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Sire, J.-Y. and Arnulf, I. 2000. Structure and development of the ctenial spines on the scales of a teleost fish, the cichlid Cichlasoma nigrofasciatum. — Acta Zoologica (Stockholm) 81: 139–158 Numerous teleost species possess ctenoid scales characterized by the presence of ctenial spines arranged in rows (the cteni) along their posterior, free margin. Whilst the morphology and function of the ctenial spines are similar to those of odontodes (extra-oral teeth), e.g. in armored catfish, their homology is questionable. To address this problem, we have studied ctenial spine development, structure, attachment to a bony support, and replacement with the aim of comparing these features to those described for odontodes. The ctenial spines have been studied in a growth series of the cichlid Cichlasoma nigrofasciatum, using light, scanning and transmission electron microscopy. Ctenial spines are entirely constituted of a collagen matrix. They lack a pulp cavity and, although their distal end can be in contact with the epidermal basal layer cells, they are not covered by an enameloid-like tissue. They are attached to the scale by means of a narrow strand of unmineralized collagen matrix acting as a ligament and allowing spines to be movable. The ctenial spines develop as prolongations of the external layer of the scale, a woven-fibroid collagen matrix, and subsequently grow by addition of parallel-fibred collagen matrix. New ctenial spines are added at the posterior scale border in waves that follow the same rhythm as the deposition of circuli in the anterior region. From the focus region to the scale border, the ctenial spines constitute lines in which only the most posterior ctenial spine is functional. The other spines that are no longer functional are not shed but resorbed from the top, and their attachment region mineralizes and thickens by deposition of new material. The remnants of spines constitute the main part of the superficial layer of the scale in which anchoring bundles attach; this region is covered afterwards by the limiting layer, a tissue devoid of collagen fibrils. Because of their tooth-like morphology (shape and size), their posterior orientation and their attachment to the scale surface, the ctenial spines resemble odontodes. Moreover, both elements perform a similar hydrodynamic function. Nevertheless, the structure and development of the ctenial spines differ completely from those of odontodes and consequently, they cannot be considered homologous elements. Ctenial spines and odontodes in teleosts provide us with a beautiful example of homoplasy; they share shape and function, but have a different origin as evidenced by their different structure and process of development. Jean-Yves Sire, Université Paris 7, UMR 8570, Case 7077, 2, Place Jussieu, F-75251 Paris cedex 05, France. E-mail: [email protected]
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Introduction Most of the ~23 500 species of teleost fish (Nelson 1994) are covered by thin, lamellar, imbricated elasmoid scales, the upper surface of which is ornamented with various elements, such as circular ridges (= circuli), denticles, tubercles, spines, serrations, cteni, etc. These ornamentations vary in size, shape and organization depending on the scale region and on the species. The circuli and their denticles are the predominant features found in the anterior region, which is more or less embedded in the dermis depending on the species. In contrast, the ornamentations of the posterior region are more diversified. Various types of tubercles, ridges, serrations, spines and cteni have been described since the pioneering work of Agassiz (Agassiz et al. 1833/44). Cteni were called as such because of their comb-like (from the Greek kteis/ktenos) appearance produced by rows of spine-like ornamentations disposed along the posterior edge of the scale. Various inappropriate or misused terms are encountered in the literature to label these spiny ornamentations: cteni (e.g. Casteel 1972; Delamater and Courtenay 1973, 1974; Balon 1974; Roberts 1993), teeth (Cockerell and Moore 1910), spinous tubercles (Orcutt 1950), and spines or scalelets (McCully 1970). It seems more appropriate to call these units ‘ctenial spines’, and to use ctenus (plural cteni) to refer to a single row of spines. More than 150 years ago, the absence or presence of a ctenial ornamentation on the posterior region of a scale was found typical enough to distinguish between the cycloid and ctenoid scales, respectively (Agassiz et al. 1833/44). Although the morphology of most ornamentations changes during ontogeny, some elements such as the ctenial spines can be specific at the family, genus and even species level. Many authors have demonstrated the value of these elements in taxonomic studies using light microscopical observations ( Williamson 1851; Baudelot 1873; Cockerell 1912; Peabody 1928; Kobayashi 1952, 1953; 1954a; 1954b, 1955) and more recently using scanning electron microscopy (Delamater and Courtenay 1973, 1974; Hughes 1980, 1981). In this field, Robertsí work (1993) is the most important. His comparative study illustrates the scale surface ornamentation in 330 species representative of most teleost orders. Roberts has clearly demonstrated that the scale morphology, and the presence of spined scales (crenate, spinoid and ctenoid types), can be a valuable tool not only to help in systematic studies but also in investigations dealing with teleost evolution. Most scale ornamentations serve an anchoring function, either to maintain the scale in its dermal pocket (an anchoring ensured by the circuli and their denticles in the anterior region) or to maintain the epidermis at the surface of the posterior region ensured by the tubercles and serrations (Sire 1986). In contrast, the ctenial spines (and other spine-like ornamentations) do not play a role as anchoring devices; they serve a hydrodynamical function as demonstrated by Burdak (1986). Although they possess some specific characters, the 
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ctenial spines in various teleosts have a roughly similar morphology, i.e. they are small structures (a few hundred micrometres in length), rearwards orientated, spine-like (or tooth-like), and ornament the posterior rim of the scales. The morphology and function of the ctenial spines is similar to that of odontodes but it is uncertain whether they are homologous elements. Odontodes are teeth that develop in extraoral locations. They were found to ornament the posterior region of the scute surface and other dermal bones of the armored catfish, Siluriformes (Sire and Huysseune 1996), and the dermal bones of the head of Denticeps clupeoides, a Clupeomorph (Sire et al. 1998). Are ctenial spines and odontodes homologous elements, i.e. elements sharing a similar structure and deriving from the same ancestor? Or are they homoplasous, i.e. elements with different origins that have been selected during evolution to play a similar function? Most authors think that the ctenial spines have developed secondarily at the scale surface, probably from existing ornamentations such as the circuli, and therefore support the hypothesis of homoplasy. Nevertheless there are no detailed studies in the literature dealing with the fine structure and development of the ctenial spines which could provide a definitive answer to this question. In the course of an extensive study devoted to understand the evolution of the dermal skeleton in vertebrates (see review in Huysseune and Sire 1998), it was interesting to raise the question of the origin of the ctenial spines in view of our hypothesis on the evolutionary origin of the elasmoid scales. Indeed elasmoid scales are thought to be derived from modified odontocomplexes (sensu Ørvig 1977) that covered the ancestral rhombic scales in early Osteichthyans (Sire 1989, 1990). The structure and development of elasmoid scales is now well known in some teleosts (cyprinids, Waterman 1970; Maekawa and Yamada 1972; 1997b; Sire et al. 1997a; salmonids, Maekawa and Yamada 1970; Yamada 1971; cyprinodontids, Olson and Watabe 1980; gobiids, Fouda 1979), including cichlids (Lanzing and Wright 1976; Schönbörner et al. 1979; Sire and Meunier 1981; Sire and Géraudie 1983; review in Sire 1987). Among the few studies that have been devoted to the structure and development of the superficial layer bearing the ornamentations such as the circuli and the tubercles (Schönbörner et al. 1979; Sire 1985, 1986, 1988), none was devoted to ctenial spines. We have thus undertaken a morphological study at the light, scanning and electron microscopical levels to obtain data on the mode of formation of the ctenial spines, their tissue composition, their growth and their relationship with the scale surface and surrounding tissues. The ultimate goal was to compare these data to other descriptions of the various ornamentations composing the dermal skeleton of actinopterygians (circuli, tubercles, bony spines and odontodes) for which the structure and development are well known (Sire and Géraudie, 1983; Sire 1985; Sire and Huysseune 1996; Sire et al. 1998). Among the numerous teleost species known to possess
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ctenoid scales, we looked for a species which was easy to breed in the laboratory; we chose the cichlid Cichlasoma nigrofasciatum. Materials and Methods Animals Cichlasoma nigrofasciatum Günther, 1866 is a substrate breeding cichlid from the New World (Central America) standard lenght (SL) 100 mm in males and 60 mm in females. This species is easy to breed in the laboratory in 40/60 litre tanks, at 25 ± 1 °C, with an artificial 12 h light period. Three days after hatching, fry were fed with Artemia salina nauplii and Tetramin powder (babyfish food, Tetrawerk, Germany); juveniles and adults were fed on insect larvae (Chironomus and Tenebrio) and on Tetramin powder. In juveniles and adults (25 –94 mm SL), scales were carefully removed from the pectoral region of the left flank of specimens anaesthesized in 0.1% MS222, tricaine methane sulphonate (Sandoz), using fine forceps; this material was used for the study of structure, organization and growth of ctenial spines using light, scanning and transmission electron, microscopy. Ctenial spine development was studied in a growth series of 40 specimens (from 8.0 to 31.0 mm SL). These were killed by an overdose of MS 222 and used either for Alizarin Red staining (entire specimens) or for light and transmission electron microscopy study (parts of skin containing developing scales).
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Light and transmission electron microscopy (TEM) Entire specimens or isolated scales were decalcified for 7 days, at 4 °C, in a fixative solution containing 1.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1  cacodylate buffer (pH 7.4) to which 0.1  EDTA (ethylenediaminetetraacetic acid) was added (solution changed every 2 days). After having been rinsed for 1 h in the cacodylate buffer containing 10% sucrose, the samples were post-fixed for 2 h at room temperature in 1% osmium tetroxide in 0.1  cacodylate buffer to which 8% sucrose was added. The samples were next rinsed in the buffer, dehydrated in a graded series of ethanol and embedded in Epon. One µm-thick sections were stained with Toluidine Blue, observed and photographed in the light microscope. Thin sections were contrasted with uranyl acetate and lead citrate, and observed in a Philips 201 electron microscope operating at 80 kV. Results Morphology The ctenoid scale of Cichlasoma nigrofasciatum. The shape and the upper surface ornamentation of the scale does not differ from the classical elasmoid scale previously described and resembles that generally found in cichlid fish (Sire 1986; Lippisch 1989, 1995; Sire, unpublished data) (Fig. 1).



Methods Alizarin red staining The specimens were measured to the nearest 0.5 mm, fixed in 10% paraformaldehyde for 24 h, and stored in 70% ethanol. After a quick rehydration in distilled water, the fish were depigmented for 45 min in 0.5% KOH containing 0.02% H2O2, partially cleared in a mixture of 1% KOH/glycerol (v/v) for 2–3 h, immersed for 2 h in 0.5% KOH containing 0.5% Alizarin Red S (Fluka), cleared again in 1% KOH/ glycerol for 1 h, and observed with a binocular microscope. Alizarin stained fish were stored in pure glycerol, in darkness. The scales were carefully removed, placed on a glass slide, and photographed with a Zeiss light microscope. Scanning electron microscopy (SEM) Scales were immersed in a solution of 3% sodium hypochlorite to remove the soft tissues from their surface with the help of a fine paint-brush. The scales were then dehydrated in a graded series of ethanol, dried, glued on a brass support and coated with a 20-nm-thick layer of gold / palladium in a Balzer apparatus. They were observed in a JEOL JSM-840 A, operating at 25 kV.
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Fig. 1—Ctenoid scale of a 94-mm-SL Cichlasoma nigrofasciatum.



Ant. Anterior; c: circuli (circular ridges); ct: ctenial spines; ep: anterior limit of the epidermal covering (hatched line); f: focus; r: radii (radial grooves). Scale bar: 1 mm.
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The anterior region of the scale is inserted in the dense dermis and its anterior margin is perpendicular to the antero-posterior axis of the body. It is overlapped by the posterior region of the preceding scale and by the lateral region of the scales belonging to the neighbouring lines. In the anterior region the ornamentation is composed of circuli, parallel to the scale contour and regularly spaced. The circuli are interrupted by narrow radial grooves, the socalled radii, that emanate from the centre of the scale, the focus. The posterior region overlaps the anterior region of the following scale and the lateral region of the scales of dorsal and ventral neighbour lines. This region is covered by a thin layer of loose dermis and by the epidermis, which folds around the posterior scale margin. The frontier between the anterior (overlapped) and posterior (overlapping) regions is delimited by the anterior limit of the epidermal covering. The margin of the posterior region is rounded and is ornamented with numerous spine-like structures, the ctenial spines, arranged in rows that constitute the cteni (Fig. 1). By viewing the skin surface directly at a moderate magnification with a light microscope it is clear that the ctenial spines and their covering soft tissues project from the skin surface forming thin antero posterior ridges held rigid by the ctenial spines. The rest of the ornamentation of the posterior region is composed of various elements including remnants of ctenial spines and tubercles of irregular shape and size. This ornamentation is described in detail below using SEM (Fig. 2). During scale ontogeny, new circuli, with small denticles on top, are formed at the scale margin in the anterior region and new cteni are deposited along the posterior edge. Once deposited, the circuli and their denticles do not change during the entire life span of the scale. In contrast, the ornamentation of the posterior region is subjected to modifications during fish growth. As the posterior region, overlapped by the epidermis, enlarges the ctenial spines are progressively resorbed from the marginal region – bearing the youngest elements – towards the focus (Fig. 2; see also Figs 4, 5). Four regions were distinguished on the posterior region of adult scales. From the margin towards the focus (Fig. 2A), these are: (1) Immediately along the scale margin, a region composed of rows of recently formed, long, tapered ctenial spines, fairly straight and orientated rearwards; they are movable,



yet with no evidence of an intrinsic musculature permitting independent movement; (2) anterior to these cteni, a region composed of eroded ctenial spines that are less upright than the young ones and are no longer movable; (3) an intermediate region in which remnants of ctenial spines are ornamented with small tubercles; (4) more centrally a region composed either of tubercles constituting a wellorganized, honeycomb-like network, or of hardly visible ctenial spine remnants covered by numerous tubercles and/ or by a substance showing a relatively smooth surface. Towards the focus region from the posterior margin, the remnants of ctenial spines give clear evidence of the gradual changes the ctenial spines have undergone and of the morphogenesis and organization of the scale surface ornamentation during scale growth. Towards the posterior edge of the scale, the ctenial spines are regularly arranged into longitudinal lines, approximately 40 µm apart; within one line, spines are approximately 65 µm apart. The lines of spines are roughly parallel to one another, but they diverge slightly to be perpendicular to the rounded posterior margin. This organization gives the characteristic, finely serrated aspect of the ctenial region when observed at a low magnification (Figs 1, 2A). Where two lines of ctenial spines have diverged, a ctenial spine appears in a new position between them, and a new line is initiated. The only ctenial spines having a typical aspect are the recently formed ones; they constitute the only two functional cteni (Fig. 2B). These spines alternate from the row located immediately along the scale margin (the youngest) to the more anterior and slightly older row. Within a single ctenus, the ctenial spines have the same morphology and are in the same stage of development; this suggests that all the spines in a ctenus have formed simultaneously. In adult C. nigrofasciatum (e.g. in the 64 and 94 mm SL specimens studied), the marginal ctenial spines are tapered and cone-shaped. They average 150 µm in length and 40 µm in width at their anterior, bifurcated, ends (= their bases). The surface of the marginal ctenial spine looks smooth but appears finely striated longitudinally at a high magnification (Fig. 2E); however, the surface of its widened base is rough, especially at the level of the bifurcation which appears as a deep, medial gutter (Fig. 2B-D). Immediately anterior to the two marginal, most recently formed cteni, the upper distal region of the ctenial spines



Fig. 2 —SEM observation of the scale surface in a 64-mm-SL Cichlasoma nigrofasciatum. —A, Low magnification showing most of the posterior region of the scale. Details of the different regions are shown in B–J. Scale bar: 100 µm. —B, Three marginal ctenial spines along the scale margin. Scale bar: 20 µm. —C, The extremities of the ctenial spines anterior to the marginal spines have been resorbed. Scale bar: 50 µm. —D, In each line the resorbed extremities of ctenial spines fit well into the bifurcated base of the spine next before (arrow). Scale bar: 20 µm. —E, Recently resorbed upper distal part of a spine showing



Howship lacunae. Note the fine, longitudinally orientated striation of the spine surface. Scale bar: 5 µm. —F, Behind the region of the resorbed ctenial spines, the surface of the remnants of the preceding spines is ornamented with tubercles. Scale bar: 50 µm. —G, The tubercles do not show any particular orientation. Scale bar: 20 µm. —H, Central region showing the honeycomb-like organization of the ornamentation. Scale bar: 50 µm. —I, Close to the central region the scale surface can be covered by a layer of relatively smooth substance. Scale bar: 50 µm. —J, Circuli and their denticles in the anterior region. Scale bar: 10 µm.
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Fig. 3 —Schematical drawings of the development of the scalation ( pale grey) and appearance of the ctenial spines (dark grey) in Cichlasoma nigrofasciatum. These drawings are based on the following specimens (sizes are only indicative). —A, 7.5 mm SL specimen. —B, 8.4 mm. —C, 9.8 mm. —D, 13.0 mm. —E, 19.2 mm. —F, 31.0 mm.



belonging to the next 5– 6 cteni shows obvious signs of abrasion (Fig. 2C-E). The typical Howship’s lacunae (~5 µm in diameter) indicate an osteoclastic activity (Fig. 2E). The eroded and rounded tip of each ctenial spine is inserted into the medial gutter of the next one in the same line, and this organization is repeated along any individual line from the scale margin towards the focus (Fig. 2A,C,F). The length of the eroded ctenial spines varies from ~100 µm in the cteni immediately anterior to the marginal ones, to ~70 µm at a distance of 4 cteni from them; anterior to this region, the remnant ctenial spines have a similar length of ~50 µm. The ctenial spines are always resorbed from their upper distal region downward; their base always persists. From the scale margin towards the focus, the surface of the eroded ctenial spines is increasingly ornamented with tubercles, the size and number of which increases (Fig. 2F,G). Tubercles also form on eroded surfaces indicating that the resorption process has finished. The shape and organization of the tubercles is irregular and they are often superimposed. They are either dispersed (and some of them are observed between the lines of ctenial spines) or aligned along the longitudinal axis of the spines. Near the central region of the scale, the tubercles are so numerous and large that the contours of the ctenial spine are no longer distinguishable (Fig. 2H). Moreover, this central region can be covered by a layer of matrix, the surface of which looks rather smooth except in areas ornamented with small tubercles (Fig. 2I). In the central region no ctenial spine can be distinguished, and the scale surface is covered by tubercles and ridges forming a honeycomb-like network (Fig. 2H). All these elements that compose the ornamentation of the posterior region of the scale (Fig. 2A-I) are different from the regularly arranged circuli in the anterior region; the top of the circuli is decorated with 3-µm high, regularly spaced denticles (Fig. 2J). All these pictures show that the ornamentation of the posterior region of the ctenoid scales of Cichlasoma nigrofasciatum is composed of two types of elements that develop and grow differently: (1) ctenial spines that are formed at the scale margin, that do not grow once deposited but are subjected to some resorption; these remain at the scale surface throughout the life span of the scale; (2) tubercles and other elements that are secondarily deposited at the scale surface, including the remnants of the ctenial spines; these can grow and increase in number during ontogeny. Both 



elements contribute to the modifications of the scale surface observed in this region during scale growth. This is in contrast to the ornamentation of the anterior region that does not change once deposited. The following section focuses on the developing scales so as to answer the questions on when, where and how the ctenial spines form during ontogeny. Appearance and growth of the ctenial spines. In Cichlasoma nigrofasciatum, the ctenial spines appear only when a scale is already formed. They are found in most body areas except for some regions of the head and below the pectoral fin (Fig. 3). The first ctenial spines appear in juveniles of 6–8 weeks of age, 7.5 mm SL when the scales of at least 3 rows have formed in the posterior region of the caudal peduncle (Fig. 3). Moreover the ctenial spines form only once the scales possess at least 3 circuli (Fig. 4). The scales are cycloid at first and are juxtaposed. The order of appearance of the ctenial spines closely follows the scalation process, starting on the caudal peduncle, then extending anteriorly to the whole surface of the flanks (Fig. 3). The ctenial spines first appear on the posterior edge of the scales belonging to the row situated above the mid-line (the oldest scales) (Fig. 3A). They then appear on the scales located in front of and posterior to this row, then on some scales belonging to the two adjacent rows, dorsally and ventrally, and so on (Fig. 3A-C). At this stage the body is still not completely covered by cycloid scales. In 9.5 mm specimens, the ctenoid scales start to overlap. In 10.0 mm fish the ctenial spines appear on the small scales of the belly. They reach the pectoral peduncle, and the back of the head in fish from 12.0 mm onwards (Fig. 3D,E). Given the few specimens studied, the sizes of the juveniles at the time of appearance of the ctenial spines are only indicative. The basal region of the dorsal and caudal fins bear ctenoid scales, while the suborbital scales, the opercular scales, and the scales below the pectoral peduncle are the only scales that do not develop ctenial spines and remain cycloid in adults (Fig. 3F). The first ctenial spines often have an irregular morphology compared to the spines deposited later (Fig. 4A-C). Most often a single (Fig. 4A-C,F) or a pair (Fig. 4D,E,G) of ctenial spines form first in the mid-margin region of the scale. The spines appear generally at the distal end of the third or fourth circulus (Fig. 4), but they can form later (on the fifth and even more) in the body regions where the scales do not grow rapidly. The first ctenial spines are ~50 µm



© 2000 The Royal Swedish Academy of Sciences



AZO042.fm Page 145 Tuesday, March 28, 2000 1:40 PM



Acta Zoologica (Stockholm) 81: 139 –158 (April 2000)



Sire and Arnulf • Structure and development of the cteni in a cichlid fish



Fig. 4 —Seven stages of ctenial spine appearance during scale ontogeny in Cichlasoma nigrofasciatum (Alizarin Red staining). These micrographs are taken from diverse body regions of the following specimens. —A, 8.0 mm SL. —B,—C, 9.0 mm. —D, E, F, 14.0 mm. —G, 19.0 mm. The arrowheads indicate the anterior limit of the ctenial zone. Note the honeycomb network appearing at the scale surface anterior to the ctenial zone (asterisk in G ). Scale bars = 50 µm. f = focus.



long and they seem to derive from the superficial layer of the scale; they are spine-shaped, rearward orientated outgrowths of the circuli at their most posterior location. This organization is observed for all ctenial spines that form at the lateral margins whether or not they are in connection with the circuli, and it delimits the ctenial zone from the rest of the scale surface, which is not covered by the epidermis. Such a relationship with the superficial layer of the scale does not appear for the spines that form within the ctenial zone; on the contrary, their bases seem to be independent from the scale surface (e.g. Fig. 4F,G). This apparent independence of the ctenial spines from the scale surface is due to differences in mineralization of both structures (see below, chapter ‘structure’). The superficial layer of the scale
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is thin and less mineralized than the ctenial spines, and this explains why it appears less contrasted in scales stained with Alizarin Red. The deposition of ctenial spines follows a well-organized, geometrical pattern, easy to follow in young scales (Fig. 4), but less obvious in old ones (Figs 2, 5): (1) The first spine is deposited on the mid region of the scale border (Fig. 4A); (2) two spines form at an equal distance (~50 µm) from the former (they constitute the first ctenus) (Fig. 4B); (3) two spines next appear at each side of the two latter spines (these 4 spines constitute the second ctenus), and so on. Regular spaces occur between lines and regular intervals between cteni. The spaces between lines are more regular in older (e.g. Figs 4G, 5A) than in young scales where there 
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the scale border, and the distal end of the ctenial spines of the cteni anterior to them is always being resorbed. The honeycomb organization of the ornamentation in the central part of the posterior region anterior to the ctenial zone starts to form in 19†mm SL specimens. This region is devoid of ctenial spines and is only ornamented with 3– 4 circuli (Fig. 4G). This honeycomb organization continues to develop during scale ontogeny and in older specimens it thickens by addition of tubercles (Fig. 5A,C). Whatever the technique used to observe the scale surface (Alizarin Red staining or SEM), naturally shed ctenial spines were never observed. Nevertheless, a strong action of sodium hypochloride provokes shedding of the more recently deposited ctenial spines (not illustrated), suggesting that the young ctenial spines are not as rigidly attached to the scale surface as the old, partially resorbed ones. Structure and development



Fig. 5 —SEM of the posterior region of the scales during ontogeny



of Cichlasoma nigrofasciatum. —A, B, C, D, Ctenial zones and detail of the ctenial spines in a 25 and a 36-mm SL specimen, respectively. —E, F, Ctenial spines in a 45 and a 56-mm SL specimen, respectively. Scale bars: A, B, C = 100 µm; B, D, E, F = 40 µm.



are still small variations in this geometrical pattern in relation to the scale shape. In young specimens growing rapidly various stages of individual ctenial spine formation were observed along the posterior scale margin (e.g. Fig. 4E,G); this is not always the case in older specimens (Figs 2, 5). The length of the marginal ctenial spines increases during scale growth: ~50 µm for the first ones in 8.0 –9.0 mm SL specimens (2 cteni), ~75 µm in 14.0–15.0 mm specimens (3–5 cteni), ~85 µm in 19.0 –20.0 mm SL specimens (6 cteni), ~90 µm in 25 mm specimens (10 cteni), ~100 µm in subadult specimens 36, 45 and 56 mm, to reach 150 µm in a 94-mm specimens (Figs 4, 5A-F, 2, respectively). However the shape of the ctenial spines in juveniles is similar to that observed in subadult and adult specimens. The first resorbed extremities of the ctenial spines are observed early in ontogeny. Indeed, as soon as the scales possess 2 complete cteni, the ‘old’ ctenial spines (i.e. those anterior to newly formed ones) are subjected to resorption (Fig. 4F,G). This resorption pattern is the same throughout scale ontogeny from juveniles to adults (Figs 4, 5, 2, respectively); there are always two unmodified cteni only at 



Brief recall of the scale structure. The fine structure and development of the elasmoid scale in teleosts, including cichlids, is well known from numerous transmission electron microscopy (TEM) studies. However, a brief summary of the current knowledge appears to be necessary for a better understanding of the relationship between the ctenial spines and the scale surface. More detailed descriptions are found in Sire and Géraudie (1983), Sire et al. (1997a,b) and in the following reviews: Whitear (1986), Sire (1987), and Huysseune and Sire (1998). The elasmoid scales are composed of two distinct regions: (1) a thick basal plate constituted of numerous layers of collagen fibrils organized into a plywood-like structure and forming a tissue called elasmodine (Schultze 1996); (2) a superficial region itself composed of two distinct layers, the external layer and the limiting layer. The external layer is the first part of the scale to be formed during ontogeny and it consists of a wovenfibred network of collagen fibrils. This layer forms regular elevations, the circuli. It no longer thickens once it is deposited, but is continually deposited at the scale margins, thus contributing to scale growth in diameter. The limiting layer is deposited late during ontogeny and it covers the surface of the external layer in the posterior region of the scale overlapped by the epidermis. It thickens continuously, is largely devoid of collagen fibrils and probably contains substances of epidermal origin. The limiting layer is thicker at the level of numerous anchoring fibres than elsewhere on the scale surface; this results in the formation of the characteristic tubercles described above with SEM. Structure of the ctenial spines. Numerous one µm-thick longitudinal and transverse serial sections through the posterior region of scales in juveniles and adults were analysed and completed by detailed observations of selected regions with TEM. This allowed descriptions of the structure of the ctenial spines and of their relationship with the surrounding tissues, dermis and epidermis, during scale growth.
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However, given the small width of a ctenial spine at its base (less than 40 µm) and the obliqueness of the sections, some of the following comments result from a synthesis of numerous observations. The four regions previously described using SEM, i.e. (1) marginal cteni (2) resorbed cteni (3) formation of tubercles and (4) central region, are easily recognizable with the light microscope, and this has helped to select regions for TEM observations. The marginal ctenial spines. The marginal ctenial spines are closer to the epidermis than the older, more anterior, spines which are separated from the epidermis by dermal components (fibroblasts, capillary blood vessels, melanocytes, collagen fibrils, etc.) (Fig. 6A-C). In juveniles, the epidermis is in direct contact with the distal end of the spine as observed with the light microscope (Fig. 6A); such a contact is not observed in adults (Fig. 6B,C). TEM confirms that the ctenial spine surface in juveniles is directly covered by elongated, flat epidermal basal layer cells (Fig. 6D). The basement membrane, which characterizes the boundary between the dermis and the epidermis, is no longer visible at the interface between the spine and the epidermal cells (Fig. 6E). There are no obvious anchoring devices (generally represented by hemidesmosomes) along the epidermal cell membrane facing the spine matrix; this interface is only lined by a thin layer of granular material. The cytoplasm of these epidermal basal layer cells contains a few mitochondria and rough endoplasmic reticulum (RER) cisternae, some vesicles and numerous microfilaments. More anteriorly, the base of the spine is not directly covered by the epidermal cells. Here, the cytoplasm of the basal epidermal cells is enriched with numerous bundles of microfilaments that merge with the cell membrane facing the spine surface (Fig. 6F). The spine matrix is clearly composed of two regions distinguishable with the light microscope (Fig. 6C): a core of woven-fibred collagen matrix surrounded by a layer of parallel-fibred collagen matrix in which the fibrils are orientated along the long axis of the spine (Fig. 6G). In both regions the collagen fibrils are 25–30 nm in diameter (Fig. 6H). Thin electron-dense granules that are more abundant in the woven-fibred matrix than in the periphery (Fig. 6E,G) occupy the interfibrillar spaces. At the surface of the spine directly covered by the epidermal basal cells, the matrix does not differ from the other regions of the spine (Fig. 6E). Because of the fixation procedure and/or EDTA decalcification, an artefactual space has been created at the interface between the spine surface and the epidermal cell membrane (Fig. 6DF). This suggests a weak anchorage of the cells to the spine surface. Such an artefactual space is never observed when the surface of a growing spine is covered by scale-forming cells (scleroblasts) (Fig. 6G). The base of the ctenial spine is attached to the scale by a narrow strand of woven-fibred collagen matrix representing a prolongation of the external layer of the scale
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(Fig. 6I). This collagen strand originates below the preceding spine of the line and is composed of two parts: a deep, narrow layer of woven-fibred matrix, and a covering layer of collagen fibrils orientated perpendicular to the longitudinal axis of the spine. The former is mineralized whereas the latter lacks mineral crystals, similar to a ligament (Fig. 6J). The space between the base of a spine and the deep surface of the spine immediately anterior to it is filled with a woven-fibred collagenous matrix deposited by scleroblasts with numerous cell prolongations (Fig. 6I). So many electrondense thin granules as observed in the woven-fibred matrix of the ctenial spines do not occupy the interfibrillar spaces within this matrix. Formation of tubercles and the central region. Tubercles of various shapes and sizes form both on the surface of the partially resorbed ctenial spines and near the focus on the scale region that is devoid of ctenial spines (see SEM descriptions) (Fig. 7A-C). As already described for other cichlids, the entire scale surface covered by the epidermis is involved in the deposition of the limiting layer in juveniles (Fig. 7A) and in adults (Fig. 7B,C). The tubercle formation is the result of a preferential deposition of the limiting layer at the level of the anchoring bundles emerging from the external layer (Fig. 7D). The limiting layer is also deposited at the surface of the partially resorbed ctenial spines (Fig. 7E). Given its deposition throughout the scale life, the limiting layer is thicker in adults than in juveniles (Fig. 7A,B) and in the central region than at the periphery. In the central region this deposition results either in large zones covered by a thick, rather smooth matrix, or in the formation of numerous tubercles, some of them being organized in a honeycomb network (see SEM descriptions). The resorbed ctenial spines. As described above with the SEM, the truncated extremities of the spines anterior to the functional ones are clearly distinguishable in semithin sections (Fig. 6A,B). The resorbed regions of the spines are always those facing the epidermal cover. Despite observations on numerous serial sections from various growth series, we were not able to observe typical osteoclast cells (i.e. multinucleated cells with a ruffled border and numerous vacuoles) responsible for this resorption. Indeed the resorbed surface of the spine was most often covered by elongated, flattened scleroblasts that had probably contacted the spine after its resorption (Fig. 7F). In other regions the pictures strongly suggest that a resorption process is occurring but the clastic cells involved do not look like typical osteoclasts (Fig. 7G). They are rich in mitochondria and free ribosomes, and their outlines are irregular with numerous cytoplasmic prolongations. Facing them, the collagen matrix is demineralized and seems to be degraded. Both processes, spine resorption and plugging up the space between the spines, progressively contribute to smoothen the surface of the central region (Fig. 6B). Development of the ctenial spines. Various stages of ctenial spine formation were observed in juveniles, in which all the 
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spines of a ctenus were depositing simultaneously. In adults, spine formation was never observed although sections of numerous scales were examined. This can be explained because the ctenial spines form periodically, in successive waves that probably succeed each other more slowly in adults than in juveniles. The first indication of the anlage of a new ctenial spine is the presence of a narrow strand below a marginal ctenial spine (Fig. 8A). This strand originates as the prolongation of the woven-fibred, unmineralized collagen matrix of the external layer of the scale. This bud thickens and grows rearward (Fig. 8B), then elongates and its distal end invaginates into the epidermis that folds around it (Fig. 8C). The deposition of woven-fibred material at the distal region of the newly forming spine is ensured by large, plump, active scleroblasts showing numerous cytoplasmic prolongations while its deep surface is lined by rectangular scleroblasts (Fig. 8D). A layer of pear-shaped, active scleroblasts with numerous cell prolongations and depositing a woven-fibred collagen matrix (Fig. 8E,F) envelops the distal part of the growing spine. The shaft of the spine thickens by the deposition of a parallel-fibred matrix by rectangular scleroblasts (Fig. 8G). The matrix of the spine mineralizes rapidly leaving a narrow region of osteoid (Fig. 8H). The collagen strand linking the ctenial spine base to the scale represents the attachment region; it remains narrow and unmineralized for a while whereas the rest of the spine mineralizes rapidly. This attachment region thickens by deposition of the unmineralized collagen matrix described above as a ligament (Fig. 6J) whereas the previous collagen strand mineralizes. Discussion The present work involving light, scanning and transmission electron microscopy of a growth series in the cichlid Cichlasoma nigrofasciatum adds new data on the morphology, structure, development, attachment and replacement of the ctenial spines in ctenoid scales. Such a detailed study for the first time allows comparisons with similar data



Fig. 6 —Sections through the posterior region of the scale in



Cichlasoma nigrofasciatum. Light (A–C), and transmission electron (D–J) micrographs of selected regions. —A, Juvenile specimen, 22 mm SL. Longitudinal section showing the close relationships of the marginal ctenial spine with the epidermis. Scale bar: = 50 µm. —B, Adult specimen, 64 mm SL. Same region as in A. Scale bar: = 100 µm. —C, Adult specimen, 56 mm SL. Tranverse section through the base of marginal ctenial spines. Scale bar = 100 µm. —D, 22-mm SL specimen. Distal region of a ctenial spine. The squared regions 1 and 2 are detailed in E and F, respectively. Note the close relationship of the epidermis with the spine surface. Scale bar: 3 µm. —E, Detail of the region 1 in D; the wide space between the epidermal basal layer cell and the spine surface is an artefact caused by fixation. Scale bar: 500 nm. —F, Detail of the region 2 in D showing the transition between the
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recently obtained for odontodes (extra-oral teeth) in two families of armored catfish, loricariids and callichthyids (Sire and Huysseune 1996) and in Denticeps clupeoides, a clupeomorph (Sire et al. 1998). The ctenial spines of C. nigrofasciatum have roughly the same morphology (shape and size) as odontodes. Like odontodes, ctenial spines are orientated rearwards and are movable. However, the ctenial spines have neither the same structure or the same developmental process as odontodes. This is an example of homoplasy: ctenial spines in C. nigrofasciatum and odontodes in catfish and in Denticeps look similar but they do not derive from a common ancestor. This finding answers the main question addressed in this study and needs further comments. Ctenial spines look like odontodes Morphological considerations. The overall shape of the marginal ctenial spines is the same in all specimens studied, even through growth series. The only variable is size (see below). Moreover, when a scale regenerates, or when part of the posterior region of a scale is subjected to reconstruction, new ctenial spines form along the posterior margin and with the same shape and size as the ctenial spines in the adjacent, non-regenerated scales (Sire, personal observation). All these data strongly suggest that the shape of the ctenial spines represents a trait that could be species specific in this genus. This confirms the finding by numerous authors (see section ëIntroductioní) that most traits of the scale ornamentation are of value for systematic studies. We refer to the well-documented, comparative, SEM study of the scale ornamentation published by Roberts in 1993 for further comparisons with respect to scale ornamentation. A rapid overview of the pictures presented in this article leads us to the conclusion that none of the numerous ctenial spines illustrated resemble those in C. nigrofasciatum. This demonstrates the wide diversity of shape, size and organization of the spines on the posterior region of teleost scales. Since the studies of Agassiz (Agassiz et al. 1833-/44),



epidermal and dermal covering of the spine. Scale bar: 500 nm. —G, Section through the shaft of another ctenial spine showing the central woven-fibred and the peripheral parallel-fibred regions. The surface of the spine is covered by flattened scleroblasts. Scale bar: 3 µm. —H, Detail of the collagen matrix of both regions of the spine matrix. Scale bar: 250 nm. —I, Section through a ctenial spine immediately anterior to a marginal spine. The attachment region (asterisk) has been thickened due to the activity of a scleroblast (arrow) that deposits a collagen matrix filling the space between this spine and the anterior one. Scale bar: 5 µm. —J, Attachment region of a recently formed spine showing the two regions: the woven-fibred matrix of the external layer and the unmineralized bundle constituting a ligament-like structure (asterisk). Scale bar: 3 µm. Abbreviations: de: dermis; ep: epidermis; pf: parallel-fibred matrix; wf: woven-fibred matrix.
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Fig. 7—Sections through the posterior region of the scale in Cichlasoma nigrofasciatum. Light (A–C), and transmission electron (D–G)



micrographs of selected regions. —A, 22 mm SL specimen. Longitudinal section showing the deposition of the limiting layer (arrow) at the scale surface. Scale bar: 50 µm. —B, C, 64 mm SL specimen. Longitudinal and transverse sections showing the limiting layer (arrow) and the anchoring bundles at the scale surface. Scale bars: 100 µm. —D, Detail of A showing an anchoring bundle surrounded by the limiting layer. Scale bar: 1 µm. —E, Detail of B showing the limiting layer deposited on the resorbed surface (arrow) of a ctenial spine. The matrix of the limiting layer is deposited periodically. Arrested growth results in the formation of lines rich in electron-dense granules. Scale bar: 1 µm. —F, Surface of a ctenial spine anterior to the scale margin in the 22 mm specimen. The irregular contours of the spine surface and the presence of a fine granular/fibrillar matrix immediately lining the cell membrane suggest that a possible resorption process has occurred. Note the close proximity of the epidermal basal cells and the flattened scleroblast. Scale bar: 500 nm. —G, Another distal end of a ctenial spine showing evidence of a resorption. The features of this active, clastic cell are not those of an osteoclast. Scale bar: 1 µm. Abbreviations as in Fig. 6.
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Fig. 8 —Sections through the posterior region of the scale in a 22-mm SL Cichlasoma nigrofasciatum. Light (A–C), and transmission electron (D–H) micrographs of selected regions. —A–C, Three developmental stages of ctenial spine formation: budding, growth and invagination into the epidermis. Scale bar: 50 µm. —D, Detail of A showing the woven-fibred matrix of the new forming spine budding below the functional one. Note the large and active scleroblasts surrounding the distal end of the bud. Scale bar: 2 µm. —E, Detail of B showing the growing distal region of a ctenial spine surrounded by elongated active scleroblasts. Scale bar: 2 µm. —F, Detail of the scleroblasts synthesizing the woven-fibred spine matrix. Note the numerous cell prolongations. Scale bar: 1 µm. —G, Parallel-fibred matrix deposited by a few, elongated, active scleroblasts along the spine of a nearly complete ctenial spine. Scale bar: 3 µm. —H, Undecalcified section showing that almost all the ctenial spine matrix is mineralized as soon as deposited. Scale bar: 500 nm. Abbreviations as in Fig. 6.
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teleost scales were separated into two categories, cycloid and ctenoid. In teleosts, cycloid and ctenoid scales both belong to the elasmoid type and share the same structure. A simple division into these two types is artificial and does not reflect the diversity of shape and ornamentation observed in both types. In fact the cycloid type, as defined by Agassiz, refers to all ‘scales’ that have a roughly rounded shape and that are devoid of spine-like ornamentations at their posterior rim; this trait in turn characterizes the ctenoid type. Clearly, a rounded shape and the lack of spines are not sufficient characters to define a type of scale. In polypterids, ganoid scales are round and devoid of spines, i.e. cycloid, in some body regions (Sire, personal observation), and cycloid scales in teleosts show a large diversity of ornamentation that is more important than their rounded shape. For these reasons we propose that the term ‘cycloid scale’ should be dropped from use because it does not define anything. Scales are elasmoid and they can be divided into several subtypes based on their ornamentation as did Roberts (1993) with the ‘ctenoid scales’. Roberts (1993) has indeed demonstrated clearly that ëctenoidí is an insufficient term for describing the diversity of spine-like ornamentations in teleost scales, and we agree completely with his analysis. He has proposed to group all teleost scales bearing spine-like ornamentations into the spined type, in contrast to the cycloid type. This spined category is further divided into three major types; crenate, spinoid and ctenoid. The crenate and spinoid types are outgrowths of the posterior margin, and spine projections posteriorly as continuations of the scales, respectively. The ctenial spines of C. nigrofasciatum fall into the ctenoid type, and more precisely into the ctenoid subtype ‘transforming cteni’, a type that occurs in many perciforms (Roberts 1993; Sire, personal observation). In C. nigrofasciatum the length of the marginal ctenial spines at the posterior border experiences a threefold increase (from 50 µm in 9.0 mm SL juveniles to a maximum of 150 µm in 90 mm adults) while the fish standard length increases tenfold. In armored catfish the length of odontodes does not change much from juveniles (100 µm) to adults (150 –180 µm max) (Sire and Huysseune 1996). In both cases, ctenial spines and odontodes are relatively larger in juveniles than in adults: the ratio of spine length to SL is 5.5 in juveniles vs. 1.6 in adults and of odontode length to SL 12.0 in juveniles vs. 3.7 in adults. This difference between juveniles and adults could be explained by the hydrodynamical function that both elements play (see section below). Noteworthy also is the similarity of shape and size of the ctenial spines and the odontodes in teleosts compared to the morphology of certain types of placoid scales (i.e. odontodes) in some batoid rays. In these chondrichthyans, the morphology and organization of the odontodes have also been demonstrated to be useful traits for systematic studies (Deynat 1996). 
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The morphological observations using Alizarin Red staining and SEM do not teach us much on the relationships of the ctenial spines with the scale surface. On the contrary, at the SEM level as well as in Alizarin stained specimens, the newly formed ctenial spines seem to be separate entities from the scale plate. This was also the conclusion reached by Roberts (1993) studying the scale ornamentation with SEM (p. 86): ‘Ctenoid scales: These have spines, which are separate ossifications from the scale plate …’. The present structural study however, reveals that this seeming independence is caused by unmineralized collagen matrix. Functional considerations. The regular organization of the ctenial spines at the scale surface, their rearward orientation and their alignment from one scale to another results in the presence of thin, anteroposteriorly orientated ridges projecting on the whole body surface. This type of ornamentation is similar to that of the odontodes attached to the scute surface in armored catfish (Sire and Huysseune 1996), to that of the transformed scales in some Gasterosteiformes (Fedrigo et al. 1996) and to that of the odontodes (placoid scales) in the skin of Chondrichthyans (Reif 1980; Deynat 1996). From the experimental work by Burdak (1986), it is known that such ornamentations play a hydrodynamical function in controlling water flow in the boundary layer, promoting the lowering of frictional drag. Burdak has demonstrated that the ctenial spine efficiency is higher in small specimens because the reduction of drag is more important. In some species, ctenial spines appear progressively during ontogeny, develop on the whole body but disappear in large specimens (Burdak 1986). All these examples illustrate (1) the convergence of shape, size and orientation of the dermal skeletal elements yet possessing a different structure, and (2) the importance of hydrodynamical constraints for aquatic vertebrates. Ctenial spines are not odontodes Structural considerations. The present study clearly shows that: (1) the ctenial spines are made mainly of collagen and there is no enameloid-like material at the distal region of the spine; (2) there is neither a pulp cavity nor matrix deposition at the epithelial–mesenchyme interface nor centripetal growth as described for the odontodes (Sire and Huysseune 1996; Sire et al. 1998); (3) the ctenial spine matrix derives from the external layer of the scale. This thin, well-mineralized, woven-fibred collagen tissue is also responsible for scale extension in diameter and for the formation of the circuli and of their denticles in the anterior and lateral regions (Sire 1985, 1987). Although the presence of spines on the posterior region of teleost scales was known since the first half of the last century, their identity has been some matter of debate. Mandl (1839) who described them as teeth, then published the first structural studies of the ctenial spines by
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Williamson (1851) who called them spinules. In contrast, Baudelot (1873), studying the structure of the scale ornamentation in a number of teleosts, concluded that their tissue did not differ from that of the scale. Two years later, in his study on scale development in the gobiid Gobius niger, Vaillant (1875) reached the conclusion that the ctenial spines and the scale were independent structures, the former being an epidermal and the latter a dermal production. This epidermal origin of the ctenial spines was refuted by Carlet (1879). Working on Perca fluviatilis Carlet considered that all scale elements, including the ctenial spines, were undoubtedly dermal productions. Vaillant was probably misled by the proximity between the basal epidermal cells and the spine surface, erroneously considering the spine-forming cells as epidermal cells. In the present study, we have demonstrated clearly that a close contact is established between the epidermal cells and the spine surface in fast growing juveniles of C. nigrofasciatum, a Perciform as is P. fluviatilis. However, we have not found any morphological indications that these epidermal cells are involved in the deposition of ctenial spine matrix. This confirms data in the literature describing the ctenial spines either as the prolongation of certain circuli (Cockerell and Moore 1910), which can correspond to the crenate scale type of Roberts (1993), or as secondarily developed spiny projections of the upper layer (Colefax 1952), i.e. the ctenoid type. The whole matrix of the ctenial spine is composed of thin collagen fibrils (25 –30 nm in diameter) that are similar to those found in the external layer of all teleost species studied until now (Fundulus heteroclitus: Cooke 1967; Danio rerio: Waterman 1970; Sire et al. 1998; 1998; and various teleosts, e.g. cichlids, cyprinids, cyprinodontids, gobiids, salmonids, pleuronectids: review in Sire 1987). In the mid region of the ctenial spines, these thin fibrils are organized into a woven-fibred network similar to that described in the external layer of the scales and in fast growing bony tissues (de Ricqlès 1975). This woven-fibred organization indicates that this part of the spine is rapidly deposited in contrast to the surrounding layer of parallel-fibred matrix which is probably deposited more slowly. This is confirmed by the morphology of the spine-forming cells. This also indicates that the matrix of the external layer can be organized into a parallel-fibred matrix when it thickens. It is also clear that this parallel-fibred organization is completely different from the plywood-like organization of the elasmodine in the basal plate. Such 25 –30 nm diameter collagen fibrils are not restricted to the external layer of the scales only; for instance they have been described in the circumpulpal dentine of odontodes and teeth in teleosts (Sire and Huysseune 1996; Huysseune et al. 1998; Sire et al. 1998). However, the manner of deposition (centrifugal vs. centripetal in the odontodes) of the ctenial spine matrix and the absence of a central pulp cavity exclude all possibilities of homology between ctenial spines and odontodes. Although the distal region of the spine is directly covered
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by the epidermal cells in juveniles, we were unable to find any indication of an epidermal production (i.e. enamel or enameloid-like material) at the spine surface. Such a direct covering of the spine by the epidermal cells could be explained by the rapid growth of the spine resulting in the invagination of the epidermis that folds around its distal region. Once the dermal cells have ceased their activity, they either withdraw or die, and the epidermal cells come into direct contact with the spine surface. These cells are not attached firmly to the spine surface as revealed by the absence of hemidesmosomes and the artefactual detachment during the fixation procedure. An interaction of the epidermal basal cells with the scale surface was observed in polypterids and in Lepisosteus oculatus when ganoine (i.e. enamel) is deposited at the scale surface (Sire et al. 1987; Sire 1989, 1994), and in the zebrafish (Danio rerio) (Sire et al. 1997a) when the limiting layer is deposited. However, in these cases the epidermal basal cells are firmly attached to the scale surface by means of numerous hemidesmosomes and there are morphological indications of an epidermal participation. Such a direct contact of the epidermal cell on the spine surface was not observed in slow-growing adult C. nigrofasciatum in which the spines are always covered by a thin layer of dermal cells. Developmental considerations. SEM observations of the ctenial spine organization in growth series strongly suggest that the spines are deposited in successive waves. These waves are in accordance with the rhythm of deposition of the circuli in the anterior region, at least in the youngest stages, when the scales enlarge rapidly; in these stages the formation of a ctenus corresponds to the formation of a circulus (Fig. 9). This synchronization confirms the existence of a relationship between the ctenial spine and the external layer of the scale from which the circuli and the denticles also issue. When growth slows down, the space between the circuli narrows and several circuli can be deposited while only one ctenus forms at the posterior scale border. The number of ctenial spines that is deposited during a singke wave (i.e. constituting a single ctenus) depends on the length of the scale border, whereas the deposition of a new ctenial spine in a line depends on the increase of the posterior region surface (Fig. 9). This regular, geometrical pattern suggests that once formed, each ctenial spine is surrounded by a morphogenetic field that prevents another spine from being initiated in a region immediately adjacent to it either in a same ctenus or in a same line. Such a regular organization has also been described for the odontodes fixed on the scute surface in armoured catfish (Sire and Huysseune 1996). Ctenial spine development. The events occurring during the morphogenesis of the ctenial spines in C. nigrofasciatum have been schematically interpreted in Fig. 10. They are divided into three steps: (1) ctenial spine development; (2) ctenial spine resorption; (3) scale surface re-organization. The ctenial spines do not form as separate entities at a 
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Fig. 9—Interpretative drawings of the formation of the ctenial spines in Cichlasoma nigrofasciatum. These schemes are deduced from light and scanning electron microscopical observations of the scale surface in several growth series. The ctenial spines are deposited in successive waves with the same periodicity as the formation of the circuli (c). The spines belonging to each wave constitute a ctenus (1–5 ). ant = anterior. f = focus.



Fig. 10—Interpretrative drawings of the morphogenesis of the ctenial spines and of the superficial layer of the scale in Cichlasoma nigrofasciatum. These schemes are deduced from the analysis of numerous one-µm thick, serial sections through growth series. —A, In young specimens, the first ctenial spine is a prolongation of the superficial layer of the scale. —B, A new ctenial spine starts to initiate below the previous spine, the top of which starts to be resorbed (arrow) and the base of which thickens (double arrow). Anchoring fibres appear at the scale surface (arrowheads). —C, The new ctenial spine becomes protuberant whereas the previous spine has been partially resorbed (arrow). The limiting layer starts to be deposited at the scale surface. —D, E, Another new ctenial spine is initiated while the previous ones are more resorbed and progressively incorporated in the superficial layer of the scale. The limiting layer thickens around the anchoring bundles (arrows). Abbreviations: ct = ctenial spine; de = dermis; el = elasmodine; ep = epidermis; ex = external layer; li = limiting layer.



distance from the scale surface, in contrast to teeth and odontodes in teleosts (Sire and Huysseune 1996; Huysseune and Sire 1997; Huysseune et al. 1998). The ctenial spine originates as a prolongation of the external layer, and initiates below the last deposited ctenial spine (Fig. 10). The entire spine matrix derives from this strand of external layer tissue that also gives rise, in the anterior region, to circuli and their denticles (Sire 1985). Ctenial spines, circuli and denticles are thus part of the same tissue. The only difference is that the denticles are smaller (some micrometers in length) than the ctenial spines, which reach 100–150 µm 



in length. The morphogenesis and differentiation of these ornamentations are undoubtedly under the control of numerous genes acting either on the developmental process of each element or on the patterning of the scale surface in each region, through epidermal– dermal interactions. Moreover, it is clear that both types of ornamentations have been selected for a different function: anchoring for the circuli (Sire 1986), and hydrodynamics for the ctenial spines (Burdak 1986). The finding that the formation of a ctenus is concomitant to that of a circulus during ontogeny (Fig. 9) is thus supported by their common
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tissue origin. However, the factors that could control this periodical growth are unknown, although they are not related to a seasonal rhythm, in contrast to what occurs in, e.g. bony tissues (Castanet et al. 1977). Such a relationship between the circuli and the formation of spines in the posterior region is obvious in some spined scales as described by Roberts (1993). However, in these species the spines arise through the modification of the apical ends of circuli that are perpendicular to the posterior edge of the scale and protrude posteriorly. This could be different for the ctenial spines in C. nigrofasciatum and other ëctenoid truncatedí scales. Indeed ctenial spines could be the counterpart of the denticles ornamenting the circuli only, which would explain the relationship with the circuli. In the anterior region the denticles are small but numerous, giving a crenelated aspect to the circuli and facilitating the scale anchoring in the dermis. In the posterior region the ctenial spines are larger but less numerous and they have a hydrodynamical function. The formation of the ‘ligament’ region of the ctenial spines is also worthy of interest. Although this is the first part of the spine to be formed during ontogeny, it remains unmineralized throughout all the time the spine is functional; this region plays the role of a ligament, allowing the spine to be movable, thereby probably improving its hydrodynamical function. The presence of this unmineralized region at the base of the spine explains why in specimens stained with Alizarin Red and in SEM pictures the ctenial spines seem to be initiated without connection with the scale matrix. This ligament region thickens and becomes mineralized only when a new spine is forming (Fig. 10). In contrast to the situation in ctenial spines, the ligament in teeth and odontodes is the last part to be formed before the element becomes attached and functional; in the latter case the ligament is the prolongation of the dentine matrix and links the tooth or the odontode to the attachment bone. The ligament either or not mineralizes depending on the species (review in Huysseune and Sire 1998). Again the ‘ligament region’ of the ctenial spine provides us with an interesting example of functional convergence. It is known that epidermal–dermal interactions govern scale development and regeneration (Sire et al. 1990; Quilhac and Sire 1998, 1999) by means of signalling molecules (Sire et al. 1997c). Such interactions probably control ctenial spine differentiation and morphogenesis but we have never found, at the TEM level, indications suggesting a possible role of the epidermis in the initiation and/or developmental control of these elements in the way observed for the scale (Quilhac and Sire 1998, 1999). Even if the presence or absence of ctenial spines is governed by genetic factors, some ‘epigenetic’ factors can be involved, as suggested by the relationship observed in some species between the formation of the cteni and the Reynoldís number, and by the existence of numerous teleost species having both cycloid and ctenoid scales (Roberts 1993). The Japanese
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flounder, Paralichthys olivaceus, is known to possess cycloid scales on the amelanized blind side and ctenoid scales on the melanized ocular side. Seikai (1980), working on specimens with almost complete hypomelanosis, has observed that only cycloid scales develop on both sides; this strongly suggests a relationship between the presence of cteni and melanoblasts. This finding has been confirmed by Kikuchi and Makino (1990) working on ambicolorate specimens (i.e. specimens with irregular melanized patches on the blind side); these authors have shown that cteni are formed in the melanized regions of the blind side, indicating again a relationship between the presence of melanoblasts and the formation of cteni. Kikuchi and Makino (1990) have suggested that the inhibition of the formation of the melanophores and the cteni could be controlled by the diffusion of an unknown factor(s) through the dermal tissue before or during the metamorphosis from the larval to the juvenile stage. It would be interesting to check this relationship between the presence of melanoblasts and the cteni in other species, for instance in albino mutants of C. nigrofasciatum. Ctenial spine ‘replacement’. We refer to ctenial spine replacement as to the resorption process induced by the formation of a new spine within a single line. The replacement of the spines has long been recognized. Working on Perca fluviatilis, Williamson (1851) described that the spines were broken. Later, Baudelot (1873) observed that the perfect spines were only at the margins and that all non-marginal spines were broken, indicating that the spines were formed at the free edge. Carlet (1879) made a similar observation in perch; he concluded that only the last spine in each line was complete, the others being truncated. This is in contrast to Hase (1911) who reached the erroneous conclusion that the spines were formed near the focus and pushed out towards the margin. Our observations confirm McCully’s descriptions (1970) that older spines tend to lie flatter than younger ones and that their tip is amputated. Hughes (1981), then Roberts (1993), have also interpreted the mechanism of spine loss as a progressive resorption rather than a sudden shedding. The reduction in length of the spines in C. nigrofasciatum stops after approximately half of the spine length has been resorbed (Fig. 10). In some other teleost species the resorption is more severe, leading to the complete disappearance of the spine and conservation of only one or two cteni at the scale periphery (see examples in Roberts 1993). In C. nigrofasciatum the resorption of the distal part of ctenial spines that are no longer functional is characterized by the presence of Howship lacunae suggesting that osteoclasts are responsible for this resorption. Osteoclasts are known to be involved in bone, scale and dermal plate resorption in several teleost species (Sire et al. 1990). Unfortunately we were unable to observe typical osteoclasts but in a few cases cells unlike osteoclasts were observed probably resorbing the matrix. The resorption process by osteoclasts probably occurs during a short period and simultaneously in the 
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whole area concerned, thus limiting the possibility to hit the appropriate stage. In C. nigrofasciatum, the organization of the scale ornamentation after resorption shows that: (1) resorption affects the ctenial spine surface that is close to the epidermal cover; (2) the resorption process stops when the remaining part of the spine no longer protrudes from the main level of the scale surface. When new ctenial spines are formed and become functional, the ‘old’ spines immediately anterior to them are no longer useful; however, their distal end continues to invaginate the epidermis, probably provoking some ‘drag’ perturbations at the epidermal surface. This could induce the resorption process until the spine no longer protrudes. This hypothesis is in contrast with that of Hughes (1981) who postulated that the degeneration of the ctenial spines is a mechanism for conserving and recycling scale material. In contrast to what occurs for the ctenial spines, odontodes in teleosts are shed following an osteoclastic attack against their base and are replaced. However their attachment bone persists after shedding and is incorporated into the matrix of the bone support (Sire and Huysseune 1996; Sire et al. 1998). Scale surface re-organization. The re-organization of the scale surface includes a final resorption of the ctenial spines, filling in of the interface between two successive spines by a woven-fibred matrix, formation of anchoring fibres at the surface of remnant spines and deposition of the limiting layer, preferentially at the level of the anchoring fibres (Fig. 10). The latter two steps are features occurring normally in the posterior region of numerous elasmoid scales when which covered at some distance by the epidermis; this has already been described in detail for cichlid scales (Schönbörner et al. 1979; Sire 1985, 1988). The function of the anchoring fibres is to attach the epidermis to the scale surface to avoid excessive movements of the epidermis during swimming; these bundles do not constitute a regular pattern at the scale surface (Sire 1986). The limiting layer is largely devoid of collagen and well-mineralized. It mainly reinforces the insertion of the anchoring fibres at the scale surface, thus constituting the characteristic tubercles (Sire 1985). Moreover, the limiting layer probably contains proteins synthesized by the epidermal basal layer cells (Sire 1988) but this is not yet proven. A feature worth noting concerns the mineralization of the base of the ctenial spine and the filling in of this concavity by additional deposition of matrix by scleroblasts. The mineralization of this region, occurring long after the ctenial spine has been formed, results in a progressive ankylosis of the ctenial spine and is concomitant with the resorption of its distal region. Taken together, these actions (i.e. resorption of the distal part of the spine, thickening of the spine base and deposition of the limiting layer) render the scale surface smoother than previously. The distance from the scale surface to the epidermis is more homogeneous, and this probably also favours a better anchoring of the epidermis to the scale surface. 
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