cardiac arterial bulbus (arrowhead). No 

staining was observed in control zebrafish vertebrae sections incubated with pre 

immune serum (results not shown). 
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Figure 9- Alkaline phosphatase and TRAP activity in the developing zebrafish and 

Senegal sole skeleton. 

A- Alkaline phosphatase activity (in blue) detected in the forming vertebra (arrow) 

surrounding the notochord (No) of a zebrafish larva at 13 dpi (lOOOx). B- Alkaline 

phosphatase activity in observed the calcifying preopercular cartilage (PO) and in the 

intramembranous opercular bone (OP) (lOOOx) in zebrafish larvae at 17 dpt. C- Tartrate 

resistant acid phosphatase (TRAP) activity (in red) is detected in developing, partially 

calcified, branchial arches and pharyngeal teeth (Te) of a zebrafish at 17 dpi (lOOOx). 

D- TRAP activity in the intramembranously forming skull bonés (lOOOx) ol zebrafish at 

26 dpf. A cell surrounded by TRAP activity is located in a resorption site (arrow). E- 

Alkaline phosphatase activity (blue) is detected in 17 dpt Senegal sole in the ionning 

neural arches (lOOOx). F- TRAP activity (red) is detected surrounding the vertebra, 

arches and spines (arrows) in a 32 dpt Senegal sole (F). 

Figure 10- Chromosomal localisation of zebrafish mgp and bgp using the LN54 

panei. 

mgp and bgp map on LG3, at 9.54cR from Z1209 and 3.87cR from Z15479 markers, 

respectively. Some synteny was observed between zebrafish LG3 and human 

chromosomes 1 and 12, as indicated by Unes between syntenic homologues. 
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Figure 1 
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Figure 2 

-56 -50 
Met Lys Ser Leu Thr Val Leu lie Phe Cys Cys Leu 

Drhgp CTGACACAGAAGCGAAC ATG AAG AGT CTG ACA GTC CTG ATC TTC TGC TGC CTG 53 
* * * * * ^ * 

Ssebgp GTCTGTGGAAGGTGAAGACCGAAGCGCAAAG ATG AAA ACT TTG TCC GTC CTG GTT CTC TGC TCC CTG 67 
Met Lys Thr Leu Ser Val Leu Val Leu Cys Ser Leu 

SseBGP3F  ► 

-40 
Met Thr Val Cys Leu Ser Ala Gly Leu Pro Asp 
ATG ACT GTG TGT CTG AGC GCA GGT CTT CCT GAC 
ZBGP8F ► * * 
GCC GTC CTC TGT CTG ACT TCA GAT GCC TCT TTC 
Ala Val Leu Cys Leu Thr Ser Asp Ala Ser Phe 

-30 
Ser Ser Asp Thr Lys Pro Leu Ser Ala 
TCC TCA GAT ACT AAA CCA TTG AGT GCT 113 

* * * 
AGC TCC CAG CCT GCT GTT GAC ACC CCA 127 
Ser Ser Gln Pro Ala Val Asp Thr Pro 

-20 -10 
Ala Glu Ser Pro Asn His Glu Gly Val Phe Val Lys Arg Asp Val Ala Ser lie lie Met 
GCA GAA TCT CCT AAT CAT GAA GGT GTG TTT GTG AAG CGT GAC GTG GCC TCT ATC ATC ATG 173 

* ZFBGPMAP1F—  ► * 
GCT CAG GAG GGT TTG TTT GTG GAG CAG GAG CAG GCG TCC TCA GTG GTG AGA CAG AAG   187 
Ala Gln Glu Gly Leu Phe Val Glu Gln Glu Gln Ala Ser Ser Val Val Arg Gln Lys   

< SseBGP2R 

-1 + 1 + 10 
Arg Gln Lys Arg Ala Gly Thr Ala Pro Gly Asp Leu Thr Pro Phe Gln Leu Glu Ser Leu 
AGA CAG AAG AGG GCT GGA ACT GCA CCT GGA GAC CTG ACT CCA TTT CAG CTC GAG AGT CTC 233 

* * * * -4-  ZBGP2R * * * * * * * * 
AGA CAG AAG AGA GCT CCT AAA GAG TTA TCT CTA TCC CAG CTG GAG AGT CTA 247 
Arg Gln Lys Arg Ala Pro Lys Glu Leu Ser Leu Ser Gln Leu Glu Ser Leu 

+ 20   +30 
Arg Glu Val Cys Glu Thr Asn Val Ala Cys Glu His Met Met Asp Thr Ser Gly lie 
AGA GAG GTG TGT GAG ACA AAT GTG GCC TGT GAG CAC ATG ATG GAC ACG TCT GGA ATC 

* * * * * * * * * ZhRGPfiP* * * * * * * 
AGA GAA GTG TGT GAG CTG AAT CTG GCA TGT GAG GAC ATG ATG GAC ACC AGT GGA ATC 
Arg Glu Val Cys Glu Leu Asn Leu Ala Cys Glu Asp Met Met Asp Thr Ser Gly lie 

SBGP5F ► 

+ 40 +48 
Ala Ala Tyr Lys Thr Tyr Tyr Gly Pro lie Pro Phe Amb f 
GCC GCC TAT AAA ACC TAC TAT GGG CCC ATT CCC TTC TAG AACTACACACACACACACACACACACA 
* * * * * * * * * * * 

GCT GCC TAC ACC ACC TAC TAT GGA CCA ATT CCC TTT TAG CACCAAACCGTTGTTCATCCCAAAATG 
Ala Ala Tyr Thr Thr Tyr Tyr 1—1 O Pro lie Pro Phe Amb 

SseBGPIR 

1 
Drbgp CACACACACCAGCAGTGAAGAGTAGCTGACTGTAATAAAGAGAAGATGCTG 410 

<  ZbBGPIR 
ZFBGPMAP1R 

Ssebgp TCTTTTCTTTACTTTGCATATTCACTCTTTCAGTTTAACCTTTGTCACTTTAAAAAACGTTGTAGTCATAAGTACCAGC 452 

TTCCCTTTAGTGCCAGTGGAGGCAAAATAAAACAGTAAAGGAGAAAGATGTTAGATAGCAAGAGGAATAATATTGGCAT 531 

GATCATTTATTTTTCCACCCTGCTTAAACCCACACAGTTCTGTGATACTCACCTCAGACAGGTCTGTAGAGTAGTGTGA 610 

TATTAAAATAAAGATATATAATAAT 635 
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-20 
Met Cys Val Ser Pro 

aagcagaagatccacacacacaccttcagctcgacagacagtgctcctgcagtc ATG TGT GTG TCT CCT 
DrMGPlF  ► 

gatatttccaagtccattcaattatcttgcaaggagacaggcaggaaaacaaaccccagg ATG AGG AGC CTT CTT 
Met Arg Ser Pro Leu 

-10 +1 
Gln Cys Val Phe Leu Cys Val Val Leu Ala Leu Gly Ala Ala Ala Ala Tyr Asp Ser Gln 
CAG TGT GTG TTT CTG TGT GTT GTT CTG GCT CTC GGT GCT GCT GCA GCT TAT GAC TCT CAG 

* * 
CGG TTT CTG GCA CTC TGT GCA GTG CTC TCT CTC     TGT GTG TGC TAT GAG TCT CAT 
Arg Phe Leu Ala Leu Cys Ala Val Leu Ser Leu     Cys Val Ser Tyr Glu Ser His 

10 20 
Glu Ser Arg Glu Ser Phe Glu   Val Phe Val Asn Pro Tyr Gln Ala Asn Ala Phe 
GAG AGC CGC GAG TCA TTG GAG   GTG TTT GTG AAC CCA TAT CAG GCC AAC GCC TTC 

* * * * * * * * * * ★ ★ 
GAA AGC ACA GAA TCC TTC GAA GAT TTG TTT GTG CCT CCA AAT CGA GCC AAC TCC TTC 
Glu Ser Thr Glu Ser Phe Glu Asp Leu Phe Val Pro Pro Asn Arg Ala Asn Ser Phe 

Met 

30 
Arg Asn Thr Gln His Asn Pro Tyr 
AGG AAC ACA CAA CAC AAC CCC TAC 

DrMGP4F *  ► * 
ACG CCA CAG AGG GGC AAC ATA TAC 
Thr Pro Gln Arg Gly Asn lie Tyr 

40 

50 60 
lie Tyr Arg Arg Met Lys Thr Pro Ala Glu Arg Arg Ala Glu Val Cys Glu Asp Phe Ser 
ATC TAC CGA AGG ATG AAG ACT CCA GCT GAG CGG CGT GCG GAG GTG TGT GAG GAC TTC TCT 

—► * * * * * * * * * * * * 
TTC ATG AGG AAG ATA AAG TCT CCA GCA GAG AGG CGT GCA GAG ACC TGT GAG GAC TAC TCT 
Phe Met Arg Lys lie Lys Ser Pro Ala Glu Arg Leu Ala Glu Thr Cys Glu Asp Tyr Ser 

CorvMGP3F 

Pro 
CCG 

* 
ccc 
Pro 

Cys 
TGT 

* 
TGC 
Cys 

70 
Arg Val Phe Ala Leu Arg Tyr Gly 
CGT GTG TTT GCG CTG CGC TAC GGT 

* * * * * 
CGC TTC TTC GCC TAT CGC CAC GGT 
Arg Phe Phe Ala Tyr Arg His Gly 

80 
Gln Val Ala Tyr Gln Thr Phe Phe Ser 
CAG GTG GCC TAT CAG ACC TTC TTC AGC 

* * * ^ * DrMGP2R * 
CAG CAG GCC TAT CAG AAA TAC TTT GGT 
Gln Gln Ala Tyr Gln Lys Tyr Phe Gly 

90 
Pro Gln Gln Leu Arg Ala 
CCG CAG CAG CTC AGG GCC 

GCC CGG AGT CAG CCA CAG AGA CCC CAG ATA CCC CAG ACA CTC CAG AGG CCC CAG AGA CCC 
Ala Arg Ser Gln Pro Gln Arg Pro Gln lie Pro Gln Thr Leu Gln Arg Pro Gln Arg Pro 
  SseMGPIR 

Asn Gln Gln Leu Arg Arg 
AAT CAG CAG CTG CGC AGA 

CAG ATA CCC CAG ATA CAG CAA AGG AAC CTG AGA CCC CAG AGA CCA GCT GTG ATC CGT CGA 
Gln lie Pro Gln lie Gln Gln Arg Asn Leu Arg Pro Gln Arg Pro Ala Val lie Arg Arg 

110 120 

Tyr Opa í" 
TAC TGA gccccgcctcctcatttacataccagcagccagctctcctcatatattagtgtgtgtgtgtgtgtgtgtgtg 

ZFMGPMAP1F  ► 
TAC TAA actgtcagtctgtcaaaggcagggttgtcatttatatctatgtatggatgcatattaatacaatccatgcat 
Tyr Och SsMGP2F ► 



Drmgf tqtgaatqacactgatcctqcatctgctctcagaacaccagcagctctcatagacacctgtaaacatcatcatcagttct 524 
<  DrMGPIR 

Ssemgp tgcaccatttatataatttatgtaatgacaataggaaaaaaaacactgaggcatccagtattgctcagacctcatggaaa 647 

Drmgp gctcacagctcttctgcttgtagaggatttgctgaacatgaggagctctc^T^^ccctggacacgcttcatgatçfgag 6 04 

Ssemgp rapat.rattatatccatqtaqaaactqacqqcccatctcttqtgttttctcaggataacctttaacctctattatcacca 727 
M  SsMGP2R 

Dmigp acgtqtqctqcacaqcatttattcaaaaaaaaaaaaaaa 641 

<  ZFMGPMAP1R 
Ssemgp ccttcccatcatttataagctttatgtgaagcgcttcttcaatgcagctctaaccgtgtctctcatattatctgtccact 807 

Ssemgp tatcccaggccagcaccgctgccagtgatcacttctatggctttgaaata^TA^Vaattcctcctcaaaaaaaaaaaaa 8 87 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
Click here to download high resolution image 
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Figure 10 

Human Chromosome 1 
Zebrafish LG3 

Human Chromosome 12 
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Table 1 

Table 1- Sequences for the primers used in this article. 
Amplified cDNA Primer name Primer Sequence a Base origin 

Dr bgp ZbBGP 6F b TGYGARCAYATGGCNGAYAC 261 

Drbgp ZbBGPIR ACAGTCAGCTACTCTTCACTGCTGGTGTG 398 
Dr bgp ZBGP8F GCCTGATGACTGTGTGTCTGAGCG 49 

Dr bgp ZBGP2R AGTTCCAGCCCTCTTCTGTCTCAT 194 

Dr bgp ZFBGPMAP1F TTGTGAAGCGTGACGTGGCCTC 141 

Dr bgp ZFBGPMAP1R ACAGTCAGCTACTCTTCACTGCTGG 398 

Dr mgp DrMGPlF TGTGTGTCTCCTCAGTGTGTGTT 58 
Dr mgp DrMGPIR GAGCAGATGCAGGATCAGTGTCATTCACA 473 

Dr mgp DrMGP4F AACACAACCCCTACATCTACCGAA 197 
Dr mgp DrMGP2R GCGGGCTGAAGAAGGTCTGATAGG 334 

Dr mgp ZFMGPMAP1F TGAGCCCCGCCTCCTCATTTACATACC 370 
Dr mgp ZFMGPMAP1R TGCTGTGCAGCACACGTCTCCATC 621 

Sse bgp SBG5F TGTGAGCACATGATGGATACGGAGGGAATC 275 
Sse bgp SseBGPIR TTGGTCCATAGTAGGTGGTGTAGGCAGCG 335 
Sse bgp SsBGP3F AACTTTGTCCGTCCTGGTTCTCTG 37 
Sse bgp SsBGP2R GGACGCCTGCTCCTGCTCCACAAA 166 
Sse mgp CorvMGP3F AGG C GTG CAGAGAC C TG C GAGGAC TAT 280 

Sse mgp SseMGPIR TCTGTGGCTGACTCCGGGCACCAAAGTA 388 

Sse mgp SsMGP2F TGTCAGTCTGTCAAAGGCAGGGTT 497 

Sse mgp SsMGP2R C C TG AG AAAAC AC AAG AG AT GGG C 701 

Sse /?-actin SsACTIF GACAC T GACAT C CG C CAAGAC C T 60 

Sse /?-actin SsACTIR CTGCTGGAAGGTGGACAGGGAGG 270 

DrlSS Ribosomaf Dr28SRiblF TCGGTCCTAAGGGATGGG 534 

Drl8S Ribosomal0 Dr28SRiblR CCGGGTTGGTTTGCGTCA 691 

Universal adapter ACGCGTCGACCTCGAGATCGATG 
d Ali sequences are described in the 5' to 3'direction. 
b Y, pyrimidine; R, purine; N, G + a + T + c. 
c Based on the available partial sequence for Danio rerio 28S ribosomal RNA gene (AF398343 ) 



Table 2 

Table 2- Sumrnarized inforrnation on the developrnent of skeletal structures oi Damo reno with times ofcartilaginous appearance, 
rnineralization and detection otmgp and b%p by in siiu hybridization ( ) and irnmuno 1 ocahzation(•.••). Age is expressed in days post 
fertilization (dpf). 

Structure Aae (DPF) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 2 9 3 0 31 32 33 3 4 

Qtolith 

Cartilaqe 

Ca leiurn 

MGR 

BGP 

Cartilaqe 

Brane hi al 
arches 

Ca lei urn 

MGR 

BGP 

Cartilaqe 

Calciurn 
articulatory process 

MGR 

BGP 

Cleithrurn 

Cartilaqe 

Calriurn 

MGR 

BGP 

Vertebrae and 
arches 

Cartilaqe 

Calciurn 

MGR 

BGP 

Hypurals 

Cartilaqe 

Calciurn 

MGR 

BGP 



Table 3 

7^1 .'Ir 5- Suni;n?.i";zed iiiforiuntic;". cr. tIíc de''ílop:iiciir oí skclcro 1 stmcrv-r^s oi So:C:; v/nli tir.ic; ot ccinilcgmous app^arcincr 
niir.êrciizanon and detecrion cl :i;gp and bgp '?y ??.• si''i hybiidiza.tion i, • and nnniunolocalizarioní—Age :> expresse d m dny> pos* 
feiTiliza:ioii '"dpt:. 

Structure Aqe(D P F) o i 2 3 4 B ■i 7 8 Çl 10 11 12 13 14 IB 16 17 18 19 2 0 21 23 24 2E 2 'Z O T 25 22 l r 31 32 3 2 34 

Otoiith 

Cartilaoe 

Calei um 

MGP 

BGF 

Bas occiota 
•ame'., atory process 

uai .ii aqe 

Calcium 
• a ■ ■■I ■ ■ ■ i 

■ ■■ mmm 

■ ■■1 

■ ■■ 
■ Ill 
!■■■ 

■ III 
■■■■ 

■ III 
■■■■ 

■■■■ ■■■■ 
■ ■■1 

■■■I ■■■■ 
■■■ 1 

■ ■■■ ■ ■■ ■ ■■• 
■ ■ ■ i 

MGP 
■ ■■ 

BGF 

C e thrum 
Canlaoe 

Calcium 

MGP 
• ■ • ■■■ ■ ■■■ !■■■ ■■■ ■■■ ■■■■ ■ ■■ ■■■■ aaaa ■ II Ill ■■■■ ■■■■ ■■■ RAP 

| 
canlaae 

Vertebrae and 
arches 

1 1 1 1 1 1 1 1 1 1 1 1 ) 1 
.a lei um 

MGP 

BGF 

Hypurals 

calcium 

■■■■ !■■■ 

BGF 

^v 

-# t izrí 

Ll^afé \ 


