Surface morphology of the ctenidia of Spondylus spinosus (Mollusca: Bivalvia) from Antalya Bay, Turkey
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Abstract Surface morphology of the ctenidia of Spondylus spinosus was studied using light and scanning electron microscopy to be compared with the gill structure of other bivalves. The demibranch of S. spinosus is heterorhabdic with the principal filaments at the descending lamellae and ordinary filaments at the ascending lamellae. The gill lamellae have a prominent gauze structure at their distal part with numerous groups of eight ordinary filaments and bore ciliary arrays on their frontal and ostia at the latero-frontal surfaces. Frequent cirral plates form regular interfilamentar junctions. The description of the gill structure of S. spinosus presented here in can be used as implications for the correlation of structure, habitat and the mode of life.  Spondylus spinosus at a particular stage of its adult life could be taken as a subject for biomonitoring studies in natural and experimental environments.  
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INTRODUCTION
Spondylus Linnaeus, 1758 is the only genus of bivalve mollusc known in the family Spondylidae Gray 1826. Spondylus spinosus Schreibers, 1793 also known as spiny oysters are highy abundant on the shores of the Mediterranean (zenetos et al. 2003), where they live attached to the rocky substrate. As an evolutionary process in Bivalvia the gills of Spondylus perform many functions, collecting food particles and facilitating the dispersal of sex products besides their respiratory role by establishing a water current in the mantle cavity as they are part of circulatory system (goslıng 2003). In brief the gills consist of two ctenidia, each of which contain two demibranches. Each V-shaped demibranch has inner and outer components consisting of two lamellae with or without marginal grooves at their free end (goslıng 2003).

The use of bivalve molluscs to assess national marine resources and their biological status has been the subject of many extensive studies (domouhtsıdou & dımıtrıadıs 2000, davıd & fontanettı 2005, usheva et al. 2006). In Bivalve, gills and digestive glands are the first organs exposed to water and its pollutants (domouhtsidou & dımıtrıadıs 2000). Despite their abundance in the tropical and subtropical seawaters of the world, very little is known about the basic biology and ecology of Spondylus. There is very little information available on the morphology of the organs (younge 1973) although some research on reproductive biology of some species has been undertaken (vıllalejo-fuerte et al. 2002).
The main purpose of this study is to provide detailed information on the structure of the gill filaments of Spondylus spinosus, using light and scanning electron microscopy, which serve as a tool of fundamental importance in biomonitoring studies. 
MATERIAL AND METHODS
Spondylus spinosus were collected from the littoral zone of the rocky shores of Antalya Bay (between 36o53′04.26′′ 36o36′25.22′′N and 31o46′31.30′′ -30o42′03.62′′E) on the southwestern coast of Turkey, where dense aggregations were found attached to the substrates. Individuals were extracted from the rocks that were detached by breaking the blocks with special sledgehammers during scuba-diving. All of the specimens were transported to the laboratory at the Faculty of Aquatic Sciences and Fisheries in Akdeniz University. Four specimens were washed, their shells opened by breaking up and washed again by sea water. 

 General morphology of the ctenidia of all individuals was observed using stereo light microscopy (LM). Undamaged areas of the gills were excised. Dissected specimens were studied by LM and scanning electron microscopy (SEM). Gill lamellae were fixed in Bouin’s solution for LM and in 2.5% glutaraldehyde in Sorensen’s buffer (pH 7.3, 0.1 M) for SEM. For LM specimens were cleared in xylene after rinsing in graded-ethanol series, embedded in wax. Sections of 4-7µm were stained with haematoxylen and eosin (H-E) (drury & wallıngton 1973). For SEM, dehydrated and air dried lamellae were mounted flat on aluminum stubs and coated with gold-palladium (aksıt & falakalı mutaf 2011). We examined lamellar morphology with a Zeiss Leo 1430 Scanning Electron Microscope at the Akdeniz University Medical School EM Unit (TEMGA).  
The following abbreviations are used: Af.bv: afferent blood vessel, al: ascending lamella, C.a: ctenidial axis, cd: ciliary disc, ce: ciliary epithelium, dl: descending lamella, Ef.bv. Efferent blood vessel, H-E: Haematoxylen & Eosin, mg: marginal gutter, nce: non-ciliated epithelium, of: ordinary filaments, pf: principal filaments, wt: water tubule, lf: latero-frontal cilia, fc: frontal cilia, ►: ostia.
RESULTS
The ctenidia of Spondylus spinosus appears as the second largest gross anatomical structure of the visceral parts (Fig. 1A), beside the single adductor muscle. Each ctenidia of S. spinosus is formed by two V–shaped demibranchs attached to a thick ctenidial axis, the ascending lamella is one third-length shorter than the descending lamella (Fig. 1B). The branchial haemolymph vessel was prominent (Fig. 1C). There was no marginal food groove at the free distal end.
Figure 1A-C 

Filaments showed different appearances on the frontal surfaces of ascending (al) and descending (dl) lamellae. Descending lamellae were thicker than the ascending. Ascending lamellae differ from the descending by the presence of minor lamellar subunits and transparent water tubules (Fig1C). The filaments of this fillibranch gill were heterorhabdic in appearance (Figs. 1, 2A-C).  
On the descending lamella, thick principal filaments, consisted of two different components, a straight outer part and spirally wound cord-like inner pieces (Fig. 2A-C). The straigth branch was covered with a thick ciliary sheet. The wound portion contained more than two pieced folds, which seemed to flaunt backward to a thick poach-like appearance (Fig. 2C). No interlamellar junctions were observed.   

Ordinary filaments were the only components of ascending lamellae located at the ventral part of each demibranch. Eight ordinary filaments were the continuation of every principal filament formed by divertication at the lower part of demibranch. Ordinary filaments, as translucent channels, were extending parallel and caused a fan-like expansion (Fig 2C, D). Many ordinary filaments formed a group and numerous groups in the terminal portion of the dorsal region with a flattened undulating edge which shaped a marginal gutter by folding outwardly. 
Frequent ciliary discs connected every eight ordinary filaments to each other at regular intervals and extended in two directions (Figs. 2D-E). These interfilamenter connections showed a complex structure (Figs. 2F-H). Each connective disc consisted of 5-7 either cirral or microvillar plates, interlocked at the top of the other (Fig. 2H). Their location on the surface epithelium were clearly seen by light and electron microscopy (Figs. 2E-H).
Figure 2A-H 
The frontal surface of the ordinary filaments showed a uniform array of cilia characterized with ciliary rootlets while abfrontal surfaces were covered with a non-ciliated epithelium, but consisted microvilli (Figs. 3A-B). The latter cells were characterized with large nucleus. The ordinary filaments were seen with abundant ciliary cover in a frontal view. The composite microcilia with elongated latero-frontal array, became clear when the filaments were inflated and expanded into interfilamentar spaces (Fig. 3C). There were no cilia differentiation. They all seemed to be simple cilia. Next to the ciliary band, irregular number of ostia were observed on the lateral surfaces (Fig. 3D). No mucus strings or layers or any lesional morphology that could be associated with environmental stress were not observed in any part of the gill lamellae. 
Figure 3A-D 

DISCUSSION
Light microscopy revealed that the general structure of the gills in Spondylus spinosus was partly similar to that described for other bivalves, such as Mytilidae and Pectinidae (bennınger & st jean 1997, gregory & george 2000, bennınger & decottıgnes 2008). In brief the ctenidia of Spondylus was described as Pecten type (Type B1b) without a marginal groove (atkıns 1937a & b). General morphology observed in the present study was in accordance with the previous descriptions. However, ascending lamella of Spondylus spinosus was found to be two third the size of the descending, shorter than that described for S. americanus (younge 1973).
In many bivalve species ciliation covers not only the frontal surface but also lateral surfaces of the gill and some scattered cilia were described on abfrontal surface of ordinary filaments (dufour & benınger 2001, davıd & fontanettı 2005). Only the frontal surface showed ciliary cover on ordinary filaments of the gills of S. spinosus. aıello & sleıgh (1972) suggested that the absence of ciliation provided a space for the eu-latero-frontal cilia to carry through their movement especially in Mytilus edulis, while others have suggested it was to increase the surface of material uptake from the environment by the absortive cells as in Mytella falcata (davıd et al. 2008). Retention of the food particles in filter feeding bivalves is carried out either by beating ciliary or muscular control of ostia (goslıng 2003). Spondylus spinosus seems to employ both mechanisms appearing as a sieve in many ostia next to the ciliary array. Oralward currents could mainly be in dorsal channels as described by yonge (1973) and the prominent marginal gutter in S. spinosus could be proposed being effective in particle movement since no marginal groove exists. 
The regular distribution of ciliary junctions was similar as it was indicated for Mytilidae species such as Perna perna and Mytella falcata (gregory & george 2000; davıd & fontanettı 2005), but there were some differences. The ciliary discs were located on either side of ordinary filaments and extended laterally at every eight filament intervals in Spondylus spinosus. They contained a smaller number of cirral plates and were, therefore, much complex than those reported to occur in the other members of mytilid and pectinid species, such as Mytella falcata (davıd & fontanettı 2005), Modiolus barbatus (falakalı mutaf et al. 2009) and Placopecten magellanicus (morse & zardus 1997) where only single ciliary plate formed the disc. The distribution of the ciliary discs seems mainly in order to protect the filaments from hydrodynamic forces and to regulate the flow of water through interfilamentar spaces, facilitating currents in the lower part of demibranch in addition to those occuring in the dorsal channels.

Bivalve molluscs have been taken into consideration in monitoring aquatic habitats in many countries of the northern and southern hemispheres, especially those well-settled species and described as sentinel organisms in case of pollution (gregory et al. 2002). In Turkey, only a few pilot projects of this nature have been carried out for marine pollution to establish a local assessment programme or to contribute to international surveys based on the study of sedenter species, as such as Spondylus spinosus. The gill morphology has been extensively used as an indicator organ of pollution (domouhtsıdou & dımıtrıadıs 2000, gregory & george 2000, davıd & fontanettı 2005, koehler et al. 2008). 
The results presented here provide data on the general structure of the gills of Spondylus spinosus with no pollution effect for a comparison at any histopathological study. Increased mucus production on gill surfaces was suggested to be as a result of an accumulation of metalic or microorganismal pollutants (gregory et al. 2002, aksıt et al. 2008). No trace of mucus was observed on the specimen studied. 

In summary, the species of S. spinosus have gills with heterorhabdic filaments, of which principal ones showed a complex structure. The ascending lamellae of ordinary filaments, consist many minor lamellar subunits, are shorter than the thicker descending ones. Every eight ordinary filaments, connected with regular ciliary discs of 5-7 cirral plates, ended with a marginal gutter at the dorsal end. No marginal food groove at the free distal end was evident. 
In conclusion, external morphology of the ctenidia of Spondylus spinosus can provides many useful features in evolutionary studies, and be subject of biomonitoring studies in both natural and experimental contexts.  
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FIGURE CAPTIONS
Figure 1. General appearance of the ctenidia of Spondylus spinosus. A. Ascending and descending lamellae attached at the ctenidial axis forming W shape. B. Frontal view of principal and ordinary filaments. C. Schematic drawings of the ctenidia with frontal (left) and sideway (right) view of the gill filaments. 
Figure 2. SEM and LM of the ctenidia of  Spondylus spinosus. A. Proximal region of a demibranch, principal filaments extending from the axis, B. View of the principal filaments at different axis, C. Ordinary filaments located at the behind of principle ones at the distal region of demibranch,D. Ordinary filaments attached by continual ciliary junctions with connective discs at regular intervals and extended inwardly (arrows) E. Ciliary discs interlocked to the next one, F. Ciliary junctions between ordinary filaments. (LM/H-E) G. Cross section at the connection area (arrow) (LM/H-E-H). H. Ciliary junction and connective disc consists 5-7 cirral plates (black arrows), interlocked each other (LM /H-E). Scale bar: A-C. 200µm, D. 60µm, E. 30µm, F-G. 100µm, H. 50 µm. 
Figure 3. SEM and LM of the gill filaments of Spondylus spinosus. A. General view showing cellular organization of ordinary filaments, ciliated epithelium at only frontal surface and prominent ciliary bases B. Detail of a single filament with lateral cilia (arrow indicating ostia). C. Detail of the ordinary filaments showing the ciliary cover, D. Frontal ciliary row on the inflated filaments and scattered ostia (◄) at the lateral surface. Scale bar: A, C-D. 30µm, B. 4µm.    
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Figure 1A-C 
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Figure 2A-H 
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Figure 3A-D 
To the reviewer 1.

We appreciate for the comments about our revised manuscript. We have tried to do some more revisions on the manuscript which we agree with you and we listed those below according to your and other reviwers indications:

Abstract: 1.We have tried to stress the main objective of our study. Yes, Spondylus is surely used as bioindicators because they become sessile in their adult life where they had sttled at their larval stage. Environmental factors effect them to choose right place for settlement. After they are settled environmental factors influence their life standarts. So their ctenidia would be the first organ to be influenced from the water quality incurrented. Study of morphology of ctenidia is, therefore very important.

In addition, a clear-cut morphology is the central relation in comparative biology. Relationship of taxa are recognized through analysis of characters.

Other reviewer suggested a short abstract.

Keywords: Turkey is replaced with morphology as suggested.

Introduction: The reason of our study is to clarify the morphology of the ctenidia of S. spinosus. Because we have already planned to study some ecological parameters in Antalya Bay, by observing the structural differences of the organisms which settled within the area and longevity is satisfactory for a long time survey. 

Yes the region is getting heavily populated, so pollution increases within short periods. The organisms are getting scarce from the places where we are able to find nowadays, although they are not a most desirable food in our country and consumption is not the cause of its explotation. For instance we used to work with Patella caerulea from close-by environment few years ago, but now we have to go further places.

Material and Methods: Four animals were studied out of twenty collected (Two specimens from each sampling site at the either side of Antalya Bay). They were kept very short period in the fish tank after they brought to the laboratory. No acclimitation was considered. No anesthesia were applied. Because the hard shells were broken up to obtain the gill tissue. The figure 1 is removed, instead the particular coordinates were indicated of two collection site. The samples obtained from uncontaminated area.

Abbreviations used in the figures were given at the end of this section as suggested by the second reviwer.

Results: Letters in the figures were shown much more clearly and indication were increased. In Figure 2 (now Figure1) general morphology of the ctenidia were photographed by using stereo light microscopy. A ruler was used to indicate the dimension of the demibranch. But the schematic views of the gill filaments were not drawn at their actual length, but just to specify their structural definition.

Discussion: The statement “general morphology observed in the present study was in accordance with the previous descriptions” was removed, because the first sentence was similar statement in relation to some references. The findings of the present work were discussed by relating the results to other references and the addition to the literature was summarized in conclusion paragraph. It was tried to point out what would be done in course of future study.

Conclusion: We have tried to review the conclusions of the work as suggested. We have collected the specimen from unpolluted areas. Becuse we have not observed any trace of mucus we believe that the present descriptive study on ctenidia could be used as a key information for the comparions of the material which would be collected from any polluted environment.

References: We could reduce the number of references down to 23. But as we have increased the information in both Introduction and Discussion sections many references were cited more than once in the text. We believe the references used are quite relevant with the work.

To the reviewer 2.

We appreciate the corrections in our revised manuscript. We have tried to do some more revisions on the manuscript which we agree with you and other reviwer’s indications:

Abstract: 1.We have tried to stress the main objective of our study.

We have prefered to use the word ctenidia instead of gill in the first sentence, because it was suggested earlier by the other reviewer.

Keywords: Turkey is replaced with morphology as suggested.

Introduction: The reason of our study is to clarify the morphology of the ctenidia of S. spinosus. Because we have already planned to study some ecological parameters in Antalya Bay, by observing the structural differences of the organisms which settled within the area and longevity is satisfactory for a long time survey.

Material and Methods: Four animals were studied out of twenty collected (Two specimens from each sampling site at the either side of Antalya Bay). They were kept very short period in the fish tank after they brought to the laboratory. No acclimitation was considered. No anesthesia were applied. Because the hard shells were broken up to obtain the gill tissue. The figure 1 is removed, instead the particular coordinates were indicated of two collection site. The samples obtained from uncontaminated area.

Abbreviations used in the figures were given at the end of this section as suggested. H-E is an abbreviation for haematoxylen and eosin stains.

Results: Letters in the figures were shown much more clearly and indication were increased. In Figure 2 (now Figure1).

Discussion: The findings of the present work were discussed by relating the results to other references and the addition to the literature and they were summarized in conclusion paragraph. It was tried to point out what would be done in course of future study.

Conclusion: We have tried to review the conclusions of the work as suggested. We have collected the specimen from unpolluted areas. The present descriptive study on ctenidia could be used as a key information for the comparions of the material which would be collected from any polluted environment.

References: We have reduced the number of references on suggestion of the other reviewer. We have increased the information in both Introduction and Discussion sections many references were cited more than once in the text.
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