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Chapter 1 General introduction and literature review 

The class Holothuroidea includes some 1200 echinoderms divided into six orders: 

Apodida, Aspidochirotida, Dactlyochirotida, Dendrochirotida, Elasipodida and Molpadiida. 

With the exception of the apodids, holothurians typically have 5 ambulacral rows of 

tube feet. Modification and/or reduction of these tube feet has produced a differentiation 

between the dorsal and ventral surfaces, resulting in secondary bilateral symmetry in some 

species, e.g. Pawsonia saxicola (Brady and Robertson) (McKenzie, 1991). The ventral 

smface is composed of3 ambulacral rows and is termed the trivium, the dorsal surface has 2 

ambulacral rows and is termed the bivium. The mouth is positioned at the anterior end of the 

body and is encircled by branching tentacles which are modified buccal podia and represent an 

extension of the water vascular system; these tentacles are characteristic for different classes 

ofholothuroidea and reflect the mode of feeding. 

Holothurian tentacular structure is used to separate the group at the subclass or order 

level (Pawson, 1966). Dendritic, tree-like tentacles are used by suspension-feeding 

holothurians to filter particulate matter from the water; they are found in dendrochirotids as 

described by McKenzie (1987). Pinnate tentacles are very fine and feather-like and occur in 

synaptids (Class: Apodida). Digitate tentacles possess finger-like processes in various forms, 

these are used to shovel sediment into the mouth and are found in species of Aspidochirotida, 

Apodida, Molpadiida and Elasipodida. Peltate tentacles bear end-discs which vary in their 

extent of development; they occur in holothurians which feed by scraping the surface layers of 

the sediment and are found in aspidochirotids and elasipodids (Massin, 1982a). 

The digestive tract ofholothurians is long and looped, with the exception of some 

synaptids and elasipodids (Feral and Massin, 1982). Their relatively long gut compared to 

other echinoderms (Choe, 1962 cited in Fish, 1967b) could be a reflection of their low quality 

diet (Lawrence, 1982) and an adaptation for continuous feeding (Ferguson, 1969). The gut 

shows great regional differentiation (Feral and Massin, 1982) and is functionally 

heterogeneous throughout its length (Filimonova and Tokin, 1980). 

Holothurians are conspicuous components of many marine communities, being 

widespread in all seas and at all depths (Pawson, 1966). They occur at both tropical and 

temperate latitudes, they are numerous in shallow-water environments and are also dominant 

in temperate abyssal regions; they are one of the few groups that penetrate the deepest 

recesses of the ocean (Billett, 1991). Aspidochirotids, being dependent upon particles on the 

substratum, are most prominent in the tropics (Pawson, 1970; Bakus, 1973) and at bathyal 

depths (Hansen, 1975). The occurrence of suspension feeding dendrochirotids is related to 
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the availability of suspended material (Lawrence, 1982); they are most prominent in temperate 

and sub-tropical regions but not in clear tropical waters (Pawson, 1970; Bakus, 1973) or in the 

deep sea (Hansen, 1975). Elasipodids and most molpadiids are exclusively found in deep-sea 

environments (Billett, 1991). Dactylochirotids occur in shallow waters, although one of the 

three families, the Ypsilothuriidae, is found in the deep sea (Billett, 1991). Apodids are also 

essentially shallow water holothurians but have representatives in the deep sea (Billett, 1991). 

1.1 Deposit versus suspension feeding 

Comparisons are often made between deposit feeding and suspension feeding. Rhoads 

and Young (1970) stated that heterotrophic benthic marine organisms are either suspension or 

deposit feeders, feeding primarily on either a suspended or deposited food supply. Suspension 

feeders live on rocks and other exposed areas (Ferguson, 1969), they filter particles suspended 

in the water just above the sediment surface (Roberts, 1994) and they depend to a large extent 

on water motion to supply food items (Taghon and Jumars, 1984). In contrast, deposit 

feeders ingest material that is supplied by lateral and vertical advection and by mechanical 

regeneration within the sediment (Levinton and Lopez, 1977; Newell, 1979). 

Although the food quality of suspension feeders is generally better than that of deposit 

feeders, they both experience unpredictable and fluctuating food supplies. Early authors 

regarded particulate feeders as either using suspended or deposited material (Hunt, 1925; 

Newell, 1979); it is now clear that the sediment-water interface is complex and resuspended 

material is important. In intertidal environments, the distinction between the feeding types 

becomes arbitrary since most intertidal suspension feeders must also utilise resuspended 

deposits as a food source (Newell, 1979). 

Rhoads and Young (1970) observed that the deposit and suspension feeding benthos 

of Buzzards Bay, Massachusetts showed a marked spatial separation. Suspension feeders 

were found on sandy/firm bottoms, whereas deposit feeders inhabited soft mud bottoms where 

they produce a fluid, faecal-rich surface that is easily resuspended by low velocity tidal 

currents. This frequent resuspension of sediments and organisms on reworked mud bottoms 

probably exceeds the silting tolerance of most suspension feeding benthos and accounts for the 

spatial separation (Rho ads and Young, 1970). This confirms the observation of Loo san off 

(1962) that suspension feeders generally feed most effectively in water oflow turbidity. 

Sandy sediments reflect a more pronounced current activity which brings more 

potential food items to filter-feeding organisms than would weaker currents (Sanders, 1958). 

As a result, suspension feeders dominate the feeding type in high-energy, sandy sediments, 

2 



their distribution being controlled by the hydrodynamic processes which determine the 

sediment character rather than the sediment itself(Sanders, 1958). 

Suspension feeders virtually disappear at abyssal depths where deposit feeders 

dominate. Sokolova (1959 cited in Rhoads and Young, 1970) noted that both feeding types 

are found separated in the deep-sea but the distribution of suspension feeders is related to the 

presence/absence of a small amount of suspended food above the bottom. 

Deposit feeders are important because they exert a strong control on the structure of 

the bottom and are responsible for extensive sediment reworking (Levinton, 1972; 1979). 

Because they sort and ingest particles, they may have a greater bioturbatory impact on 

sediments than other taxa (Roberts, 1994). For example, fimnel-feeding deposit-feeders may 

determine the lower limit of the bioturbation layer where they occur (Powell, 1977). Rhoads 

and Young (1971) also observed that deposit feeders produce significant changes in the 

benthic environment; they produce a fluid faecal surface, decrease the compaction of the 

reworked sediment surface and increase the water content of the sediment. Their activities 

also destroy the initial stratification of the sediment (Frizzell et al. , 1966), aerate deeper 

sediment layers, resuspend sediments from deeper layers and create a microlandscape of pits 

and mounds which increases the spatial heterogeneity of the sediment (Roberts, 1994) and 

increases species diversity. Deposit feeders generally have a destabilising effect on the 

sediment (Massin, 1982b). Their impact may be greater at abyssal depths where the low 

sedimentation rates and scarcity of organic matter requires deposit feeders such as 

holothurians to ingest large amounts of sediment to meet their metabolic needs (Massin, 

1982b). 

Many authors have observed that deposit feeders are a dominant component of 

sheltered, soft bottom, near shore faunas (Sanders, 1958; Rhoads and Young, 1970; Levinton, 

1972; 1979; Newell, 1979) where they exploit the predictable food supplies found in these 

relatively stable habitats (Levinton, 1972). Over fine-grained sediment in sheltered locations, 

the feeble currents allow the organic matter and detrital components to settle out, thus 

providing an adequate food source for large numbers of deposit-feeders (Sanders, 1958). 

Sanders (1958) also noted that clay appears to be the most valid sediment correlate for the 

distribution of deposit-feeding organisms; clay particles are very small and therefore have a 

relatively large surface area to bind organic matter. Although deposit feeders are classically 

associated with fine-grained sediments they may also thrive in sandy deposits [e.g. conveyor

belt feeders (Bianchi, 1988)] and coarse grained sediments [e.g. fimnel feeders (pers. obs.)]. 

Levinton (1972) observed that deposit feeders have evolved many different means to 

feed upon bottom deposits. Massin (1982a) created a classification of deposit-feeding 

3 



holothurians according to the substratum on which they are found and their methods of food 

collection. On soft substrata, infaunal deposit feeders that dig into the sediment are either 

funnel feeders or conveyor-belt feeders. Funnel feeders such as the holothurian Leptosynapta 

tenuis (Ayres) live in V-shaped tubes, they are usually the most deeply burrowing deposit 

feeders and consume sediment in larger quantities than most other deposit feeders (Powell, 

1977). Bianchi (1988) described conveyor-belt feeders as head-down deposit feeders; they 

ingest particles at a depth and defaecate on the sediment surface (Rho ads, 1974). Deposit 

feeders that take only the surface sediments from soft substrata are termed rake feeders, whilst 

those that take particles from the surface of hard substrata are termed surface feeders. 

1.2 The processing of refractory sediments 

Most marine sediments are relatively refractory and therefore provide a nutritional 

problem for deposit-feeding holothurians which consume them Abyssal holothurians face an 

even greater problem because the organic components of deep-sea sediments are even more 

refractory than coastal, shallow-water sediments as a result oflower organic inputs. 

Deposit-feeding holothurians exist on refractory sediments by a number ofpossible 

means: by selectively ingesting organic-rich components of the sediment and/or microbes 

(Massin, 1980a; Khripounoff and Sibuet, 1980; Sibuet et al. , 1982); by utilising gut bacteria 

which are either directly associated with the digestive epithelium (Feral, 1980) or transient 

within the gut lumen (Deming and Colwell, 1982; Billett, 1991); by possessing an enzyme 

suite which is specialised in the breakdown of refractory compounds (Feral, 1989) or by 

adopting specialised feeding strategies and/or gut morphologies to process ingested sediment 

more efficiently (Penry and Jumars, 1987; 1990; Penry, 1989; Plante et al., 1990). 

1.2.1 The selection of organic-rich components of the sediment 

Several authors have suggested that deposit feeders, including holothurians, have 

overcome their nutritional problems by being able to select the most organically rich 

components of the sediment, a strategy described by Plante et al. (1990) as the 'gourmet' 

strategy. 11ris may permit some deposit-feeders to survive in seemingly nutritionally-deficient 

environments (Levinton, 1989). 

Authors who favour the idea of food selection suggest that selection is either of 

particles within a specific size range (Trefz, 1956; Khripounoff, 1979 cited in Sibuet, 1984b; 

Roberts, 1979) or of organic-rich deposits (Tanaka, 1958; Hauksson, 1979; Massin, 1980a; 

Khripounoff and Sibuet, 1980; Sibuet et at. , 1982; Akhemtieva et at. , 1982; Moriarty, 1982; 

Hammond, 1983). 
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Sibuet (1984b) obselVed a tendency for the abyssal species Psychropotes longicauda 

(Theel) and the bathyal species Benthogone rosea (Koehler) and Paroriza pal/ens (Koehler) to 

ingest preferentially the fine fraction of the sediment. Fine particles have a greater surface 

area-to-volume ratio and consequently have more attached organic matter and bacteria per 

unit volume than larger particles. Thus selection for finer particles would result in selection 

for the more organically rich components of the sediment. 

Tanaka (1958) obselVed that Stichopus japonicus (Selenka) ingests material with a 

nitrogen content of 0.11 %, whereas the adjacent sediment contained only 0.03 % nitrogen. 

Hammond (1983) found that the concentrations of organic carbon, organic nitrogen, ATP and 

total plant pigment were twice as high in the foreguts of the shallow-water holothurians 

Isostichopus badionotus (Selenka), Holothuria mexicana (Ludwig) and Holothuria arenicola 

(Semper) than in the adjacent sediments. He stated that enriched levels of organic carbon are 

not likely to be the result of digestive secretions which are low in organic carbon. Massin and 

Jangoux (1976) and Massin (1980a) found similar evidence of selective feeding in Holothuria 

tubulosa (Gmelin). Significantly higher levels of organic carbon, nitrogen and muramic acid 

(an indicator of bacterial numbers) were found in the foregut contents of the holothurians 

Holothuria atra (Jaeger) and Stichopus chloronotus (Brandt) compared to the sediments 

(Moriarty, 1982). Parastichopus tremulus (Gunnerus) was also shown to select organic-rich 

components of the sediment (Hauksson, 1979). Akhemitieva et al. (1982) also found a sharp 

enrichment of the contents of the alimentary canal with organic matter compared to the 

sediment in bottom detritus-feeding holothurians. These obselVations indicate that some 

shallow-water holothurians selectively feed on organically rich components of the sediment, 

and are capable of selecting food which is of a chemical composition different from that of the 

sediment (Akhemtieva et aI. , 1982). 

Khripounoff and Sibuet (1980) found higher levels of organic matter in the 

oesophageal contents of the abyssal holothurians Psychropotes longicauda, Molpadia blakei 

(Theel) and the bathyal holothurians Paroriza pal/ens and B. rosea than in the sediment on 

which they were feeding. Sibuet et al. (1982) found that the organic constituents were 

enriched by a factor of six in the oesophageal contents of the abyssal holothurians Deima 

validum validum (Theel) and Pseudostichopus vil/osus (Theel) compared to the sediment. 

Sibuet (1988) improved the techniques for sampling surface layers of the sediment and still 

found higher concentrations of organic components in the oesophagus. Billett et al. (1988) 

used chlorophyll markers to obselVe selective feeding in the bathyal species B. rosea, 

Laetmogone violacea (Theel) and Bathyplotes natans (M. Sars), but not in Paroriza pal/ens. 

However, one must take into account the contribution to organic matter in the gut by the 

5 



holothurian itself because the organic content of abyssal sediment is so low (Billett et aI. , 

1988). These obsetvations demonstrate that abyssal and bathyal deposit-feeding holothurians 

are able to select particles in the sediment which have a high energetic value (Kbripounoff and 

Sibuet, 1980). Organic particles that are selected for can either be a direct source of nutrition 

or a substratum allowing bacterial development (Kbripounoffand Sibuet, 1980). 

Selective feeding amongst deposit-feeding holothurians is not universal (Sokolva, 1958 

cited in Billett, 1991; Yingst, 1976). Some authors doubt its existence at all: for example, 

Bakus (1973) argued that aspidochirotid holothurians are non-selective feeders. Briggs 

(1985) suggested that deposit-feeding holothurians ingest the uppermost layers of the 

sediments where freshly-deposited faecal matter and recently sedimented material collect 

without necessarily showing selection. However, numerous studies have illustrated selective 

feeding in holothurians and some have also attempted to determine the mechanism of food 

selection (Roberts, 1979; Hammond, 1982b; Levin, 1988). 

1.2.2 The selection of surface sediment bacteria 

Amon and Hemdl (1991) found that bacteria were at higher concentrations in the 

foregut of the shallow-water holothurian H tubulosa than in the sediment. Bacterial 

abundance was also greater in the oesophageal contents than in the surrounding sediment for 

the abyssal holothurians D. validum validum and Pseudostichopus villosus according to Sibuet 

et al. (1982) and Ralijaona and Bianchi (1982). Deming and Colwell (1982) also found 

bacterial levels in ingested sediment to be higher than that of the surrounding sediment in 

abyssal holothurians. These obsetvations indicate either selective uptake of bacteria from the 

sediment and/or bacterial proliferation in that particular region of the gut. However, Moriarty 

(1982) stated that higher numbers of bacteria obsetved in the holothurian foregut were 

unlikely to be the result ofbacterial proliferation because there is not enough time for 

significant growth. Also, ifthere was organic matter in the sediment which supported rapid 

bacterial growth it would have been utilised by sedimentary bacteria first (Moriarty, 1982). 

Holothurians selectively ingest bacteria as a result of their food sorting mechanisms 

which suspend the smaller, less-dense particles of the sediment and therefore make them more 

likely to be ingested. These less-dense particles are the richest in organic matter and therefore 

provide the most suitable hosts for bacterial populations (Sibuet et aI. , 1982). 

Zobell and Feltham (1938) discussed the importance ofbacteria as a food source and 

stated that mud-dwelling animals probably derive an appreciable amount of nourishment from 

the ingestion of bacteria. Experiments suggest that, in common with the majority of deposit 

feeders, the important food resource for holothurians is the bacteria associated with the 
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detritus, rather than the detritus itself (Hammond, 1983). Various authors (Sibuet et aI. , 

1982; Moriarty, 1982) have observed that bacterial numbers in the holothurian digestive tract 

decrease during transport to the cloaca, providing evidence of the digestion and assimilation of 

bacteria. However, using the conversion factor of one bacterium being equivalent to 1 x 10-14 

grams of carbon, Sibuet (1984b) demonstrated that bacteria only represent 3 % of the carbon 

ingested for abyssalholothurians. Moriarty (1982) stated that for Holothuria atra and 

Stichopus chloronotus the bacterial biomass represents only 6-10% of the organic carbon 

ingested. Amon and Hemdl (1991) estimated a value of 4-25% for Holothuria tubulosa. 

These observations suggest that bacteria do not constitute a major calorific element in the gut. 

However, they may increase the digestive efficiency (Ferguson, 1969) andlor provide essential 

nutrients, e.g. vitamin B12 (Cammen, 1980). One must also consider the importance of 

bacterial activities within the holothurian digestive tract (Fong and Mann, 1980) because they 

may play a role in enzyme production and the digestion of refractory substrates. 

1.2.3 The possession of specific enzymes to break down refractory components 

Assuming that the enzyme 'equipment' fits the diet (Hylleberg, 1976), the suite of 

enzymes present in the holothurian digestive tract should reflect the nature of the food 

ingested, the kinds of organic material which may be utilised and the types of products 

absorbed (Feral, 1989). 

The bulk of detritus is composed of structural carbohydrates which can be degraded by 

some specialised bacteria, but which most detritivores do not have the enzymatic capability to 

assimilate (Briggs et aI. , 1979). Specific enzymes are therefore necessary for the digestion of 

refractory sediment. Cellulose is a likely component of refractory organic material and it 

could be a possible source of carbohydrates for holothurians; however, Y okoe and Yasumasu 

(1964), Fish (1967b), Clifford et al. (1982) and Lawrence (1982) failed to detect cellulase 

activity in holothurian guts. This agrees with the apparent integrity of plant debris in the gut 

contents (Y okoe and Yasumasu, 1964) and the inability of some holothurians to utilise algal 

material (Yingst, 1976). Cellobiase is the enzyme which hydrolyses cellobiose, an 

oligosaccharide which is a breakdown product of cellulose (Surnner, 1968). Feral (1989) 

observed cellobiase activity in Leptosynapta galliennei (Herapath), Leptosynapta inhaerens 

(O.F. Miiller) and Holothuriaforskali (Delle Chiaje), suggesting that shallow-water 

holothurians may require bacterial cellulolytic activity to convert cellulose to cellobiose which 

they can then utilise through the action of cellobiase. Cellulase activity has been detected in 

gut content extracts of H olothuria forskali and Neopentadactyl mixta (Ostergren) and 

Stichopus japonicus (Clifford et aI. , 1982; Choe, 1962 cited in Fish, 1967c). Therefore, the 
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contribution of bacterial enzyme activity to cellulose digestion in the holothurian gut must be 

considered further. Perhaps the openness of the gut of marine detritivores such as 

holothurians provides greater opportunity for cellulase-sharing associates to develop (Plante et 

ai. , 1990). A general characteristic of enzymes acting on cellulose is that they require a long 

exposure time to the substrate for complete digestion (Hylleberg Kristensen, 1972); this is not 

likely in holothurians that have relatively short gut residence times. 

Chitin is a polymer composed of (3-1 ,4 linked N-acetyl-glucosamine units (Hylleberg 

Kristensen, 1972). It is an important component in the holothurian diet because it occurs in 

bacterial cell walls (Fera~ 1989), diatoms (Hylleberg Kristensen, 1972) and micro crustaceans. 

The ability to digest chitin in holothurians is similar to that of cellulose; chitin itself cannot be 

digested (Lawrence, 1982) only the products of chitin hydrolysis (Feral, 1989). 

Proteases have been found in Holothuria tubulosa, Stichopus japonicus, Cucumaria 

elongata (Wben and Koren) and Holothuriaforskali (Oomen, 1926 cited in Fish, 1967c; 

Tanaka, 1958; Fish, 1967c; Clifford et al., 1982; Johnson et ai. , 1984; Feral, 1989). They 

have also been found at low activities in Leptosynapta galliennei and Leptosynapta inhaerens 

(Fera~ 1989). However, the role of proteolytic digestive enzymes remains to be established as 

many studies have failed to detect proteolytic activity in the gut ofholothurians e.g. Johnson et 

ai. (1980) and in some cases proteases detected are possibly ofbacterial origin e.g. Holothuria 

forskali and Pawsonia saxicola (Brady and Robertson) (Clifford et ai. , 1982). One must 

consider, therefore, the possibility ofbacteria and/or coelomocytes carrying out protein 

digestion or amino acids being absorbed directly from the surrounding medium (Johnson et ai. , 

1980). 

1.3 Theories of holothurian digestion 

Early authors (Enriques, 1902 cited in Filimonova and Tokin, 1980; Oomen, 1926 

cited in Filimonova and Tokin, 1980) believed that the holothurian haemal system plays an 

important role in intracellular digestion. Coelomocytes contained within the haemal fluid were 

thought to carry digestive enzymes into the gut lumen and carry away the products of 

digestion (Fish, 1967b). Several authors cited evidence which they believe confirmed this 

theory (Stott, 1957; Hetzel, 1965; Ferguson, 1969). Ferguson (1969) noted large numbers of 

coelomocytes invading the digestive tract, many of them being phagocytic, and through their 

autolysis they could alter the nutritive climate. However, recent authors have doubted the 

importance of coelomocytes in digestion. The theory is based on circumstantial evidence that 

coelomocytes within the gut ingest foreign inert material; in no case has the absorption of food 

molecules and a net gain to other tissues been demonstrated (Bamford, 1982). Various 
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authors have demonstrated enzyme activity in the holothurian gut lumen (Tanaka, 1958; 

Johnson et aI. , 1980; McGettigan et aI. , 1981; Clifford et aI. , 1982; Lawrence, 1982). These 

observations call for a critical revision of the hypothesis that coelomocytes play a leading role 

in digestion (Filimonova and Tokin, 1980). It is now suggested that intracellular digestion by 

the gut epithelial cells (Massin, 1978) and extracellular digestion in the gut lumen dominate 

(LaWl'ence, 1982). 

The extensiveness of endocytosis by the gut epithelial cells, as suggested by 

ultrastructural studies (microvilli, pinocytotic vesicles and phagosomes) indicates the 

significance of intracellular digestion within the holothurian gut (Feral and Massin, 1982; 

Lawrence, 1982). In contrast, extracellular digestion is thought to involve the release of 

digestive enzymes into the gut lumen from the epithelium and the digestion of gut contents in 

situ. Fish (1967b) observed glandular cells in the intestinal epithelium of C. elongata and 

suggested that they secrete digestive enzymes into the gut lumen. Other authors have also 

suggested enzyme production in the anterior intestine (Brumbaugh, 1965; Massin, 1978); 

however, it is not known whether enzyme production is limited to this region of the gut 

(Lawrence, 1982). 

1.4 The importance of gut bacteria in digestion 

Many deposit feeders ingest particles that are covered with bacteria, therefore, 

interactions in the gut are virtually assured (Plante and Jumars, 1992). The bacteria found in 

the digestive tracts of some holothurians can be either transient in the gut lumen (Bensoussan 

et al., 1979; Deming and Colwell, 1982; Billett, 1991) or associated with the digestive 

epithelium (Feral, 1980). Feral (1980) observed associated subcuticular bacteria in the 

shallow-water species Leptosynapta galliennei, but discounted the direct utilisation of these 

bacteria because phagocytosis was not observed. 

Bensoussan et al. (1979) reported transient bacteria from the intestinal contents of 

Pseudostichopus villosus, these bacteria were barophilic, gram-negative and had a greater 

capacity for utilising organic compounds e.g. carbohydrates than bacteria from the sediment. 

Using Transmission Electron Microscopy (TEM), Deming and Colwell (1982) found 

barophilic, rod-shaped, gram negative bacteria in the hindgut of abyssal holothurians from the 

genera Pseudostichopus, Deima and Psychropotes. Recent findings suggest a general trend of 

an initial decrease in the numbers of transient bacteria in the foregut and anterior midgut with 

gut passage; growth then appears to be accelerated and bacteria numbers increase in the 

hindgut (Plante and Jumars, 1992). Deming and Colwell (1982), Sibuet et al. (1982) and 

Plante and Jumars (1992) all observed peaks in transient bacterial numbers in the hindgut. 
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Sibuet et ai. (1982) found glutamic acid turnover to be most rapid in the hindgut, indicating 

that it is the site of the most active bacterial population. Ralijaona and Bianchi (1982) 

obsetved that the abyssal holothurians D. validum validum and Pseudostichopus villosus 

contain more bacteria in their digestive tract than the sediment. Gram negative bacteria were 

found to dominate in the digestive tract, whereas gram positive bacteria dominate in the 

sediment. 

Compared to the sediment, the holothurian digestive tract is a more suitable place for 

bacterial growth because of the protected, nutrient-rich environment it provides (Ralijaona and 

Bianchi, 1982). Other factors, such as the increased mechanical agitation of the sediment, the 

removal of predators and competitors and the removal of senescent cells, also contribute to 

the elevated bacterial numbers in the hindgut (Plante et ai. , 1989). Proliferation may also be 

the result of the hindgut wall restricting the diffusion ofbacterial exoenzymes and their 

digestive products away from the bacteria (Plante et ai., 1989). Investigations of the midgut 

of detritivores have revealed them to be the sites of enzyme secretion and absorption of 

digestive products and to lack microbial associates (Plante et ai. , 1990); the sharp decreases in 

bacteria numbers obsetved in the midgut, therefore, are the result of enzymatic digestion. 

However, the hindgut is beyond the region of digestive enzyme production (Plante and 

Jumars, 1992). 

Where gut bacteria are present, their activities may provide abyssal holothurians with 

essential nutrients by releasing metabolites which can be absorbed by the holothurian digestive 

tract (Deming and Colwell, 1982; Billett, 1991). They may also play a role in digestion in 

shallow-water holothurians; for example, 1. badionotus has been shown to utilise extracellular 

polymers produced by bacteria (Baird and Thistle, 1986). These exudates may also be 

important for deep-sea holothurians (Billett, 1991). 

Gut bacteria may be particularly important in the breakdown of refractory detritus. 

For example, Plante et ai. (1989) obsetved that detritivores and bacteria interact to produce 

much faster organic matter degradation rates than are seen with either bacteria or animals 

alone. Briggs et ai. (1979) stated that deposit feeders may have greater nutritional 

dependence on bacteria if the detritus consists of more refractory components. This would 

apply to abyssal sediments that contain limited amounts of organic matter which is largely 

refractory. Thus, the stimulation ofbacterial growth and the degradation of organic molecules 

which are not readily assimilated could be critical elements in the nutrition of abyssal 

holothurians (Deming and Colwell, 1982). Alberic and Khripouno:ff(1984) noted intense 

bacterial activities in the guts of the abyssal holothurians D. validum validum and 
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Pseudostichopus villosus. Free amino acids, such as glutamic acid and diaminopimelic acid 

present in their digestive tracts reflect important bacterial activities (Alberic et ai. , 1987). 

Plante et al. (1990) suggested that the most likely donation to holothurian nutrition by 

gut bacteria appears to be digestive enzymes, contributing to the suite of digestive enzymes 

present in the holothurian gut. Massin (1984) suggested that abyssal holothurians have no 

enzymatic stock specifically adapted to the conditions of nutrition present in the abyssal 

environment and therefore there is a possible role for gut bacteria in the production of some 

digestive enzymes. Ralijaona and Bianchi (1982) and Bensoussan et ai. (1984) all 

demonstrated the synthesis of exoenzymes by bacteria isolated from the guts of abyssal 

holothurians. 

The contribution of bacteria to holothurian nutrition is somewhat determined by the 

time scale of the interaction. Bacteria may be important in digestion even in short periods of 

time; however, their significance could be greater in situations where food is held in the gut for 

long periods of time e.g. fermentors (Lawrence, 1982). The gut flora of deep-sea holothurians 

are capable of responding to increased nutrient levels and this may contribute to the 

competitive success ofholothurians in the nutrient-limited environment of the deep oceans 

(Deming et al., 1981). It would be an adaptive advantage both to be able to exploit seasonal 

blooms in nutrient levels and to increase digestion efficiency during periods when nutrient 

levels are low. 

1.5 Specialised feeding strategies and gut morphologies 

Penry and Jumars (1990) suggested that deposit-feeders are more likely to be limited 

by food quality rather than food quantity. This will select for optimum gut residence times, 

gut volumes, feeding rates and gut morphologies depending on the substrate upon which they 

feed. The optimal strategy may involve the egestion of substantial portions of ingested food 

before it is digested (Plante et ai. , 1990). 

Digestive processes determine the rate and extent of gain of energy once food is 

acquired (Penry and Jumars, 1990). The extent of digestion is determined by gut residence 

time (Penry and Jumars, 1987) which is defined as the time taken between ingestion and faeces 

production and is generally related to gut volume, with larger gut volumes having greater gut 

residence times. 

Sibley (1981) predicted that animals eating poor quality diets should have larger gut 

volumes to increase gut residence time thus, allowing more time for digestion. Abyssal 

deposit feeders, therefore, should have proportionally greater gut volumes than near-shore 

species because of their more refractory diet. Plante et al. (1990) stated that gut volume is a 
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major constraint on deposit feeders, a limited gut volume and short gut residence time 

conspiring to restrict small animals to relatively labile material. It is not known whether the 

larger gut volumes and longer residence times characteristic oflarge species provide 

significant access to material with slow digestive kinetics, e.g. refractory detritus, or simply 

allow greater efficiency of absorption of the same rapidly-digested constituents that small 

animals must use (Plante et ai. , 1990). 

Feeding rate will influence the rate of digestion; thus, an increase in the feeding rate 

will bring more food into the gut but it will decrease gut residence time and therefore decrease 

the rate of digestion. Taghon (1980) predicted that the feeding rate will decrease on poorer 

quality foods and improve as food quality improves. However, Calow (1975) and Cammen 

(1980) argued that feeding rates would vary inversely with the organic content of the food and 

that deposit feeders would compensate for reduced food quality by increasing their feeding 

rate (decreasing gut residence times) and increasing digestive capacity. Phillips (1984) 

suggested that both strategies are part of a continuum where ingestion rate is maximal at some 

intermediate food value and decreases for lower and higher food values. 

To help understand the functional relationships between food quality, gut volume, gut 

residence time and digestion reaction kinetics, the guts of deposit feeders have been modelled 

as chemical reactors (Penry and Jumars, 1987). There are three models. In guts which can be 

modelled as batch reactors, the reactants are processed in discrete batches separated by 

periods when the gut is empty. In plug-flow reactors (PFR) there is a continuous orderly flow 

of material through the gut and only radial mixing occurs. Continuous-flow, stirred tank 

reactors (CSTR) have a continuous flow of material but there is also perfect mixing within the 

reactor. Deposit feeders generally have simple, tubular, PFR-type guts, e.g. Parastichopus 

californicus (Stimpson) (Penry, 1989). Enzymatic digestion is most important as microbial 

populations would be rapidly removed. They allow rapid ingestion rates and short gut 

residence times, feeding is approximately continuous and the gut is maintained in a full 

condition. Large deposit feeders ingesting relatively fine sediments can have CSTR-PFR 

series guts, for example, elasipodid holothurians existing in the deep sea where organic inputs 

are low and the organic material tends to be refractory (Moore and Roberts, 1994). These 

guts are morphologically more complicated, incorporating expanded chambers to allow 

greater mixing of food and bacteria, they have extended gut residence times and gut emptying 

is usually intermittent (Penry and Jumars, 1990). CSTR-PFR series can use either foregut or 

hindgut fermentation. Hindgut fermentors are more likely if the available food contains a large 

proportion of digestible components; if this is not the case then foregut fermentation is likely 

and the energy invested in microbes can be recovered (Alexander, 1993). 
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Chemical reactor theory is a powerful tool for analysing tactics and provides a focus 

for studies of digestive anatomy, histology, enzymology and feeding ecology (Penry and 

Jumars, 1986). 

1.6 Objectives 

The object of this study was to determine how holothurians, specifically deposit 

feeders, gain nutrition from diets that consist mainly of refractory detritus. Five species were 

selected to allow comparisons of feeding ecology and nutrition between species showing 

differences in feeding mechanisms, ocean depth, habitat, tentacle morphology and gut 

morphology (table l.1). A suspension feeder, Pawsonia saxicola was also included in these 

comparisons (table l.1). 

1.7 Species studied 

Table 1.1 A summary of the holothurian species studied 

Order Species Epifaunal Habitat Feeding type 

IInfaunal [Based on 

Massin, (1982a)] 

Aspidochirotida H olothuria forskali Epifaunal Littoral / Surface deposit-

Subtidal feeder 

Pseudostichopus sp. Epifaunal Abyssal Surface deposit-

feeder 

Apodida Leptosynapta inhaerens Infaunal Intertidal Sub-surface/funnel 

deposit feeder 

Dendrochirotida Pawsonia saxicola Epifaunal Intertidal Suspension-feeder. 

Elasipodida Oneirophanta mutabilis Epifaunal Abyssal Rake deposit-feeder 

mutabilis 

Psychropotes longicauda Epifaunal Abyssal Rake deposit-feeder 
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1.7.1 Shallow-water species 

Holothuriaforskali (Delle Chiaje, 1828) 

H. forskali is described as a littoral species by Tuwo and Conand (1992), although it 

has been collected below 300m in the Canary Islands (Perez-Ruzafa et a/. , 1987). It can be 

found on rocky substrata and also in sea-grass beds (Cherbonnier, 1958). 

H. forskali is a surface deposit-feeder, its shield-like tentacles are used to shovel and 

push sediment particles directly into the mouth. It collects food from vegetation and from 

scraping stones and rocks, feeding on non-living detritus and associated micro-organisms 

(Coulon and Jangoux, 1993). Massin and Jangoux (1976) reported that the gut contents 

consisted of mollusc shells, crustacean fragments, foramaniferans, radiolarians, diatoms, 

sponge spicules and bryozoans. 

Leptosynapta inhaerens (O.F. Miiller, 1776) 

L. inhaerens is found burrowing up to a depth of30cm (pers. obs.) in a wide range of 

intertidal sediments (Gotto, 1981). Powell (1977) noted that its congeneric L. tenuis also 

inhabits a wide range of sediment types ranging from gravel to sand and mud. Cherbonnier 

(1953) suggests that L. inhaerens is situated in sediment close to the lower limit of the 

intertidal range. 

L. inhaerens is a funnel-feeder, burrowing through the sediment. It creates a 

characteristic mound on the sediment surface, although these may be washed away by strong 

currents. These unique mounds allows the supposition that L. inhaerens never emerges 

completely to crawl on the sediment (Cherbonnier, 1953). Sanders et al. (1962) observed 

L. inhaerens to be a non-selective deposit feeder, ingesting sediment indiscriminately and 

whose gut contents include; sand, detritus, diatoms, ostracods, small molluscs and crustacean 

appendages. 

Pawsonia saxicola (Brady & Robertson, 1871) 

P. saxicola is normally intertidal, found attached to the underside of boulders in 

exposed areas close to the limit oflow tide (Orton, 1914; pers. obs.). McKenzie (1991) noted 

that specimens have been found in deeper waters and suggested a bathymetric range of 0-50 

metres. P. saxicola is essentially sedentary as suggested by Hyman (1955) and Bakus (1973). 

P. saxicola feeds by holding its dendritic tentacles in the water column, mainly 

ingesting diatoms, algae, meiofauna and suspended organic matter. However, large amounts 

of detritus are also ingested (pers. obs.). Hunt (1925) suggested that suspension feeders living 
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on rocky habitats near the sea bed may pick up resuspended detritus on their tentacles from 

the mud surface, this appears to be the case for P. saxicola. 

1.7.2 Abyssal species 

Oneirophanta mutabilis mutabilis (Theel, 1879) 

0. mutabilis mutabilis is characteristic of abyssal regions, it is typically found at the 

base of continental slopes at depths in the range of 285 0-483 2m (Billett, 1991). In addition, 

Hansen (1975) reported that 0. mutabilis mutabilis has been found at almost all the regions at 

which abyssal depths have been explored except the East Pacific. 

Elasipodids such as 0. mutabilis mutabilis are primarily epifaunal rake deposit feeders, 

grazing the uppermost sediment surface and leaving no or light traces (Massin, 1982a). 

Moore and Roberts (1994) suggested that the digitate tentacles of 0. mutabilis mutabilis are 

used for grasping or raking the surface sediments and the relatively narrow range of gut 

weight/total weight ratios indicates that it feeds continuously. This is supported by Massin's 

(1984) observation that all specimens of 0. mutabilis mutabilis had guts in a state of 

maximum fullness. 

Psychropotes longicauda (Theel, 1882) 

Sibuet (1984a) noted that P. longicauda is frequently dominant at abyssal depths. 

Billett (1991) reported that it is found at depths ranging from 3310-4832m It is described as 

a mobile superficial sediment feeder (Billett, 1991) using its tentacles to sweep the surface 

layers of the sediment into its mouth. This is supported by evidence that P. longicauda ingests 

freshly sedimented organic matter (Mo ore and Roberts, 1994) and photographic observations 

of minimal sediment disturbance in the paths immediately behind specimens (Briggs, 1985). 

P. longicauda may feed intermittently, the wide range of gut/total weight ratios observed by 

Moore and Roberts (1994) suggests that this species periodically fills and empties its gut. In 

addition, Heezen and Hollister (1971) observed that P. longicauda voids its gut episodically, 

forming large faecal strings. 
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Pseudostichopus sp. 

There are taxonomical difficulties within the genus Pseudostichopus, and several 

species have probably been lumped together as Pseudostichopus villosus (Billett, 1991). For 

the purposes of this study specimens are described as Pseudostichopus sp. , as suggested by 

Moore and Roberts (1994). 

Pseudostichopus sp. is common in abyssal regions (Sibuet, 1984a) ranging from depths 

of 4350-4832m (Billett, 1991). It is a deposit-feeder which ploughs just below the sediment 

surface (Moore and Roberts, 1994). As this species has poorly developed tube feet it relies on 

alternate extension and contraction of the whole body to move over the sea floor, the resulting 

smooth plough marks (~ 1 cm deep) are common features of the sediment surface (Billett, 

1991). Its sub-surface feeding mode is reflected in the meiofaunal taxon richness of its 

oesophageal contents being lower than that of surface abyssal deposit feeding holothurians 

(Moore and Roberts, 1994). 

1.8 Chapter contents 

The structure of the digestive tracts of the holothurians H. forskali, L. inhaerens and 

Pawsonia saxicola are described in chapter 2. Anatomy, histology and the presence of 

associated bacteria within the digestive epithelium were investigated using light microscopy, 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

Gut contents, including profiles of transient bacteria, total organic carbon (TOC), total 

nitrogen (TN) and carbon nitrogen ratios (C/N) along the digestive tract of H. forskali , 

L. inhaerens and Pawsonia saxicola were also investigated and are reported in chapter 3. 

Nutrient profiles along the digestive tracts of the abyssal holothurians 0. mutabilis 

mutabilis, Psy chropotes longicauda and Pseudostichopus sp. are considered in chapter 4. 

The digestive enzymes present in the guts of the shallow-water holothurians 

H. forskali, L. inhaerens and Pawsonia saxicola and the abyssal holothurians 0. mutabilis 

mutabilis, Psychropotes longicauda and Pseudostichopus sp. are described in chapter 5. A 

paper chromatography technique was developed to detect cellulase activity and an API ZVM 

kit was used to determine the suite of digestive enzymes present in each species. 

In chapter 6 the feeding strategies of the shallow-water holothurians L. inhaerens, 

H. forskali and Pawsonia saxicola are considered in the light of current models. 

The thesis concludes in chapter 7 with a review of the feeding ecology of shallow

water and abyssal holothurians. 
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Chapter 2 

The anatomy and histology of the digestive tracts of the shallow-water holothurians; 

Holothuriaforskali (Delle Chiaje), Leptosynapta inhaerens (O.F. Miiller) and Pawsonia 

saxicola (Brady and Robertson) 

2.1. Introduction 

Early studies of the holothurian digestive tract were mainly concerned with gross 

anatomy (Cherbonnier, 1953; Stott, 1957; Ferguson, 1969; Binyon, 1972). Later studies 

found it necessary to delimit broad regions of the gut where similar cells occurred and were 

presumed to be carrying out similar fimctions; they included detailed histological studies using 

Light Microscopy (LM) and Transmission Electron Microscopy (TEM). Such studies have 

been restricted to species of aspidochirotids e. g. H olothuria forskali (Delle Chiaje), 

Holothuria atra (Jaeger), Holothuria tubulosa (Gmelin), Holothuria scabra (Jaeger), 

Stichopusjaponicus (Selenka) (Stott, 1957; Trefz, 1958; Massin, 1980b; Silver, 1984; 

Kawaguti, 1964), dendrochirotids e.g. Cucumariafrondosa (Gunner), Eupentacta 

quinquesemita (Selenka) (Fish, 1967a; Filimonova and Tokin, 1980; Byrne, 1984) and 

synaptids e.g. Leptosynapta galliennei (Herapath) (Feral, 1980). 

Some confusion exists over the system of nomenclature applied to the holothurian gut 

and discrepancies are especially apparent when comparing earlier studies with recent work. 

Fish (1967b) suggests that confusion has arisen because of anatomical variations between 

species and because the names of different regions appear to have been assigned by analogy 

with the mammalian gut rather than being based on fimctional differences. For the purposes of 

this study the terminology of Feral and Massin (1982) is adopted where the gut regions 

pharynx, oesophagus, stomach, anterior intestine, posterior intestine, rectum and cloaca are 

defined on the basis of anatomical, histological and cytological data. 

A knowledge of gut anatomy is required to understand how shallow-water 

holothurians process sediment. This includes the location of the regions of mixing, digestion, 

absorption, compaction and egestion of ingested food components within the gut. Where 

adjacent regions play similar roles they can be differentiated on the basis of morphological 

features such as colour or the presence of constrictions and/or associated structures such as 

gonads, a rete mirabile or respiratory trees. Cytological and histological investigations can 

then indicate the specific sites of enzyme secretion, digestion and absorption from the 

distribution and abundance of various cell types within the digestive epithelium. Jangoux 

(1982) stated that structural variations appear progressively along the holothurian gut and 
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nutritive functions such as absorption, digestion or storage seem to occur everywhere, 

although some areas are more specialised. 

There are two contrasting theories of digestion within the holothurian gut. Early 

authors (Enriques, 1902 cited in Filimonova and Tokin, 1980; Stott, 1957) believed that 

coelomocytes from the haemal system played an important role in digestion within the gut 

lumen and carried away the products of digestion (Fish, 1967b). However, Bamford (1982) 

observed that this hypothesis was based on the circumstantial evidence of coelomocytes 

ingesting foreign material in the gut and in no case had the absorption and/or transport offood 

molecules been demonstrated. Others rejected the importance of coelomocytes in digestion 

and absorption and stressed the role of gut epithelial cells in releasing enzymes and absorbing 

nutrients (Massin, 1978 cited in Feral and Massin, 1982; Lawrence, 1982). 

Alternatively, echinoderms have been observed to contain bacteria between epidermal 

cells and the overlying cuticle (Holland and Nealson, 1978; Feral, 1980; McKenzie, 1987; 

Barker and Kelly, 1994; Kelly et al. , 1994) and a role for the bacteria in the nutrition of the 

host has been suggested. Structural studies on holothurians have revealed subcuticular 

bacteria associated with the epidermis of Leptosynapta inhaerens (O.F. Miiller) but not of 

H. forskali or Pawsonia saxicola (Brady and Robertson) (Kelly et al., 1994). TEM has also 

revealed subcuticular bacteria within the epidermis and the digestive epithelium of the pharynx 

and oesophagus of the shallow-water holothurian L. galliennei (Feral, 1980). The direct 

utilisation of these associated bacteria has been discounted because phagocytosis has not been 

reported (Feral, 1980); it is more likely that the bacteria are acting as a commensal gut flora, 

transforming ingested sediment and then releasing metabolites which are taken up by the 

holothurian gut (Billett, 1991). 

In order to gain a better understanding of digestive and absorptive processes, an 

extensive study of the gut anatomy and histology of the shallow-water holothurians; 

H. forskali , L. inhaerens and P. saxicola was carried out using LM, TEM and Scanning 

Electron Microscopy (SEM). The presence of associated bacteria within the digestive tracts 

of these three species was also investigated. 

2.2 Materials and methods 

2.2.1 Specimen collection 

Specimens of H. forskali were collected by SCUBA diving at a depth of 10-20m from 

subtidal, rocky environments at Valencia Bay, Co. Kerry, Eire (52°55 'N, lOol7'W) on the 

23rd of March, 1993. Specimens of L. inhaerens were obtained from intertidal, coarse-
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grained sediments at Ballyhenry Island, Strangford Lough, Co. Down, Northern Ireland (54° 

23 'N, 5°35 'W) on the 26th of January, 1993. Specimens ofP. saxicola were obtained from 

underneath boulders at an intertidal kelp bed at Kirrcubbin Bay, Strangford Lough, Co. Down, 

Northern Ireland (54°28 'N, 5°32'W) on the 28th of May, 1993. 

2.2.2 Dissection 

Fresh specimens of H. forskali , L. inhaerens and P. saxicola were relaxed in sea water 

containing 5 % (weight/volume) magnesium chloride. They were then either dissected 

immediately or preserved in 5% (volume/volume) formalin in sea water. Dissections were 

made by making a median longitudinal cut along the mid-dorsal line from the mouth to the 

anus, the incision was then extended laterally near to the anterior and posterior ends and the 

body wall was pinned back to expose the digestive tract and associated structures. The gut 

structure was examined and drawings were made to illustrate the different regions. 

2.2.3 Light Microscopy (LM) and Transmission Electron Microscopy (TEM) 

For LM and TEM, fresh specimens were dissected and small tissue samples (5 x 5mm) 

from the oesophagus, anterior intestine, posterior intestine and rectum were extracted and 

fixed according to the methods given in Feral (1980). The tissue samples were washed in sea 

water and then fixed for 4 hours in 4% (w/v) glutaraldehyde in O. lM sodium cacodylate buffer 

(PH 7.4) containing 3% (w/v) sucrose (see Appendix VI). Following fixation the tissue was 

washed in buffer and post-fixed in 1 % osmium tetroxide for 1.5 hours. The tissue was again 

washed in buffer and then dehydrated through the ethanol series; 50%, 70%, 90% and 95% 

(v/v) for 30 minutes each followed by two sets of absolute ethanol for 1 hour each. Following 

dehydration, the tissue was put through two sets of propylene oxide for 15 minutes and then 

treated with 1: 1 followed by 3: 1 Polarbed 812 resin: Propylene oxide for 2 hours in each 

mixture (see Appendix VI). The tissue was then infiltrated with pure resin overnight followed 

by fresh resin for 4 hours the next morning and embedded in pure resin at 60°C for 48 hours. 

As a TEM fixation procedure was used for light microscopy the resulting light 

micrographs only give an indication of the gross structure of the digestive tract; the detailed 

cytology was inferred from TEM. For light microscopy, sections 1-2!lm thick were cut using 

a Reichert mtracut mtramicrotone, mounted on glass slides, stained with 2% (w/v) aqueous 

toludine blue and a coverslip placed over the top. Sections were viewed using a Leitz Wetzlar 

Orthoplan Light microscope and photographs were taken on Kodak 64 T colour slide film. 

For the purposes ofTEM, ultrathin sections were cut using the Reichert mtracut 

mtramicrotone at a thickness of60-80nm(silver/gold) and collected on copper grids. 
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Sections were then stained for 5 minutes with alcoholic uranyl acetate and subsequently with 

aqueous lead citrate for 8 minutes, according to the methods ofReynolds (1963). Sections 

were viewed on a JOEL 100CX Transmission Electron Microscope operating at 100KV at 

magnifications ranging from x 5,000 to x 20,000. Photographs were taken on Kodak electron 

microscope film. 

2.2.4 Scanning Electron Microscopy (SEM) 

Gut tissue samples were obtained from the dissection offresh, relaxed specimens and 

fixed in a 3: 1 solution of 4% (weight/volume) glutaraldehyde in O.lM sodium cacodylate 

buffer containing 1 % (weight/volume) sodium chloride and 0.05M calcium chloride and 1% 

aqueous osmium tetroxide overnight (see Appendix VI). The tissue was then thoroughly 

washed through several changes of double-distilled water and left in buffer overnight. The 

following day, the tissue was dehydrated through an ascending acetone series of 50%, 70%, 

95% and 100% for two sets of 15 minutes. Following this, specimens were placed in 100% 

acetone until they were required for critical point drying which was carried out in liquid 

carbon dioxide using an EMscope CPD 750 Critical Point Dryer. The tissue was then 

mounted on aluminium stubs and coated with gold/palladium in a Polaron E5000 Sputter 

Coating Unit. 

Samples were viewed in a ISI ABT55 Scanning Electron Microscope or a JOEL 35CF 

Scanning Electron Microscope operating at 10KY. Photographs were taken on PAN F20 roll 

film. 

2.3 Results 

2.3.1 The anatomy of the digestive tract 

The holothurian digestive tract is typically a simple tubular duct located in the body 

cavity. It is attached to the body wall through mesenteries and may incorporate expanded 

chambers (Jangoux, 1982). 

Holothuria forskali 

The anatomy of the digestive tract of H. forskali is illustrated in fig. 2.1. It is typical of 

aspidochirotids in that a stomach is absent (Feral and Massin, 1982). The short, muscular 

region up to the first major constriction is the pharynx. It is followed by the similarly muscular 

but more slender oesophagus which lies between the first and second major constrictions 
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(fig. 2.1). Beyond the second constriction lies the anterior intestine which is long and looped; 

it can be sub-divided into the first descending, ascending and second descending regions 

(fig. 2.1). Associated with the ascending and second descending regions of the anterior 

intestine is an elaborate network of pigmented haemal vessels termed the rete mirable. Stott 

(1957) defined the intestines of H. forskali as the region which is differentiated by having a 

more elaborate network of haemal system around it. The posterior intestine terminates in a 

short rectum which in turn opens into a wide, muscular cloaca from which respiratory trees 

and Cuvierian tubules extend. The cloaca opens externally via the anus. 

Leptosynapta inhaerens 

The digestive tract of L. inhaerens (fig. 2.2) is typical of apodid holothurians (Feral 

and Massin, 1982). The pharynx extends from the mouth and is thin-walled as suggested for 

synaptids by Feral and Massin (1982). A slender, almost colourless oesophab'US follows the 

pharynx. A highly folded, thick-walled, muscular stomach which is larger in diameter than the 

oesophagus then occurs (fig. 2.2). Beyond the stomach lies the anterior intestine which is 

long, folded and yellow in colour. The posterior intestine is pink, less folded and has a smaller 

diameter than the anterior intestine. Other observations on synaptids also note that the 

intestine becomes progressively thinner until it empties into a short rectum (Feral and Massin, 

1982). In L. inhaerens, a short, thick-walled rectum of narrow diameter follows the posterior 

intestine; along its length the pink pigmentation diminishes until it becomes transparent at the 

point at which it opens externally via the anus. Respiratory trees are absent. A haemal sinus is 

attached to the digestive tract throughout its length and is visible in fig. 2.2 running from the 

stomach to the posterior intestine. 

Pawsonia saxicola 

The anatomy of the digestive tract of P. saxicola (fig. 2.3) is typical of dendrochirotid 

holothurians (Feral and Massin, 1982). The mouth leads into the pharynx which is enclosed 

within the pharyngeal bulb. At its terminus a short, speckled, muscular oesophagus occurs. It 

leads, via a constriction, into an enlarged and highly folded white, muscular stomach (fig. 2.3). 

The beginning and end of the stomach are marked by conspicuous constrictions in agreement 

with the observations of Feral and Massin (1982). The stomach leads into the anterior 

intestine which is also highly folded but less muscular and more transparent in appearance. It 

is composed of descending and ascending segments and is by far the longest region of the 

digestive tract. The posterior intestine begins at the top of the second loop of the intestines; it 

is less muscular than the anterior intestine and shows no appreciable folding. A short, narrow 
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rectum follows the posterior intestine and empties into an expanded, thick-walled, muscular 

cloaca from which respiratory trees extend (fig. 2.3). The cloaca opens externally via the 

anus. 

2.3.2 The histology of the digestive tract 

Light micrographs and transmission electron micrographs of the digestive tracts of 

H forskali, L. inhaerens and P. saxicola reveal a very similar histology to that previously 

described for aspidochirotid, apodid and dendrochirotid guts (for review see Feral and Massin, 

1982). Throughout its length the gut wall consists offour tissue layers: the digestive 

epithelium, the connective tissue layer containing the haemal lacunae, the muscular 

mesothelium containing the hyponeural (motor) nerve plexus and the peritoneal epithelium. 

The epithelial cells found in the anterior and posterior extremities of the digestive tract are 

thought to be of ectodermal origin, elsewhere in the gut they are thought to be endodermal 

(Jangoux, 1982). The four tissue layers of the ectodermal and endodermal regions of the 

digestive tract are illustrated in fig. 2.4. 

Holothuria forskali 

Within the digestive tract of H forskali , variation occurs in the thickness of the 

different tissue layers. For example, the digestive epithelium is thicker in the anterior intestine 

(100/lm, fig 2.Sc) than the posterior intestine (60/lm, fig. 2.Sd). In the oesophagus the 

thickness is somewhat reduced (IS-20/lm, figs. 2.Sa). 

Digestive epithelium 

Throughout the digestive tract of H forskali the digestive epithelium is folded 

(figs. 2.6a-b, d), although the extent of the folding is reduced in the posterior intestine 

(fig. 2.6c). In the oesophagus the folding is both longitudinal and transverse (fig. 2.6a); 

elsewhere, it is predominantly in a single plane. 

When observed by TEM, the digestive epithelium of the oesophagus of H forskali is 

seen to be comprised of a layer ofT-shaped cells which are irregularly shaped and bear apical 

microvilli (figs. 2.7a). The microvilli are arranged in bunches up to S/lm across, which 

possibly represent the microvilli of a single epithelial cell (fig. 2. 8a). Large vacuoles, possibly 

containing mucous secretions, occur in the apical regions of the cytoplasm and within the basal 

regions many mitochondria occur. The T -shaped cells adhere closely to each other in their 

apical regions and are separated in their basal regions by connective tissue which extends into 

22 



the digestive epithelium from the underlying connective tissue layer (fig. 2.7a). No cuticle 

lining was observed in this region of the digestive tract. 

In the anterior intestine the digestive epithelium is highly folded, producing lobes 

which extend into the gut lumen (fig. 2.6b). Typical enterocytes, as described by Feral and 

Massin (1982) dominate (figs. 2.7b, c); they are regular in shape, 8-1O/J.m tall and show a high 

degree of polar differentiation. Microvilli cover their apical regions and extend into the gut 

lumen, pinocytotic vesicles are also numerous within the apical regions of the cytoplasm 

(figs. 2.7b, c). The basal regions of their cytoplasm contain numerous small mitochondria, 

rough endoplasmic recticulum and phagosomes. The enterocytes are joined by either gap 

junctions or desmosomes. Granular enterocytes also occur in the anterior intestine 

(figs. 2.7b, c), they are characterised by the presence of numerous electron dense, zymogen

like secretory granules positioned apically within the cytoplasm. Mitochondria and rough 

endoplasmic recticulum are also abundant within the cytoplasm of these cells, especially in the 

basal regions (figs. 2. 7b-c). 

The digestive epithelium of the posterior intestines produces a flat surface (fig. 2.6c). 

Vesicular enterocytes, 4-7/J.m from base to apex dominate this region of the gut (fig. 2.7d); 

they are identified by having densely packed vesicles which occupy the apical cytoplasm and 

may contain acid mucosubstances as suggested by Fish (1967b) for Leptopentacta 

(=Cucumaria) elongata (Wben and Koren). They are lined with microvilli and contain 

numerous pinocytotic vesicles in their apical cytoplasm Numerous mitochondria occupy the 

basal regions of the cytoplasm (fig. 2.7d). The enterocytes of the posterior intestine (fig. 2.7d) 

are shorter than those of the anterior intestine (fig. 2. 7b). 

The digestive epithelium of the rectum is comprised of vesicular enterocytes (fig. 29a) 

which are similar to those observed in the posterior intestine, having apical vesicles consisting 

of mucus and numerous mitochondria in basal regions of the cytoplasm. There is no evidence 

of a cuticle lining to the digestive epithelium of the rectum 

The apical openings ofmucocytes are observed within the digestive epithelium of the 

oesophagus (figs. 2.8a, c) and the anterior intestine (fig. 2. 8b); they are thought to be packed 

with membrane-bound vesicles and have a high level of secretory activity (Smith, 1981). 

Fig. 2.8c illustrates that the mucocytes are larger in the oesophagus of H. forskali , IO/J.m 

across, than elsewhere in the digestive tract, 4/J.m across (fig. 2.8b). 

Connective tissue layer 

A basement lamina separates the digestive epithelium from the underlying connective 

tissue layer (figs. 2.9a-b). The thickness of this layer varies throughout the digestive tract; it is 
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extensive in the oesophageal region, SO-70f..,lm across (fig. 2.Sa) providing an extensible, solid, 

supporting framework. It is thinner in the anterior intestine, 40-S0f..,lm (fig. 2.Sc), than in the 

posterior intestine, 60-80f..,lm, and is thickest in the rectum, up to IS0f..,lm across (fig. 2. 12a). 

Throughout the digestive tract the connective tissue layer consists of an inner, translucent 

region in which the haemal lacunae occur and an outer fibrous region in which collagen fibres 

are loosely arranged (fig. 2. 9b). Coelomocytes are numerous throughout the connective tissue 

layer (fig. 2.9c). Fig. 2.9c illustrates granular coelomocytes (granulocytes) occurring within 

the haemal lacunae of the oesophagus; they measure 4f..,lm wide by up to 12f..,lm long and 

contain a large central nucleus and numerous large granules within their cytoplasm. A small 

coelomocyte found in the haemal lacunae of the posterior intestine is illustrated in figure 

2.10a; it measures Sf..,lm across and fits the description given in Feral and Massin (1982), 

having a rounded appearance, a large nucleus and short pseudopods. Vascular lacunae are 

also observed as spaces within the connective tissue layer close to the mesothelium in the 

oesophagus (fig. 2.Sa) and the rectum (fig. 2. 12a). 

Muscular mesothelium 

Beneath the connective tissue layer, a mesothelium occurs, containing both 

longitudinal and circular muscle. In the oesophagus of H. forskali the mesothelium is 

approximately ISf..,lm thick (fig. 2.Sa), owing to extensive circular muscle. In the anterior 

intestine the mesothelium is reduced, being 10f..,lm thick. Fig. 2.Sc illustrates that the dense 

circular muscle lies inside the diffuse longitudinal muscle. The mesothelium of the posterior 

intestine is IS f..,lm thick and has an arrangement similar to the anterior intestines, i. e. the 

circular muscle lies inside the longitudinal muscle. The mesothelium of the rectum is as well 

developed as that of the oesophagus, being ISf..,lm thick and has a similar orientation to that of 

the intestines. 

Fig. 2.10b shows the dense circular muscle ofthe oesophagus in longitudinal section 

and parallel myofilaments are evident in the cytoplasm. Fig. 2.10c, from the posterior intestine 

illustrates circular muscle in longitudinal section and longitudinal muscle in cross section. The 

circular muscle cells are in close contact with each other, almost forming a continuum and 

myofilaments can be observed within the cytoplasm. Cells, separated by connective tissue, can 

be identified within the longitudinal muscle layer; mitochondria occur around the periphery of 

these cells (fig. 2.1 Oc). Discontinuous longitudinal muscle cells of the rectum are shown in 

cross-section in fig. 2.10d, myofilaments and peripheral mitochondria can be observed within 
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their cytoplasm. Individual longitudinal muscle cells are separated by connective tissue as seen 

in the posterior intestine (fig. 2. lOc). 

The hyponeural nerve plexus lies beyond the two muscle layers. In the oesophagus, 

the axons of the hyponeural nerve plexus can be observed adjacent to the circular muscle 

(fig. 2.1 Ob); they consist of cell fragments with many small vesicles and electron-dense, 

membrane-bound granules within their cytoplasm. In the intestines and the rectum the 

hyponeural nerve plexus lies adjacent to the longitudinal muscle because of the muscular 

reversal (figs. 2.10c and 2.10d). Axons can be observed running between the longitudinal 

muscle cells in the posterior intestine (fig. 2.10c). 

Peritoneal epithelium 

A lOf.lm thick, peritoneal epithelium consisting of a single layer of densely-packed cells 

occurs outside the mesothelium. These peritoneal cells are lined with microvilli, forming a 

collar around the base of individual cilia which extend into the coelomic cavity, as illustrated in 

figures 2.11a, 2.11b and 2.8d from the oesophagus, posterior intestine and rectum, 

respectively. Numerous mitochondria, Golgi complexes, isolated ribosomes, microtubules and 

lipid droplets occur within the cytoplasm of these cells (fig. 2.11a). Vacuoles also occur 

within the apical regions of the cytoplasm (fig. 2.11a). Mucocytes also occur between the 

peritoneal cells ofthe rectum (fig. 2.8d). 

Leptosynapta inhaerens 

Light microscopy reveals that there is some variation in the thickness of the gut wall of 

L. inhaerens. It is thicker in the oesophageal region (80f.lm, fig. 2.12b) than the intestines 

(70f.lm thick, fig. 2.12c). 

Digestive epithelium 

Throughout the digestive tract the digestive epithelium is deeply-folded, producing 

transverse and sometimes longitudinal folds which extend into the gut lumen and increase the 

area available for absorption (figs. 2.12b-c, 2. 13a-d, 2.17a). However, the folding is reduced 

in the posterior intestine (fig. 2. 13 c) when compared with the rest of the digestive tract 

(figs. 2. 13a-b, d). The digestive epithelium is thickest in the intestines, (lO-50f.lm, fig. 2.12c) 

and thinnest in the rectum (5f.lm, fig. 2.17a). 

In the oesophagus of L. inhaerens vesicular enterocytes dominate the digestive 

epithelium; they are characterised by having densely packed mucous vesicles, which are 
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interspersed with numerous mitochondria, in their apical regions (fig. 2. 14a). Microvilli lined 

with a filamentous coat occur on the surface of these cells and extend into the gut lumen. 

Adjacent vesicular enterocytes are separated by desmosomes (fig. 2. 14a). 

In the intestines, the digestive epithelium is comprised of a single layer of columnar 

enterocytes which have a distinct polar differentiation within their cytoplasm. Typical 

enterocytes dominate, they are joined by desmosomes and contain a high density of 

mitochondria and a large nucleus within their cytoplasm (fig. 2.14b). Their apical surfaces are 

lined with microvilli which extend into the gut lumen (figs. 2.14b and 2.1Sb), these microvilli 

are characteristic of enterocytes in that they contain a filamentous coat. Pinocytotic vesicles 

occur in the proximal regions of these cells, just below the apical membrane (fig. 2.14b). The 

enterocytes observed in the digestive epithelium of the intestines are similar to those observed 

in the oesophagus. 

The digestive epithelium of the rectum of L. inhaerens consists of a single layer of 

T-shaped cells (figs. 2. 14c-d, 2.17a). The structure of these cells follows the description in 

Feral and Massin (1982); they have a thin, flat apical region from which a slender pedicule 

arises. The basal region of the cell contains a large nucleus and numerous mitochondria. 

Their apical surfaces are lined with microvilli but there is no overlying cuticle. In their apical 

regions they are separated by septate junctions, connective tissue extends between the basal 

regions of adjacent cells (figs. 2. 14c-d). 

Mucocytes are observed in the digestive epithelium of the intestine (figs. 2. 12d), their 

apical cytoplasm is packed with membrane-bound vesicles and they secrete mucus into the gut 

lumen. The actual release of mucus vesicles into the gut lumen from the apical region of a 

mucocyte is illustrated in fig. 2.16a. 

Rod-shaped bacteria were occasionally observed on the surface of the digestive 

epithelium, as illustrated in figs. 2.1Sa-b, from the oesophagus and anterior intestine, 

respectively. These occur either singularly or in aggregations and measure up to 3 flm in 

length and 1 flm in diameter. 

Connective tissue layer 

A basement lamina separates the digestive epithelium from the underlying connective 

tissue layer. In the oesophagus the connective tissue layer is up to 60flm thick (fig. 2.12b) and 

is thought to act as a supporting framework (Fish, 1967b). Elsewhere in the digestive tract 

the connective tissue layer is reduced to SOflm in thickness (fig. 2. 12c). The extensive 

connective tissue layer and the thin digestive epithelium suggests that fig. 2.12c is from a 

section of the posterior rather than anterior intestine, since the anterior intestine typically has a 
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thicker digestive epithelium and a less well-developed connective tissue layer in a number of 

holothurian species (Trefz, 1958; Massin, 1980b; Feral and Massin, 1982). The connective 

tissue layer contains scattered coelomocytes, haemal lacunae, some intestinal lacunae and 

collagen fibres (figs. 2.12c-d). In the oesophagus, coelomocytes occur throughout the 

connective tissue layer but are more numerous close to the mesothelium, as illustrated in 

fig. 2.12b. In the intestines the density of co elomocytes is very much lower than in the 

oesophagus and collagen fibres are not clearly visible (fig. 2.12c). Coelomocytes within the 

connective tissue layer have a large nucleus and often pseudopods (fig. 2. 14d), though not 

always as illustrated in figs. 2.14c and 2.17 a from the rectum. Granulocytes also occur within 

the connective tissue layer (fig. 2.16b); they are coelomocytes filled with large secretory 

granules that are densely packed and obscure the cytoplasm. 

Muscular mesothelium 

The muscle layer lies outside the connective tissue layer: it consists of both longitudinal 

and circular muscle and is up to 1 0llm thick in the oesophagus (fig. 2.12b). Circular muscle 

dominates in this region of the gut, the cells forming dense bundles, whereas the longitudinal 

muscle cells form loosely arranged fibres. The mesothelium has a 'regular' arrangement of 

inner longitudinal and outer circular muscle cells as predicted for the oesophagus of apodids 

by Feral and Massin (1982). The muscular mesothelium is reduced in the intestines (51lm 

thick): it consists of inner, diHUse longitudinal muscle and outer, dense circular muscle, similar 

to the arrangement and orientation found in the oesophagus (fig. 2.12c). Fig. 2.16c illustrates 

the dense circular muscle of the intestine in longitudinal section lying adjacent to connective 

tissue; the circular muscle appears to be continuous and numerous myofilaments are visible. 

The adjacent connective tissue consists of dense collagen fibres that do not appear to have any 

regular orientation. 

The hyponeural nerve plexus, consisting of nerve axons, lies adjacent to the 

mesothelium throughout the digestive tract. In fig . 2.16c, from the intestines nerve axons of 

the hyponeural nerve plexus are visible in cross section attached to the circular muscle. 

Peritoneal epithelium 

Outside the hyponeural nerve plexus lies the peritoneal epithelium which borders the 

body coelom. Throughout the digestive tract this layer is unicellular, however, there is some 

variation in its thickness. In the oesophagus it is up to 1 Ollm thick (fig. 2.12b), double the 

thickness of this layer in the rectum. The peritoneal cells contain scattered cilia and microvilli 
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on their apical surface, as illustrated in figs. 2. l5c, 2.16d and 2.15d from the oesophagus, 

intestine and rectum respectively. The cilia can reach up to 25Jlm in length (figs. 2. 15c-d). 

Pawsonia saxicola 

Light microscopy reveals that the thickness of the gut wall of P. saxicola ranges from 

90-120Jlm throughout the digestive tract (figs 2.17c-d and 2. 18a). 

Digestive epithelium 

Along the length of the digestive tract of P. saxicola the digestive epithelium is highly 

folded, as illustrated in figs. 2.19a, 2.19b and 2.19d from the oesophagus, anterior intestine 

and rectum, respectively. In the posterior intestine this folding is reduced (fig. 2.19c) as 

observed for H forskali and P. saxicola in the present study. Longitudinal and transverse 

folds occur in the oesophagus and posterior intestine (figs. 2.19a, c), elsewhere folding only 

occurs in a single plane. 

In the oesophagus the digestive epithelium is 60Jlm thick, almost 50% of the thickness 

of the gut wall (figs. 2. 17b-c). It is comprised ofT-shaped cells (fig. 2.20a), whose apical 

surfaces are lined with microvilli overlain by a cuticle and a fuzzy coat, thus creating a 

subcuticular space of up to 3Jlm wide. Numerous mitochondria and phagosomes, as well as 

large nuclei, occur in the basal regions of their cytoplasm (fig. 2.20a). They are separated by 

desmosomes in their apical regions (fig. 2.20a) and connective tissue from the underlying 

connective tissue layer invades the digestive epithelium and extends between the cells in their 

basal regions. Mucocytes are observed within the digestive epithelium of the oesophagus 

(fig. 2.17c and 2.21b); they contain mucous vesicles and open by way of short necks into the 

gut lumen. 

In the anterior intestine the digestive epithelium constitutes up to 80% of the thickness 

of the gut wall (fig. 2. 17d). The digestive epithelium is highly-folded, forming villus-like 

projections which extend into the gut lumen (fig. 2.17d and 2.l9b). The digestive epithelium 

consists ofvesicular enterocytes and mucocytes (fig. 2.17d). The vesicular enterocytes 

contain numerous microvilli on their apical surfaces which extend into the gut lumen 

(fig. 2.19a). The microvilli are up to 2Jlm in length. The apical regions of the cytoplasm are 

occupied by mucous vesicles and vacuoles and adjacent cells are separated by desmosomes 

(fig. 2.20b). 

The digestive epithelium of the posterior intestine is similar to that of the anterior 

intestine in that it has longitudinal folds which produce villus-like structures which extend into 
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the gut lumen (figs. 2.18a and 2. 19c). However, the folding is less extensive than that of the 

anterior intestine and the digestive epithelium is reduced in thickness (30-45/lm). The 

digestive epithelium consists of enterocytes, predominantly vesicular enterocytes 

(figs. 2. 18a-b and 2.20c). Mucocytes are present within the digestive epithelium of the 

posterior intestines (fig. 2.19c and 2.21a). 

Vesicular enterocytes were also observed within the digestive epithelium of the rectum 

of P. saxicola (fig. 2.20d); they contain numerous mucous vesicles in their apical cytoplasm 

and a large nucleus and many mitochondria in their basal cytoplasm Mucocytes are 

interspersed between these cells (fig. 2.21c). 

Connective tissue layer 

A basement lamina separates the digestive epithelium from the underlying connective 

tissue layer, which is densely packed with clear haemal lacunae, coelomocytes and collagen 

fibres (figs. 2. 17b, d and 2.18a). The connective tissue layer varies in thickness throughout the 

digestive tract of P. saxicola; in the posterior intestine it is 20-60/lm thick (fig. 2.18a), 

whereas elsewhere in the digestive tract it measures 5-10/lm (figs. 2.17b, d). Various types of 

coelomocytes exist within the connective tissue layer: e.g. phagocytic coelomocytes are 

observed in the oesophagus (fig. 2.22a), containing a large central nucleus and large 

phagosomes loaded with heterogeneous material within their cytoplasm. Small coelomocytes, 

defined by Feral and Massin (1982) as round cells with a large nucleus and short pseudopods, 

are observed within the connective tissue layer of the rectum (fig. 2.22b). Large electron

dense vesicles (LDVs) are observed within the connective tissue layer of the posterior intestine 

close to the mesothelium (fig. 2.18a). 

Muscular mesothelium 

Beneath the connective tissue layer lies a mesothelium consisting of discontinuous 

longitudinal and dense circular muscle. The extent of development of the two muscle layers 

varies throughout the digestive tract. In the oesophagus the mesothelium is well developed, 

up to 20/lm thick (fig. 2.17b). The longitudinal muscle lies inside the dense circular muscle in 

P. saxicola. This is the 'regular' orientation noted for dendrochirotids by Fish (1967b), 

Farmanfarmaian (1969a), Filimonova and Tokin (1980), Smith (1981) and Feral and Massin 

(1982). The mesothelium of the anterior intestine is thinner, 5/lm thick, and it consists mainly 

of outer circular muscle, the inner longitudinal muscle being thinner (fig. 2.17d). The 

mesothelium of the posterior intestine is 15/lm thick (fig. 2.18a), and the arrangement of 

longitudinal muscle inside circular muscle is similar to that of the anterior intestine. The 
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orientation within the well developed mesothelium of the rectum is also ' regular' (fig. 2.22c). 

Myofilaments and sarcolemmal extensions are visible in the circular muscle layer (fig. 2.22c). 

In the longitudinal muscle layer the cells are surrounded by connective tissue and contain 

mitochondria and large vacuoles in the periphery of their cytoplasm (fig. 2.22c). Axons of the 

hyponeural nerve plexus run between the longitudinal muscle cells (fig. 2.22c). 

Peritoneal epitheliuID 

Beneath the muscular mesothelium lies a 5!-lm thick peritoneal epithelium forming the 

outer lining of the gut wall, bordering the body coelom. The peritoneal epithelial cells are 

lined with irregularly-shaped microvilli and occasional cilia, their cytoplasm contains numerous 

mitochondria, a large nucleus and often large phagosomes (fig. 2.22d). A lattice-like network 

overlies the peritoneal epithelium of the anterior intestine (fig. 2.2Id); this is the haemal 

network which is connected, via haemal ducts to the haemal lacunae present within the 

connective tissue layer of the gut wall. The structure of the peritoneal epithelium is similar 

throughout the digestive tract of P. saxicola. 

2.3.3 Associated gut bacteria 

With the exception of L. inhaerens (figs. 2. 15a-b) no bacteria were found in close 

association with the gut of any of the species studied. However, a cuticular lining, under 

which epidermally associated bacteria have been previously reported (for review see Kelly et. 

al., 1994 ) was absent except for the oesophagus of P. saxicola (figs. 2.17 c and 2.20a). The 

cuticle observed in P. saxicola overlies the microvilli ofT-shaped cells, creating a subcuticular 

space of up to 3!-lm wide. It appears to have a fuzzy coat and consists of an outer dense layer 

and an inner granular layer (fig. 2.20a), as suggested by Holland and Nealson (1978) for 

echinoderm cuticle. Elsewhere, the absence of a cuticle lining prevents the confirmation of the 

presence or absence of subcuticular bacteria. 
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2.4 Discussion 

2.4.1 Gut morphology 

Ferguson (1982) suggested that morphology can be subjective and interpretative; 

despite these limitations, observations of morphological differences between the digestive 

tracts ofholothurians can be related to their different modes of feeding. The digestive tracts 

of H. forskali , L. inhaerens and P. saxicola take the form of modified tubular ducts; F erguson 

(1969) suggested that tubular guts are adaptations for continuous feeding (see chapter 6). 

The aspidochirotid H. forskali has a relatively long, looped digestive tract consisting of 

a pharynx, oesophagus, intestine, rectum and cloaca. These regions are differentiated on the 

basis of constrictions and colour changes. The absence of a stomach, as noted by Feral and 

Massin (1982) for aspidochirotids in general, does not appear to be linked to a particular 

feeding mechanism Where present, it is thought to act as a triturating organ, but in its 

absence grinding probably occurs anteriorly in the pharynx and oesophagus (Feral and Massin, 

1982). The intestines are by far the longest region of the gut and are associated with a well 

developed rete mirabile (Stott, 1957), which consists ofvascular follicles and fine haemal 

ducts. H. forskali is a surface deposit feeder, its long gut allowing it to process relatively large 

volumes of surface sediment while increasing gut residence time, thus increasing the time 

available for digestion and absorption, as suggested for certain deposit feeders by Penry and 

Jumars (1986) (see chapter 6). Such long, narrow intestines in deposit feeders may be an 

adaptation for feeding on low-quality organic matter (Lopez and Levinton, 1987; Levinton, 

1989). Morphological investigations also show that H. forskali has a slightly enlarged c1oaca, 

possibly facilitating hind gut fermentation by bacteria as suggested for some deposit-feeders by 

Jumars et al. (1990) and Moore et al. (in press). 

The digestive tract of the burrowing, apodid L. inhaerens is shorter than that of 

H. forskali because of the reduced length of the intestines. Feral and Massin (1982) predicted 

such gut morphology for synaptids and noted that much of the interspecific variation in gut 

length occurs at the level of the intestines. Anderson (1966) stated that the guts of burrowing 

holothurians are shorter than those of surface feeders as a result of shorter intestines. The 

reduced gut length of L. inhaerens produces short gut residence times (see Chapter 6). 

Various authors (Penry and Jumars, 1987; Lopez and Levinton, 1987) suggest that such a gut 

should restrict deposit feeders to areas of organic enrichment e.g. the intertidal because they 

need to ingest relatively high quality foods. However, subsurface sediments are thought to be 

relatively refractory (Jumars et al. , 1990) and Miller et al. (1984) suggested that such species 

ingest large quantities of refractory sediment to overcome the restrictions of a limited area of 
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absorption within their short guts. Therefore, differences in intestinal length between the 

deposit feeders L. inhaerens and H. forskali may reflect a higher quality diet andlor higher 

feeding rates in the former. However, it may also be that H. forskali is too large to obtain 

sufficient nutrients by diffusion from a short, simple, tubular gut, a constraint suggested for 

large deposit feeders by Penry and Jumars (1990). 

The dendrochirotid, P. saxicola has a very long, looped digestive tract similar to that 

of H. forskali except that a stomach is present. The various gut regions are differentiated on 

the basis of constrictions, coloration, the extent of folding and the presence or absence of a 

cuticle. The intestine is the longest region and is folded into several loops to allow the length 

to be accommodated within the body cavity. P. saxicola is a suspension feeder which ingests 

suspended algal material as well as detritus (see Chapter 3). Its elongated intestine is suited to 

continuous feeding, providing a large area of absorptive surface so that absorption can 

continue as the intestinal contents are moved along the gut as noted by F armanfarmaian 

(1969a) for Thyone briareus (Lesueur). The resulting increased gut residence time also allows 

the slow digestion of refractory algal components by holothurian and/or bacterial enzymes (see 

Chapter 5). Foster (1994) found the guts of the suspension-feeding dendrochirotids Roweia 

stepensoni (John), Roweiafrauenfeldifrauenfeldi (Ludwig), Aslia spyridophora (Clark) and 

Pseudocnella sykion (Lampert) to be relatively longer than that of the deposit-feeding 

aspidochirotid Neostichopus grammatus (Clark), and suggested that suspension feeders 

require longer guts to digest plant components not found in the diets of deposit feeders. 

However, in this study both the dendrochirotid Pawsonia saxicola and the aspidochirotid 

H. forskali have long intestines relative to body length (chapter 6), possibly reflecting the 

refractory diets of both species. 

2.4.2 Gut histology 

LM and TEM reveal that the gut walls of H. forskali , L. inhaerens and P. saxicola 

consist of four distinct cell layers. The outer lining of the digestive tract, which borders the 

perivisceral coelom, consists of a layer of peritoneal epithelium cells. A mesothelium underlies 

this epithelium; it consists of both longitudinal and circular muscle cells and is invaded by 

axons from the hyponeural nerve plexus. A connective tissue layer lies inside the mesothelium 

and it is composed of dense collagen fibres, coelomocytes and clear haemal lacunae. Adjacent 

to the connective tissue lie the cells of the digestive epithelium; they form the inner lining of 

the gut wall and border the gut lumen. The extent and content of these cell layers varies 

throughout the gut and between the three species. However, most of the variation occurs 

within the digestive epithelium as noted by Massin (1980b) and Smith (1981) for H. tubulosa 
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and Neopentadactlya mixta respectively, the other layers being consistent in terms of cell type 

though not necessarily thickness. 

Digestive epithelium 

The digestive epithelium forms the inner lining of the digestive tract and is separated 

from the underlying connective tissue layer by a basement membrane. It varies in composition, 

thickness and function throughout the digestive tract and is composed of either T-shaped cells 

or enterocytes. T-shaped cells are thought to be of ectodermal origin (Feral and Massin, 

1982; Jangoux, 1982). They are irregularly shaped with secretory vesicles in their apical 

cytoplasm and a large nucleus in their basal cytoplasm; their apical surfaces are lined with 

microvilli, often overlain by a cuticle which is thought to protect the underlying cells from 

damage by food attrition (Fish, 1967b; Feral, 1980; Massin, 1980b; Smith, 1981; Feral and 

Massin, 1982). These cells are suggested in the extremities of the digestive tracts of 

holothurians (Feral and Massin, 1982) and were observed in the oesophagus of H. forskali and 

P. saxicola and the rectum of L. inhaerens in the present study. A cuticular lining was 

observed in the oesophagus of P. saxicola, however, none was observed for the T -shaped cells 

in H. forskali and L. inhaerens. T -shaped cells were not observed in the rectum of H. forskali 

and P. saxicola contrary to the observations of Mass in (1980b), Smith (1981) and Feral and 

Massin (1982) on other aspidochirotid and dendrochirotid species. Similarly, the absence of 

these cells in the oesophagus of L. inhaerens contradicts the literature, particularly the 

observations made by Feral (1980) on the congeneric, L. galleinnei. He observed T-shaped 

cells lining all regions of the digestive tract except the intestines. These contradictions with 

the literature in the present study may be the result of not sampling close enough to the mouth 

and anus, therefore taking endodermal rather than ectodermal tissue. 

There is no evidence that T-shaped cells are involved in extracellular digestion (Feral 

and Massin, 1982) but they may t~ke up dissolved organic matter in a manner similar to the 

epithelial cells of the body wall (Holland and Nealson, 1978; Massin, 1980b). The presence of 

microvilli on the apical surface of these cells suggests that they are involved in the active 

transport of material. Dissolved organic matter (DOM) uptake by the body wall has been 

reported for L. inhaerens (Stephens and Schinske, 1961) and it is thought to supply nutrients 

only locally to the epidermis (Ferguson, 1969; Bamford, 1982). T-shaped cells, along with an 

extensive connective tissue layer, are compatible with distension (Feral and Massin, 1982) and 

they facilitate the accumulation offood in regions where they occur, such as the oesophagus 

and the rectum (Massin and Jangoux, 1976). 
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Densely packed enterocytes which are thought to be of endodermal origin are 

widespread throughout the digestive epithelium and include typical, vesicular and granular 

enterocytes (Feral and Massin, 1982). Typical enterocytes are cuboidal, lined with microvilli 

and show a high degree ofpolar differentiation within their cytoplasm. Pinocytotic vesicles 

dominate their apical cytoplasm, and the basal regions are characterised by numerous small 

mitochondria, rough endoplasmic recticulum, phagosomes and a large nucleus. The 

localisation of mitochondria within the basal region is associated with the energy supply for 

transportation of substances to the haemal sinus in the connective tissue layer (Filimonova and 

Tokin, 1980). Vesicular enterocytes are similar to typical enterocytes except that they have 

large numbers of densely-packed vesicles in their apical cytoplasm. Fish (1967b) and Massin 

(1980b) suspected that these vesicles contain acid mucosubstances, which are released by 

apocrine secretion, and are thought to lubricate and protect the digestive epithelium from 

attrition and enzyme attack. Granular enterocytes are characterised by the presence of 

numerous electron-dense, zymogen-like secretory granules within their apical cytoplasm 

(Farmanfarmaian, 1969a; Smith, 1981, Feral and Massin, 1982). These are thought to contain 

proteolytic enzymes (Hori et ai. , 1977) which are released into the gut lumen to facilitate 

digestion (see chapter 5). 

Massin (1980b), studying H. tubulosa, stated that the digestive epithelium of the 

intestines is very homogenous and that the transition between the intestinal segments is not 

easily distinguished. However, in the present study the distribution of enterocytes was found 

to vary throughout the intestine. In H. forskali, typical enterocytes and occasional granular 

enterocytes dominate the digestive epithelium of the anterior intestine, whereas vesicular 

enterocytes dominate the digestive epithelium of the posterior intestine. Enzyme release and 

extracellular digestion probably dominate in the anterior intestine, whereas absorption and 

intracellular digestion dominate in the posterior intestine. Massin (1980b) observed a similar 

distribution of enterocytes in the congeneric H. tubulosa, whereas other authors found them to 

be common throughout the intestines (Kawaguti, 1964; Farmanfarmaian, 1969a; Filimonova 

and Tokin, 1980; Smith, 1981). Vesicular enterocytes were also observed to dominate the 

digestive epithelium of the posterior intestine of P. saxicola, but they were also common in the 

anterior intestine. No such pattern was observed in L. inhaerens, in which typical and 

vesicular enterocytes occurred throughout the digestive epithelium of the intestines. In the 

present study, enterocytes were observed to be shorter in the posterior intestine compared to 

the anterior intestine in H. forskali ; Trefz (1958) and Massin (1980b) made similar 

observations on the digestive tracts of the congenerics H. atra and H. tubulosa, respectively. 
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Fish (1967b) suggested that the enterocytes of the anterior intestines are the sites of 

enzyme production and secretion, the hydrolytic enzymes concentrating in the ' apical mucus' 

and are then released into the lumen. However, it is more likely that granular enterocytes 

release enzymes into the gut lumen from their zymogen-like granules, although this has not 

been definitely proven (Feral and Massin, 1982). These cells occur throughout the intestine of 

H. forskali, L. inhaerens and P. saxicola but predominate in the anterior regions. The 

ingested material is enveloped by an enzyme-rich mucus in the gut lumen (Filimonova and 

Tokin, 1980). Endocytosis ofthis material then occurs within the gut lumen and also within 

the enterocytes of the digestive epithelium via pinocytosis and phagocytosis. Pinocytotic 

vesicles are observed in the apical cytoplasm of enterocytes; the vesicles are formed from 

invaginations of the plasma membrane and are a means by which nutrients are taken up from 

the gut lumen (Loewy and Siekevitz, 1969; Filimonova and Tokin, 1980). Phagosomes, 

loaded with heterogeneous material are also observed within the cytoplasm of enterocytes of 

the three species. 

Enterocytes are also thought to be the principal site of active absorption of dissolved 

nutrients within the digestive tract (Kawaguti, 1964; Massin, 1980b; Filimonova and Tokin, 

1980; Feral and Massin, 1982; Jangoux, 1982), as indicated by their structure. Their microvilli 

present an extensive absorptive surface (Farmanfarmaian, 1969b; Feral, 1980) and their 

numerous mitochondria are also typical of cells involved in active transport (Loewy and 

Siekevitz, 1969). Various authors (Farmanfarmaian, 1963; Rundles and Farmanfarmaian, 

1964) have cited evidence for active absorption in the holothurian gut to be the greatest where 

enterocytes occur. 

In summary, enterocytes within the intestines of H. forskali, L. inhaerens and 

P. saxicola appear to be multifunctional, carrying out enzyme and mucoid release, lubrication, 

absorption, intracellular digestion and possibly storage. However, their primary function may 

vary throughout the intestines and is reflected in their structural heterogeneity (Filimonova and 

Tokin, 1980). 

Mucocytes are found interspersed amongst the digestive epithelium cells in almost all 

the regions of the guts of H. forskali, L. inhaerens and P. saxicola. These cells are packed 

with membrane-bound vesicles and open, via short necks, into the gut lumen (Fish, 1967b; 

Massin, 1980b; Feral and Massin, 1982). They are thought to have a high level of secretory 

activity (Smith, 1981), releasing mucus into the gut lumen to protect the epithelial surface 

from food attrition (especially where a cuticle is lacking), aid in the movement of material 

along the gut and, in posterior regions of the gut, to coat the faecal pellets (Massin, 1980b; 

Feral and Massin, 1982). Fish (1967b) suggested that they also coat the buccal tentacles with 
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mucus in the pharynx/oesophagus region in dendrochirotids. It is thought that these mucous 

secretions originate in the haemal system, being modified and consolidated by mucocytes 

before release into the gut lumen (Ferguson, 1982). These cells are more or less abundant 

according to the species studied and the location in the digestive tract (Feral and Massin, 

1982). In the present study, mucocytes were found throughout the digestive tract of 

H. forskali and were more numerous in the posterior intestine than the anterior intestine, in 

agreement with observations made by Feral and Massin (1982) on other aspidochirotids. 

Possibly the posterior intestine is the region of maximum mucous secretion because it is the 

site of faecal pellet formation and accumulation. Mucocytes are also common in the digestive 

epithelium of the posterior intestine of L. inhaerens; elsewhere in the gut they appear to be 

scarce. In P. saxicola, mucocytes appear to be most numerous in the posterior intestine 

although they also occur in the other regions of the digestive tract. These observations made 

on P. saxicola contradict the statement of Feral and Massin (1982) that dendrochirotids have 

fluid faeces because of the scarcity/absence ofmucocytes in the digestive epithelium. 

The thickness of the digestive epithelium varies throughout the digestive tract of each 

species. In H. forskali the digestive epithelium of the anterior intestine is thickest, being 

nearly twice that of the posterior intestine; the digestive epithelium of the oesophagus and 

rectum are much thinner. The digestive epithelia of L. inhaerens and P. saxicola are thicker in 

the intestines than elsewhere in the gut, and, as with H. forskali , they are thicker in the 

anterior intestine than the posterior intestine. Trefz (1958), Massin (1980b) and Smith (1981) 

also observed this reduction in the thickness of the digestive epithelium from the anterior to 

the posterior intestine in the aspidochirotids H. atra and H. tubulosa and the dendrochirotid 

N mixta. 

Throughout the digestive tracts of H. forskali , L. inhaerens and P. saxicola the 

digestive epithelium is highly-folded, producing lobes which extend into the gut lumen and 

create a large surface area. This folding is normally longitudinal which allows extension of the 

gut when full (Harris, 1993). Some transverse folding is also observed. In H. forskali , 

transverse and longitudinal folding were observed in the oesophagus, elsewhere only 

longitudinal folding was observed. As with H. forskali in the present study, longitudinal and 

transverse folding was observed in the oesophagus of P. saxicola. Such extensive folding has 

been observed in the digestive tracts of other dendrochirotids, e.g. Leptopentacta 

(=Cucumaria) elongata (Fish, 1967a), T briareus (Farmanfarmaian, 1969a), N mixta (Smith, 

1981). In both H. forskali and L. inhaerens, the posterior intestine can be differentiated from 

the anterior intestines in that the folding of the digestive epithelium is very much reduced. 
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Connective tissue layer 

Collagen fibres, intraconnective haemal lacunae and numerous coelomocytes occur 

within the connective tissue layers of the digestive tracts of H. forskali , L. inhaerens and 

P. saxicola. This layer is variously developed throughout the digestive tract. In H. forskali 

and L. inhaerens, it is extensive in the oesophagus possibly providing an extensible, solid, 

supporting framework which allows the gut to be distended in this region as suggested for 

C. elongata andH. tubulosa by Fish (1967b) and Massin (1980b) respectively. The 

rectum/cloaca of H. forskali also contains an extensive connective tissue layer which may 

allow distension of the gut wall facilitating faeces accumulation. Massin (1980a) and Byrne 

(1984) made similar obselVations on H. tubulosa and Eupentacta quiniquesemita, 

respectively. In P. saxicola the connective tissue layer appears to be most extensive in the 

posterior intestine, possibly compensating for the reduced mesothelium, as suggested for 

N mixta by Smith (1981) thus allowing distension of the posterior intestines. Electron-dense 

vesicles (LDVs) were obselVed in the connective tissue of the posterior intestine of 

P. saxicola. They are commonly found in echinoderm connective tissue and have also been 

obselVed in gut wall of the dendrochirotid E. quinquesemita by Byrne (1984) who suggested 

they are axons of the hyponeural nelVe plexus. 

Coelomocytes are numerous throughout the connective tissue layer; they are discrete 

cells and are thought to be phagocytotic (Filimonova and Tokin, 1980). Various types of 

coelomocytes, including granulocytes, small coelomocytes and phagocytic coelomocytes are 

dispersed throughout the connective tissue layer, often close to the basement lamina and the 

mesothelium. Smith (1981) obselVed coelomocytes accumulating just under the basement 

lamina and suggested that they are involved in the absorption of material from the basal 

regions of the digestive epithelial cells. Coelomocytes were not obselVed to invade the 

digestive epithelium in large numbers in H. forskali, L. inhaerens or P. saxicola, suggesting 

that intracellular digestion by coelomocytes within the gut lumen does not play a major role in 

digestion. The uptake of inert particles by coelomocytes has been obselVed within the gut of 

H. forskali (Stott, 1957), but the absorption of food molecules and their transport across the 

gut wall by coelomocytes has not been demonstrated (Bamford, 1982; Ferguson, 1982). If 

coelomocytes do ingest food particles, a net gain to other tissues must be demonstrated for 

them to make a significant contribution to nutrition (Bamford, 1982). Coelomocytes that 

occur within the digestive epithelium could be involved in clearing the microvilli of debris, thus 

increasing their efficiency as an absorptive surface (Ferguson, 1982) or they could be involved 

in defence, providing sUlVeillance of the digestive tract which is a potential invasion route for 

parasites (Bamford, 1982). 
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Muscular mesothelium 

The mesothelium was found to consist of longitudinal and circular muscle cells 

throughout the digestive tracts of H. forskali, L. inhaerens and P. saxicola. There are distinct 

differences between these two muscle types (Feral and Massin, 1982); the longitudinal muscle 

is diffuse, each cell being embedded in connective tissue and mitochondria and vesicles occur 

in the periphery of the cytoplasm The circular muscle cells are continuous and numerous 

myofilaments are visible. In the case of H. forskali, muscular reversal was found to occur at 

the start of the anterior intestine, the dense circular muscle lying inside the diffuse longitudinal 

muscle as opposed to the more "regular" alternative arrangement. Such reversal has been 

observed at various points along the gut in other species of aspidochirotids, e.g. H. tubulosa 

(Massin, 1980b), H. scabra (Silver, 1984) but not all, e.g. Stichopus japonicus (Kawaguti, 

1964). Evisceration is thought to occur at the point of muscular reversal (Feral and Massin, 

1982). The "regular" muscle arrangement of inner longitudinal and outer circular muscle 

occurs in the digestive tract ofL. inhaerens as observed by Feral and Massin (1982) for 

apodids. This arrangement also occurs in P. saxicola and has been observed in other 

dendrochirotid species e.g. Cucumaria curata (Cowles, 1907), Leptopentacta (=Cucumaria) 

elongata, Thyone briareus, Cucumariafrondosa, Neopentadactyla mixta (Brumbaugh, 

1965; Fish, 1967b; Farmanfarmian, 1969a; Filimonova and Tokin, 1980; Smith, 1981). It 

appears that muscle reversal in the digestive tract is unique to aspidochirotids, whereas 

evisceration also occurs in apodids and dendrochirotids. 

Smiley (1994) stated that the degree of development of the mesothelium is dependent 

on the degree of contractility required. The extent of the mesothelium varies within the 

digestive tracts of H. forskali , L. inhaerens and P. saxicola; for all three species it is thicker in 

the oesophagus and rectum than in the intestines as a result of increased circular muscle. In 

the oesophagus, the well-developed mesothelium may play a role in peristalsis, moving 

ingested material into the anterior intestine (Kawaguti, 1964; F erguson, 1969; Massin, 1980b). 

In the rectum, it may be involved in the compaction and expulsion of faeces, as suggested by 

Massin (1980b), who found the circular muscle to be extensive in the rectum ofH. tubulosa 

and suggested it was involved in faecal pellet formation, cutting the sediment column present 

in the digestive tract. The extensive musculature of the rectumlcloaca region in H. forskali 

and P. saxicola probably also functions to maintain the rhythmic ventilation of the respiratory 

trees, as noted for T briareus by Farmanfarmaian (1969a). 
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Hyponeural nerve plexus 

Axons of the hyponeural nerve plexus are found adjacent to and within the 

mesothelium throughout the digestive tract of all three species; they are characterised as cell 

fragments with many small vesicles and electron-dense granules in the cytoplasm (Kawaguti, 

1964; Smith, 1981; Feral and Massin, 1982). Filimonova and Tokin (1980) suggested that the 

function of this nerve plexus is related to the regulatory activities of the coelomic lining. It is 

also thought to control variable tensility within the connective tissue layer (Byrne, 1984). 

Peritoneal epithelium 

Massin (1980b) observed the peritoneal epithelium to be similar throughout the 

digestive tract of H. tubulosa. This also appears to be the case for H. forskali. 

L. inhaerens and P. saxicola. It forms a flat surface consisting of a layer of densely-packed 

cells, lined with irregularly-sized microvilli and individual cilia. Ferguson (1982) suggested 

that these cilia function to keep the coelomic fluid in active movement and provide local 

circulation. The presence of a large nucleus, microvilli, numerous mitochondria, Golgi 

complexes, ribosomes, vacuoles and phagosomes in the cytoplasm of these cells suggests that 

this epithelium is involved in the active transport of material. Phagosomes were observed in 

the peritoneal epithelial cells of the dendrochirotid C. frondosa by Filimonova and Tokin 

(1980). In addition, lipid deposits were observed within the cytoplasm, suggesting that the 

peritoneal epithelium has a storage function as proposed for H. tubulosa (Massin, 1978 cited 

in Feral and Massin, 1982) and N mixta (Smith, 1981). Other authors have also considered 

that the holothurian gut acts as a storage organ (Trefz, 1958; D ' Agistino and Farmanfarmaian; 

1960; Farmanfarmaian; 1963; Fish, 1967b; Ferguson, 1969). Ferguson (1969) suggested that 

storage would be more likely in discontinuous feeders and as the gut is one of the largest 

organs of the body it would be a suitable site for food reserves. However, Smith (1981) noted 

that there is no evidence that this reserve can be utilised by parts of the body other than the 

gut itself Feral (1985) states that, in the case of L. galliennei, there is no region of the 

digestive tract which is used for nutrient storage. 

Mucocytes were found to occur between the peritoneal cells of the digestive tract of 

H. forskali . Massin (1980b) also observed them in the aspidochirotids H. tubulosa. Feral and 

Massin (1982) predicted that mucocytes should occur in the peritoneal epithelium of the 

digestive tracts of synaptids but none were observed in L. inhaerens. 
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2.4.3 The fate of ingested food 

From ultrastructural studies of the digestive tracts of H. forskali , L. inhaerens and 

P. saxicola the fate of ingested food can be predicted. Ingested material is collected in the 

extendible oesophagus (and stomach when present) and then pushed into the intestine by 

peristaltic contractions of the circular muscle. Within the intestines mucus release, digestion, 

absorption and storage occur; enzyme secretion and digestion dominate the anterior intestine, 

whereas absorption and mucoid synthesis dominate in the posterior intestine. In the posterior 

regions of the intestines faecal pellets are formed and coated with mucus prior to their 

expulsion via the rectum (Ferguson, 1969; Massin and Jangoux, 1976, Filimonova and Tokin, 

1980; Feral and Massin, 1982). A summary ofthe nutritive functions of the different regions 

of the digestive tracts of H. forskali , L. inhaerens and P. saxicola is given in table 2.1. One 

must consider that these structural and ultrastructural studies can indicate the possible function 

of cells and regions of the gut but they do not demonstrate it; physiological experiments are 

required for confirmation (Feral and Massin, 1982). 

2.4.4 Associated gut bacteria 

Various authors have observed bacteria lying below the cuticle associated with 

echinoderm epithelial cells (Holland and Nealson, 1978; Barker and Kelly, 1994; Kelly et ai. , 

1994). More specific studies have detected such subcuticular bacteria associated with the 

digestive epithelium ofholothurian digestive tracts and tentacles (Feral, 1980; McKenzie, 

1987; Roberts et ai., 1991). These bacteria may be involved in DOM uptake (Holland and 

Nealson, 1978; Feral, 1985; Barker and Kelly, 1994) or supply limiting nutrients to the 

holothurian (Roberts et ai. , 1991). 

Of the three holothurian species considered in this study a cuticle lining was only 

observed in the oesophagus of P. saxicola. However, several authors predict a cuticlular 

lining to the digestive epithelium of the oesophagus and rectum in holothurians (Feral, 1980; 

Massin, 1980b; Feral and Massin, 1982; Smiley, 1994). Holland and Nealson (1978) observed 

a tendency for echinoderm cuticle to be lost during fixation in phosphate-buffered 

glutaraldehyde. Therefore, the cuticle lining of the digestive epithelium may have been 

destroyed in a number of samples in the present study. Subcuticular bacteria associated with 

the digestive tract were not observed in H. forskali , L. inhaerens or P. saxicola; this failure to 

detect bacteria may be as a result of their absence but it may also be as a result of the loss of 

bacteria at fixation if the cuticle is dissolved (Holland and Nealson, 1978). Feral (1980) used 

similar fixation techniques to those used in the present study and detected a cuticle lining and 

subcuticular bacteria in the digestive tract of the holothurian L. galliennei. Ifwe accept the 
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fixation technique to be adequate, we cannot completely discount the presence of subcuticular 

bacteria as only small portions of tissue are processed using TEM and SEM (Kelly et aI. , 

1994). If subcuticular bacteria are present in small numbers in either ofthe three species they 

may have been missed during the present investigation. 

Table 2.1 

Holothuria 

forskali 

Leptosynapta 

inhaerens 

Pawsonia 

saxicola 

A summary of the possible functions of the different regions of the digestive 

tracts of H. forskali, L. inhaerens and P. saxicola, inferred from anatomical 

and histological studies 

Oesophagus Stomach Anterior Posterior Rectum! 

intestine intestine cloaca 

Food Absent. Enzyme Absorption, Faeces 

accumulation, production mucus accumulation 

trituration, and synthesis compaction 

peristalsis, secretion, and release, and expulsion, 

mucus digestion. faeces ventilation of 

synthesis and formation respiratory 

release. trees. 

Food Food Enzyme Absorption, Faeces 

accumulation, accumulation, production mucus accumulation 

trituration, trituration. and synthesis and expulsion. 

peristalsis. secretion, and release, 

digestion. faeces 

formation. 

Food Food Enzyme Absorption, Ventilation of 

accumulation, accumulation, production mucus respiratory 

trituration, trituration. and synthesis trees, faeces 

peristalsis, secretion, and release, accumulation 

mucus digestion. faeces and expulsion. 

synthesis and formation. 

release. 

n.b. Differences between species are highlighted in bold. 
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The digestive tract of Holothuriaforskali. 
1 st desc. - 1 st descending loop of anterior intestine; 
2nd desc. - 2nd descending loop of anterior intestine; A.int. - anterior intestine; 
Ascen. - Ascending loop of anterior intestine; Clo. - cloaca; 
c.r. - Calcareous ring; Go. - gonads; Oes. - oesophagus; Ph. - pharynx; 
P.int. - posterior intestine; Rec. - rectum; Rm. - rete mirable; 
R t. - respiratory trees. 
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Figure 2.2 

-- A.int. 
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-- P.int. 

o 5 
(mm) 

The digestive tract of Leptosynapta inhaerens. 
Aint. - anterior intestine; Hsin. - haemal sinus; Oes. - oesophagus; 
P.int. - posterior intestine; Rec. - rectum; Stom. - stomach. 
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Figure 2.3 
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The digestive tract of Pawsonia saxicola. 
A.int. - anterior intestine; Clo. - cloaca; Des. - oesophagus; 
Phar.B. - pharangeal bulb; P.int. - posterior intestine; Rec. - rectum; 
R. t . - respiratory trees; Stom. - stomach. 
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Figure 2.4 The cell layers present in the ectodermal (A) and endodermal (B) regions of the 
holothurian digestive tract. 
Modified from Massin (1980a) and Smith (1981). 

bm - basement membrane; c - coelom; ci - cilia; cl - coelomocyte; 
cm - circular muscle; col - collagen fibres; ct - connective tissue; gl - gut lumen 
lm - longitudinal muscle; mu - mucous vesicles; mv - microvilli; n - nucleus; 
pe - peritoneal epithelium; te - typical enterocyte; ts - T -shaped cell; 
ve - vesicular enterocyte. 
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Figure 2.Sa-d. Light micrographs of sections through (a & b) the oesophagus, (c) anterior 

intestine and (d) posterior intestine of the digestive tract of H. forskali illustrating the various 

tissue layers. The circular muscle forms the inner layer of the mesothelium, adjacent to the 

connective tissue in the anterior intestine (c) and posterior intestine (d). 

(Scale bars: (a) lO~m; (b) 2.5~m; (c) lO~m; (d) lO~m). 

bl - basement lamina; c - coelom; cl - coelomocyte; cm - circular muscle; 

ct - connective tissue; De - digestive epithelium; hl - haemal lacunae; ill - mesothelium; 

mu - mucocyte; pe - peritoneal epithelium; vI - vascular lacunae. 
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Figure 2.6a-b. Scanning electron micrographs of the variously folded digestive epithelium of 

(a) the oesophagus, (b) the anterior intestine, (c) the posterior intestine and (d) the rectum of 

H. forskali. 

(Scale bars: (a) lOO/lm; (b) 50/lm; (c) lOO/lm; (d) lOO/lm). 
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Figure 2.7a-d. The digestive epithelium of various regions of the digestive tract of 

H. forskali . (a). T-shaped cells of the digestive epithelium of the oesophagus. 

(Scale bar: l/lm). (b & c). Typical and granular enterocytes comprising the digestive 

epithelium of the anterior intestine. (Scale bars: (b) 2/lID, (c) l/lm). (d). Vesicular 

enterocytes lining the digestive epithelium of the posterior intestine. (Scale bar: l/lm). 

bl- basement lamina; ct - connective tissue; d - desmosome; er - endoplasmic recticulum; 

Ge - Granular enterocyte; gl - gut lumen; mt - mitochondria; muv - mucous vesicles; 

mv - microvilli; p - phagosome; pi - pinocytotic vesicle; Te - Typical enterocyte; 

Ts - T-shaped cell; v - vacuole; Ve - vesicular enterocyte; zg - zymogen-like granules. 







Figure 2.8a-c. Scanning electron micrographs of the digestive epithelial surface of various 

regions of the digestive tract of H. forskali . (a). Bunches of microvilli lining the oesophagus. 

(Scale bar: lO~m). (b). Clumps of microvilli, interspersed with mucocytes lining the anterior 

intestine. (Scale bar: lO~m). ( c). A large mucocyte, surrounded by bunches of microvilli 

lining the oesophagus. (Scale bar: 5~m). 

Figure 2.8d. The peritoneal epithelium of the rectum of H. forskali lined with cilia and 

occasional mucocytes. (Scale bar: 20~m). 

mu - mucocyte; ci - cilia. 







Figure 2.9a. The digestive epithelium and lillderlying connective tissue layer of the rectum of 

H. forskali . (Scale bar: If.!m). 

Figure 2.9b-c. The connective tissue layer of the oesophagus of H. forskali . (b). Haemal 

laclillae and collagen fibres within the connective tissue layer. (Scale bar: O.25f.!m). 

( c). Granulocytes within the connective tissue layer. (Scale bar: 1 f.!m). 

bl- basement lamina; col - collagen fibres; ct - connective tissue; d - desmosome; 

De - Digestive epithelium; G - Granulocyte; g - granule; gl- gut lumen, hl- haemallaclillae; 

mt - mitochondria; muv - mucous vesicles; mv - microvilli; n - nucleus, pi - pinocytotic vesicle; 

Ve - Vesicular enterocyte. 
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Figure 2.10a. A small coelomocyte found within the connective tissue layer ofthe posterior 

intestine of H. forskali. (Scale bar: 1 f.lm). 

Figure 2.10b-d. The mesothelium and associated hyponeural nerve plexus of various regions 

of the digestive tract of H. forskali. (b). Circular muscle cells and nerve axons in the 

mesothelium of the oesophagus. (Scale bar: O.25f.lm). (c). Circular muscle, longitudinal 

muscle and nerve axons in the mesothelium of the posterior intestines. (Scale bar: If.lm). 

(d). Longitudinal muscle cells and nerve axons in the mesothelium of the rectum. 

(Scale bar: If.lm). 

ax - axon; c - coelom; col - collagen fibres; cm - circular muscle; ct - connective tissue; 

fi - myofilaments; hl- haemallaccunae; ldv - electron -dense vesicles; lm - longitudinal muscle; 

mt - mitochondria; n - nucleus; Ne - Nerve plexus; Pe - peritoneal epithelium; 

ps - pseudopods; sv - small vesicles. 







Figure 2.11a-b. The peritoneal epithelium of (a) the oesophagus and (b) the posterior 

intestine of Hforskali, lined with cilia and microvilli. (Scale bars: (a) O.2S/lm; (b) O.2S/lm). 

c - coelom; ci - cilia; go - Golgi apparatus; I - lipid droplet; mt - mitochondria; mv - microvilli; 

v - vacuole. 







Figure 2.12a. A section through the rectum of H. forskali illustrating the extensive 

connective tissue layer. (Scale bar: 15Ilm). 

c - coelom; cl - coelomocyte; ct - connective tissue; De - digestive epithelium; gl - gut lumen; 

m - mesothelium; pe - peritoneal epithelium; vI - vascular lacunae. 

Figure 2.12b-d. Sections of (b) the oesophagus and (c & d) the intestine of L. inhaerens 

illustrating the various tissue layers and the release of mucus by mucocytes into the gut lumen. 

(Scale bars: (b) 151lm; (c) 101lm; (d) 2.5Ilm). 

bl - basement lamina; c - coelom; cl - coelomocyte; ct - connective tissue; 

De - digestive epithelium; gl- gut lumen; hl- haemal lacunae; m - mesothelium; 

mu -mucocyte; pe - peritoneal epithelium. 
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Figure 2.13a-d. Scanning electron micrographs of the digestive epithelium of the different 

regions of the digestive tract ofL. inhaerens. (a). The highly folded digestive epithelium of 

the oesophagus. (Scale bar: 30/lm). (b). The folded digestive epithelium of the anterior 

intestine. (Scale bar: 100 /lm). (c). Bunches of microvilli and occasional mucocytes lining the 

digestive epithelium of the posterior intestine. (Scale bar: 10/lm). (d). The digestive 

epithelium of the rectum, lined with bunches of microvilli and contaminated with fly ash. 

(Scale bar: 10/lm). 

fl - fly ash; mu - mucocyte. 







Figure 2.14a-d. The digestive epithelium of various regions of the digestive tract of 

L. inhaerens. (a). Vesicular enterocytes lining the digestive epithelium of the oesophagus. 

(Scale bar: l!J,m). (b). Typical enterocytes lining the digestive epithelium of the intestines. 

(Scale bar: l!J,m). (c & d). T-shaped cells lining the digestive epithelium of the rectum. 

(Scale bars: (c) 2!J,m; (d) l!J,m). 

bl- basement lamina; cl - coelomocyte; ct - connective tissue; d - desmosome; 

f - filamentous coat; gl- gut lumen; mt - mitochondria; muv - mucous vesicles; mv - microvilli; 

n - nucleus; p - phagosome; pi - pinocytotic vesicles; ps - pseudopod; Te - Typical enterocyte; 

Ts - T-shaped cell; Ve - Vesicular enterocyte. 
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Figure 2.1Sa-b. Scanning electron micrographs of rod-shaped bacteria overlying the 

digestive epithelium of (a) the oesophagus and (b) the anterior intestine of L. inhaerens. 

(Scale bars: 2!J.m). 

Figure 2.1Sc-d. Scanning electron micrographs of cilia extending from the peritoneal 

epithelium in (c) the oesophagus and (d) the rectum of L. inhaerens. 

(Scale bars: (c) 5!J.m; (d) lO!J.m). 

b - bacteria; ci - cilia; mv - microvilli. 







Figure 2.16a. The release of mucus from the apical regions of a mucocyte into the gut lumen 

of the intestines ofL. inhaerens. (Scale bar: O.5f.lm). 

Figure 2.16b. A granulocyte within the connective tissue layer of the digestive tract of the 

rectum of L. inhaerens. (Scale bar: O.5f.lm). 

Figure 2.16c. The mesothelium of the digestive tract of the intestine of L. inhaerens 

illustrating dense circular muscle and axons of the hyponeural nerve plexus. 

(Scale bar: O.25f.lm). 

Figure 2.16d. Cilia and microvilli lining the peritoneal epithelium of the digestive tract of the 

intestines of L. inhaerens. (Scale bar: 0.5 f.lm). 

ax - axon; c - coelom; ci - cilia; cm - circular muscle; ct - connective tissue; gl - gut lumen; 

gr - granules; ldv - electron dense vesicles; ms - mucous secretion; mt - mitochondria; 

Mu - mucocyte; mv - microvilli; n - nucleus. 
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Figure 2.17a. A light micrograph illustrating the digestive epithelium and underlying 

connective tissue layer of the rectum of L. inhaerens. (Scale bar: lO/lm). 

cl- coelomocyte; De - digestive epithelium; gl- gut lumen; hl- haemal lacunae. 

Figure 2.17b-d. Sections through (b & c) the oesophagus and (d) the anterior intestine of 

P. saxicola illustrating the various tissue layers. (Scale bars: (b) lO/lm; (c) 3/lm; (d) lO/lm). 

bl- basement lamina; c - coelom; ct - connective tissue; cut - cuticle; 

De - digestive epithelium; gl - gut lumen; m - mesothelium; mu - mucocyte; 

Pe - peritoneal epithelium. 
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Figure 2.18a-b. Sections showing (a) the various tissue layers and (b) mucocytes in the 

digestive epithelium of the rectum ofP. saxicola. (Scale bars: (a) 101lm; (b) 2.5Ilm). 

bl- basement lamina; cl - coelomocyte; ct - connective tissue; De - digestive epithelium; 

gl - gut lumen; ldv - electron dense vesicle; m - mesothelium; mu - mucocyte; 

muv - mucous vesicles; Pe - peritoneal epithelium; Ve - Vesicular enterocyte. 
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Figure 2.19a-d. Scanning electron micrographs of the digestive epithelium of the various 

regions of the digestive tract of P. saxicola showing (a) bunches of microvilli and occasional 

mucocytes lining the digestive epithelium of the oesophagus (Scale bar: 20Jlm), (b) the highly 

folded digestive epithelium of the anterior intestine (Scale bar: 50Jlm), (c) bunches of 

microvilli and occasional mucocytes lining the flat digestive epithelium of the posterior 

intestine (Scale bar: 20Jlm) and (d) the folded digestive epithelium of the rectum. 

(Scale bar: 20 Jlm). 

mu - mucocyte. 







Figure 2.20a-d. The digestive epithelium of various regions of the digestive tract of 

P. saxicola. (a). T-shaped cells, lined with a cuticle of the digestive epithelium of the 

oesophagus. (Scale bar: 2f.lm). (b-d). Vesicular enterocytes of the digestive epithelium of 

(b) the anterior intestine, (c) the posterior intestine and (d) the rectum. 

(Scale bars: (b) O.5f.lm; (c) 2f.lm; (d) If.lm). 

ct - connective tissue; cut - cuticle; d - desmosome; gl- gut lumen; mt - mitochondria; 

muv - mucous vesicles; mv - microvilli; n - nucleus; p - phagosomes; pi - pinocytotic vesicles; 

Ts - T-shaped cells; v - vacuole; Ve - Vesicular enterocyte. 
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Figure 2.2la-c. Scanning electron micrographs of microvilli and mucocytes lining the 

digestive epithelium of (a) the posterior intestine, (b) the oesophagus and (c) the rectum of 

the digestive tract ofP. saxicola. (Scale bars: (a) 51lm; (b) 51lm; (c) Illm). 

Figure 2.21d. A scanning electron micrograph of the haemal network overlying the 

peritoneal epithelium of the anterior intestine of the digestive tract of P. saxicola. (Scale bar: 

lOOllm). 

hn - haemal network; mu - mucocyte; mv - microvilli; Pe - peritoneal epithelium. 







Figure 2.22a-b. Coelomocytes within the connective tissue layer of (a) the oesophagus and 

(b) the rectum of P. saxicola. (a). Phagocytes loaded with heterogeneous material. 

(Scale bar: Illm). (b). A small coelomocyte with pseudopods. (Scale bar: Illm). 

Figure 2.22c. The mesothelium of the rectum of P. saxicola, illustrating circular muscle, 

longitudinal muscle and axons of the hyponeural nerve plexus. 

(Scale bar: Illm). 

Figure 2.22d. The peritoneal epithelium of the anterior intestine of P. saxicola. 

(Scale bar: O.5Ilm). 

ax - axon; bl - basement lamina; c - coelom; cl - coelomocytes; cm - circular muscle; 

col - collagen fibres; ct - connective tissue; lm - longitudinal muscle; mt - mitochondria; 

mv - microvilli; n - nucleus; p - phagosomes; ps - pseudopod; se - sacrolemmal extensions. 





Chapter 3 

Gut content analysis and nutrient profIles along the digestive tracts of shallow-water 

holothurians 

3.1 Introduction 

Holothurians are microphagous organisms which exploit particles either in suspension 

or deposited in marine sediments. Various authors have investigated the gut contents of 

holothurians to determine the food items that are ingested; the majority of these studies were 

carried out using light microscopy (Sanders et al., 1962; Brumbaugh, 1965 ; Bakus, 1968; 

Powell, 1977; Sloan, 1979; Levin, 1980; Sloan and Von Bodungen, 1980; Wiedmeyer, 1992; 

Foster, 1994). Recent authors have also used Scanning Electron Microscopy (SEM) to 

investigate the microscopic components of the ingested material in more detail (e.g. Foster, 

1994; Moore, 1994). The majority of the microscopic studies on the gut contents of 

holothurians have centred on the orders Aspidochirotida (Bakus, 1968; Sloan, 1979; Levin, 

1980; Sloan and Von Bodugen, 1980; Yingst, 1982; Bonham and Held, 1983; Wiedmeyer, 

1992; Foster, 1994), Dendrochirotida (Brumbaugh, 1965; Smith, 1983 ; Costelloe and Keegan, 

1984; Foster, 1994), Apodida (Sanders et ai. , 1962; Powell, 1977) and Elasipodida (Moore, 

1994). More detailed information on the range offood items ingested and their fate within the 

digestive tract is necessary in order to understand how holothurians exploit the particles on 

which they feed. One must also consider that the state of digestion offood items observed 

within the gut does not necessarily reflect the extent of digestion; partially decayed material 

may be ingested, therefore any gut content analysis must be complementary to good natural 

history observations. 

Organic levels in most shallow-water marine sediments are low, ranging from 0.1-

5.0%, and are considered to consist of relatively refractory materials (Hammond, 1983); 

therefore, they provide a nutritional problem to the deposit-feeding organisms, including 

holothurians, which consume them. This problem has been investigated using a number of 

approaches, including gut content analysis and comparisons between gut contents and ambient 

sediment. 

Suspension feeders, including dendrochirotid holothurians ingest suspended material 

and bacteria in the water column and are common in high-energy environments (Sanders, 

1958). Massin (1982a) suggested that diatoms, with their thin cell walls, are the main food 

source for suspension-feeding holothurians. However, this food supply is seasonal and 
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suspension feeders must find alternative sources of nutrition during the winter. They may 

ingest resuspended sediment close to the sediment-water interface or cease feeding and enter a 

winter torpor (Smith and Keegan, 1984). 

The concentrations of bacteria and organic constituents such as total organic carbon 

(TOC), total nitrogen (TN), ATP and chloropigments within the holothurian digestive tract 

and the surrounding sediment have been measured by various authors in order to determine 

their contribution to nutrition (Tanaka, 1958; Massin and Jangoux, 1976; Yingst, 1976; 

Hauksson, 1979; Massin, 1980a; Akhemitieva et al., 1982; Moriarty, 1982; Hammond, 1983; 

Amon and Herndl, 1991). These studies have attempted to determine selective feeding on the 

basis of the ingestion ofparticular organic components. Selective feeding on organic-rich 

components of the sediment may be a means by which shallow-water holothurians exploit 

refractory sediments; this may be the result of selecting particles of a specific size (Roberts, 

1979), organic-rich deposits (Moriarty, 1982; Hammond, 1983) or bacteria (Moriarty, 1982; 

Amon and Herndl, 1991). However, some authors have doubted the existence of selective 

feeding in holothurians (Bakus, 1973; Briggs, 1985). High absorption and assimilation 

efficiencies within the holothurian digestive tract are also a means by which specific 

components of the sediment can be utilised. 

Hammond (1983) stated that bacteria associated with the detritus rather than the 

detritus itselfmay be an important component of the diet of deposit-feeding holothurians. 

Ingested bacteria possibly provide a direct source offood (Khripounoff and Sibuet, 1980; 

Massin, 1980a; Massin, 1982a; Sibuet et al., 1982). Bacteria may also comprise a commensal 

gut flora which proliferates within the digestive tract, releasing enzymes which break down 

refractory detritus, and releasing exudates which contribute to the nutrition of the host 

holothurian (Deming and Colwell, 1982; Plante et aI. , 1990; Billett, 1991). 

This chapter aims to investigate the oesophageal contents ofHolothuriaforskali (Delle 

Chiaje), Leptosynapta inhaerens (0. F. Miiller) and Pawsonia saxicola (Brady and Robertson) 

using both light microscopy (LM) and SEM to produce qualitative and quantitative 

estimations of the components of the sediment ingested. These particular species were chosen 

because of their contrasting feeding types: H. forskali is a surface deposit feeder, L. inhaerens 

is a burrowing sub-surface funnel deposit feeder and P. saxicola is a suspension feeder. 

Additional aims include the investigation ofbacterial concentrations, TOC, TN and 

carbon/nitrogen ratios (C/N ratios) in the ambient sediment and along the digestive tract to 

ascertain the contribution of selective feeding and the role of ingested bacteria in the nutrition 

of these three holothurian species. 
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3.2 Materials and methods 

3.2.1 Specimen collection 

F or the purposes of this study, specimens of H. forskali were collected by SCUBA 

diving at a depth of lO-20m from subtidal, rocky environments at St. John's Point, Co. 

Donegal, Eire (54°34'N, 8°28'W) on the 3rd of November, 1993. Following collection, 

specimens were immediately placed in cold sea water containing 5% (w/v) magnesium chloride 

prior to transportation to the laboratory. 

Specimens of L. inhaerens were obtained from intertidal, coarse-grained sediments at 

Ballyhenry Island, Strangford Lough, Co. Down, Northern Ireland (54°23 'N, 5°35 'W) on the 

5th of October, 1993. Collection was undertaken at low tide by digging into the sediment up 

to a depth of20cm. Only whole, undamaged specimens were removed; these were placed in 

cold sea water containing 5% (w/v) magnesium chloride for transportation to the laboratory. 

Ambient sediment samples were taken from sites where L. inhaerens occur using a sterile 

spatula and placed in lOml sterile vials. These samples were maintained at 4°C prior to 

preservation or fixation. 

Specimens of P. saxicola were collected from underneath boulders amongst low water 

kelps in Kircubbin Bay, Strangford Lough, Co. Down, Northern Ireland (54°28'N, 5°32'W) 

on the 18th of September, 29th of September and the 2nd of October, 1993. Collection was 

only possible at very low tides (less than O.7m). Specimens contracted on contact, therefore, 

they were placed in cold sea water containing 5% (w/v) magnesium chloride to elicit 

relaxation prior to transportation to the laboratory. Sterile Pasteur pipettes were used to 

collect ambient seawater samples close to the holothurians, these samples were then 

transferred to 10ml sterile vials and kept at 4°C. Samples of surface sediment (O-lcm) were 

also collected in regions where P. saxicola were found, these were obtained using a sterile 

Pasteur pipette, transferred to sterile vials and stored at 4°C. 

3.2.2 Gut content analysis 

Light microscopy 

Light microscopy was employed for the qualitative and quantitative estimation of gut 

contents. Freshly collected individuals of H. forskali , L. inhaerens and P. saxicola were 

anaesthetised with 5% (w/v) magnesium chloride in sea water and then dissected to expose 

their digestive tracts. Five individuals from each species were examined and only specimens 
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with material in their oesophagus were sampled. Approximately 19 of gut contents was 

removed from the oesophagus and placed in 10m! of 100% ethanol. Temporary mounts were 

prepared by placing three drops of shaken sample on to a glass slide using a Pasteur pipette, 

the sample was then mounted in glycerol and a coverslip was placed over the top. This 

combination of preservative and mounting media had previously been found to have the least 

effect on the optical properties ofparticulate matter (Johnson, 1974). The contents of the 

slide were systematically counted at xl00 magnification using a Leitz Wetzlar Orthoplan Light 

Microscope; three such slides were prepared and counted for each sample. The categories of 

'food ' items recorded include: detrital clumps, algae (unicellular and multicellular filamentous 

algae, macroalgae), diatoms, spicules (sponge spicules; holothurians spicules), meiofaunal 

fragments and appendages (copepods; mysids; nematodes; molluscs; ostracods; polychaetes; 

nauplii; ciliateslflagellates; tubellarians), sand particles, foraminiferans and others (faecal 

pellets, fungal hyphae, unidentifiable objects). 

The number of items in each category was recorded and expressed as a percentage of 

the total from all categories as suggested by various authors for the analysis of gut contents 

(Brumbaugh, 1965; Hyslop, 1980). 

Similar counts were also made of ambient sediment samples where L. inhaerens occur 

and samples of ambient sea water surrounding P. saxicola. No ambient sediment samples 

were counted for H. forskali because of the difficulty in collecting undisturbed samples from 

depths of 20m. 

Scanning Electron Microscopy (SEM) 

SEM was employed to give a qualitative estimation of components of the sediment 

ingested by H. forskali , L. inhaerens and P. saxicola. Gut content samples were obtained as 

described above for light microscopy. Freshly dissected gut contents were fixed in a 3: 1 

solution of 4% (w/v) glutaraldehyde in O.IM sodium cacodylate buffer containing 1 % (w/v) 

sodium chloride and 0.05M calcium chloride and 1 % aqueous osmium tertroxide overnight 

(see Appendix VI). The gut contents samples were then transferred to small porous pots to 

prevent the loss of any microscopic material during subsequent treatments. They were then 

thoroughly washed through several changes of double-distilled water and left in buffer 

overnight. The following day the samples were dehydrated through an ascending acetone 

series of50%, 70%, 95% and 100% for two sets of 15 minutes. Following this, the samples 

were placed in 100% acetone until they were required for critical point drying which was 

carried out in liquid carbon dioxide using an EMscope CPD 750 Critical Point Dryer. The 
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samples were then mounted on aluminium stubs and coated with gold/palladium in a Polaron 

ESOOO Sputter Coating Unit. 

Gut content samples were viewed on a ISI AB TS S Scanning Electron Microscope or a 

JOEL 3SCF Scanning Electron Microscope operating at lOKV Photographs were taken on 

PAN F20 roll film. 

3.2.3 Bacterial counts - Epifluorescence Microscopy 

Bacterial concentrations (numbers gol) in the gut contents of H. forskali, L. inhaerens 

and P. saxicola were determined by epifluorescence microscopy using a modification of the 

techniques ofDaley and Hobbie (197S), Zimmerman (1977) and Weise and Rheinheimer 

(1978). 

Fresh ho10thurian specimens were dissected aseptically and gut content samples taken 

from the oesophagus, anterior intestine, posterior intestine and rectum Between O.lg and 

O.Sg of material was sampled, weighed and then preserved in 10 ml of2% (v/v) borate 

buffered formalin; the formalin had previously been filtered through a 0 .22~m pore size 

Millipore filter. The preserved samples were stored in the dark at 4 DC and counted within two 

weeks. 

Prior to counting, the samples were diluted up to x100 using filtered, distilled water 

and sonicated over ice for S minutes to break up aggregates. The samples were filtered 

through a Nucleopore polycarbonate filter (2Smm 0, 0.2~m pore size) under vacuum at 

~ O.lS bar. The sample was then stained by the addition of 1.0ml of 0.01 % (w/v) filtered 

acridine orange. Acridine orange is a specific stain for DNA and RNA which appears orange 

under epifluorescence illumination; it is kept at 4DC in the dark as it fades when exposed to 

light. The acridine orange stain was removed after 2 minutes by applying vacuum to the filter 

apparatus and the filter paper was de-stained by the addition of IM filtered iso-propyl alcohol 

which was immediately removed by vacuum. The filter paper was then air dried, cut into 

wedges, mounted on a slide in mounting medium and a coverslip placed over the top. 

The slides were viewed immediately at x1000 magnification in oil immersion on a Zeiss 

Epifluorescence Microscope with a blue (4 70nm) light source. Only green and orange 

fluorescing objects ofbacterial shape and size with a definite boundary were recorded; 300 

such bacteria were counted per sample and the number offie1ds of view used was recorded. 

From this information the number of bacteria per unit area was determined: assuming the 

sample on the slide is a single cell layer the concentration of bacteria in the original samples 

can be determined. The error in counting was calculated as the square root of the total 

50 



bacteria for each sample. In each case the total was 300, therefore the error was equal to 

--1300 i.e. ± 17.32 (± 5.8%). 

All glassware and filtering apparatus was washed with 10% (v/v) aqueous nitric acid 

and rinsed with distilled water prior to use to reduce microbial contamination. To reduce 

counting error all the counts were undertaken by the author. Counts were also made of 

controls to indicate if any significant bacterial contamination occurs during the preparation. 

Ambient sediment samples associated with L. inhaerens and ambient sea water 

associated with P. saxicola were also prepared and counted using the techniques described 

above. 

3.2.4 Carbon and Nitrogen analysis 

For carbon and nitrogen analysis fresh specimens of H. forskali , L. inhaerens and 

P. saxicola were dissected and 0.1-0.5g of material collected from the oesophagus, anterior 

intestine, posterior intestine and rectum. The gut content samples were immediately frozen 

and stored at -20°C until required for analysis. Ambient surface sediment samples adjacent to 

specimens of L. inhaerens were also collected and frozen for CIN analysis. The CIN analysis 

was carried out at The University College, Galway using a Perkin-Elmer 2400 Elemental 

Analyser, according to the methods provided by Perkin-Elmer. The samples were subsampled, 

freeze-dried and acid-treated prior to their combustion in the analyser. 

For each sample a subsample of approximately 100mg was taken, weighed and then 

transferred to an Eppendorftube. The subsamples were then frozen at -20°C. Prior to freeze

drying the Eppendorf tubes were covered with parafilm and punctured with a needle to 

prevent any sample escaping under vacuum. The subsamples were then freeze-dried at -50°C 

and reduced pressure for one week. Dry weights of the subsamples were then recorded. 

Following freeze-drying, the samples were acid-treated: thus, the Eppendorftubes 

were placed in a tank of concentrated hydrochloric acid with their lids open for two days to 

remove any inorganic carbon. The samples were then dried at 40°C overnight and the dry 

weights were recorded. Only the top layer of the subsample was then used in the analyser 

because hydrogen chloride may not have penetrated throughout the sample. 

The Elemental Analyser requires various calibrations prior to the analysis of samples. 

Initially the analyser is purged with helium ten to fifteen times. Blanks of empty, acetone

cleaned capsules (6 x 4 mm) were then run through the analyser to create a background 

reading. A compound with a known carbon, hydrogen and nitrogen content is then used to 
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standardise the analyser. The standard used was acetanilide with the following elemental 

content: 7l.09% carbon; 6.71 % hydrogen; 10.36% nitrogen. The analyser was then 

conditioned with blanks and standards alternatively until three to four successive standards 

were identical. The samples were placed in acetone-clean tin packets, wrapped to prevent any 

escape of sample prior to combustion. Samples were run on an automatic carousel, ten 

samples were run before the blanks and standards were rechecked. 

The Elemental analyser produced values which can be converted to percentage organic 

carbon, total hydrogen and total nitrogen using the values given for the standard. These 

percentages are overestimates because they are based on the acid-treated dry weights (less 

inorganic carbon); therefore, a correction factor is employed. This is obtained by dividing the 

acid-treated dry weight by the original dry weight (1), the computed percentages are then 

multiplied by this correction factor to give the actual percentages in the samples (2). 

Steps in the correction procedure: 

(1) Correction factor = Acid-treated dry weight / Dry weight 

(2) Actual percentage = Correction factor x computed percentage 
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3.3 llesults 

3.3.1 Qualitative gut contents analysis 

A qualitative estimation of the oesophageal contents of H. forskali, L. inhaerens and 

P. saxicola was carned out using SEM; a summary of these obseIvations is given in table 3.1 

and the various food items are illustrated in figs. 3.1-3.4. 

The oesophageal contents of the surface deposit feeder H. forskali consisted of 

detritus, centric diatoms (fig. 3.la and fig. 3.1c), sponge spicules (fig. 3.2c), holothurian 

spicules, meiofauna (including copepods, mysids, nematodes and molluscs), sand particles, 

echinoid spines and faecal pellets (fig. 3.2d). Many unrecognisable items were also observed; 

they may have undergone digestion within the holothurian gut but it is more likely that their 

degradation occurred prior to ingestion. 

The items observed within the oesophagus of the burrowing deposit feeder 

L. inhaerens included detritus (fig. 3.3a), macroalgal fragments, pennate diatoms (fig. 3.3a), 

centric diatoms (fig. 3.3b), meiofauna [including copepods (fig. 3.3d), nematodes, molluscs 

and ostracods (fig. 3.3c)], ciliates, sand particles (fig. 3.3a), echinoid spines and fungal hyphae. 

A variety of food items were observed within the oesophagus of the suspension feeder 

P. saxicola; detrital clumps were numerous, as were unicellular and multicellular filamentous 

algae (fig. 3.4a). Other items observed include pennate diatoms (fig. 3.4b), centric diatoms, 

sponge spicules, meiofauna [specifically copepods (fig. 3.4d)], sand particles, macroalgae, 

radiolarians (fig. 3.4c) and numerous unidentifiable objects. 

3.3.2 Quantitative gut content analysis 

A summary of the quantitative gut content analysis, carned out on the oesophageal 

contents of H. forskali , L. inhaerens and P. saxicola is illustrated in figs. 3. 5a-c. These pie 

graphs represent the percentage composition of each component, pooled from five individuals. 

Eight food categories are considered. Figs. 3.6a-b represent the percentage composition of 

ambient sediment in which specimens of L. inhaerens were found and ambient sea water 

surrounding specimens of P. saxicola. Because of the difficulty of collecting undisturbed 

sediment samples close to H. forskali no such counts of the ambient sediment were made. 

Statistical analysis 

F or each sample to total number of items was determined and each item expressed as a 

proportion of this total. The data were then normalised by arcsine transformation using the 

formula: NORMALISED DATA = DEGREES [ASIN ( SQRT (DATA ))]. 
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Figure 3.1a-d. Scanning electron micrographs illustrating (A & C) centric diatoms, 

(B) a bivalve and (D) crustacean mouthparts in the oesophageal contents of Holothuria 

forskali. 

(Scale bars: (A) 5!J.m; (B) lO!J.m; (C) 2!J.m; (D) lO!J.m). 







Figure 3.2a-d. Scanning electron micrographs illustrating various food items found in the 

oesophageal contents of Holothuriaforskali . (A). A fragment of a mollusc radula. 

(Scale bar: 5~m) . (B). Bivalve shells. (Scale bar: 30~m). (C). A sponge spicule. 

(Scale bar: lO~m). (D). A faecal pellet. (Scale bar: 50~m). 







Figure 3.3a-d. Scanning electron micrographs illustrating various food items found in the 

oesophageal contents of Leptosynapta inhaerens. (A). A pennate diatom found amongst 

detritus. (Scale bar: 50/lm). (B). A centric diatom (Scale bar: 5/lm). (C). A fragment of an 

ostracod shell. (Scale bar: 30/lm). (D). A copepod antenna. (Scale bar: lO/lm). 

d - detritus; P - pennate diatom; s - sand grains. 







Figure 3.4a-d. Scanning electron micrographs illustrating various food items found in the 

oesophageal contents of Pawsonia saxicola. (A). Filamentous algae. (Scale bar: 300f.lm). 

(B). A pennate diatom (Scale bar: 20f.lm). (C). A radiolarian. (Scale bar: 5f.lm). 

(D). A harpticoid copepod amongst detritus. (Scale bar: 30f.lm). 

d - detritus 





Table 3.1 Food items observed in the oesophagus of Holothuriaforskali, Leptosynapta 

inhaerens and Pawsonia saxicola using Light microscopy and SEM. 

Food item Holothuria Leptosynapta Pawsonia 

forskali inhaerens saxicola 

Detrital clump s. • • • 
Algae: 

unicellular filamentous algae • 
multicellular filamentous algae • 
macroalgae fi:agments • • 
Diatoms: 

centric diatoms • • • 
pennate diatoms • • • 
Spicules: 

sponge spicules • • 
holothurian spicules • 
Meiofaunal fragments and appendages: 

copepods • • • 
mysids • 
nematodes • • 
molluscs (whole/shell fragments) • • 
ostracods • 
polychaetes 

nauplii 

ciliate s/flagellate s • • 
tubellarians 

unknown meiofauna • 
Sand particles • • • 
F oraminiferans 

Echinoid spines • • 
Unidentifiable objects • • • 
Faecal pellets • 
Fungal hyphae • 
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Figure 3.5 The percentage composition of the oesophageal contents of 

(a) Holothuriaforskali (n=5). (b) Leptosynapta inhaerens (n=5). 

(c) Pawsonia saxicola (n=5). 
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Figure 3.6. The percentage composition of (a) ambient sediment samples taken adjacent to 

Leptosynapta inhaerens (n=2). (b) ambient sea water samples taken adjacent 

to specimens of Pawsonia saxicola (n=2). 
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The normalised data were then analysed using Classical Experimental ANOV A. The 

sources of significant variation were identified using a test of variance: The Student-Newman

Kuels Multiple Range Test. All the statistical analysis was carried out using The UNISTAT 

Statistical Package for Windows, Version 1.2, UNISTAT Ltd. 

Detrital clumps 

In all three species considered in the present study detrital clumps were the most 

numerous item observed within the oesophageal contents (figs. 3.5a-c). However, there is 

significant variation in the proportion of the oesophageal contents accounted for by detrital 

clumps between the three species (ANOVA; F=43 .335, df2, 12, p<O.OOOI , table 3.2). Tests 

of variance (Student-Newman-Kuels) confirmed that the species are significantly different. 

The surface deposit feeder, H. forskali had the greatest proportion of detrital clumps in its diet 

(83.3%), whereas the burrowing, sub-surface deposit feeder, L. inhaerens appeared to have 

the least (47.8%). The proportion of detrital clumps in the diet of the suspension feeder, 

P. saxicola lies some way between the two other species (70.8%), suggesting it ingests 

resuspended detritus. 

Filamentous algae 

Numerically, filamentous algae made a small contribution to the oesophageal contents 

of H. forskali , L. inhaerens and P. saxicola (figs. 3.5a-c,). Statistical analysis (ANOVA; 

F=10.264, df2, 12, p=0.0025, table 3.2) reveals that the proportion offilamentous algae 

found in the oesophagus of the suspension feeder, P. saxicola (5 .6%) was significantly 

different from the proportions observed in the oesophageal contents of the deposit feeders 

H. forskali (2.3%) and L. inhaerens (0.9%). 

Macroalgae 

Macroalgae made only a small contribution to the oesophageal contents of H. forskali , 

L. inhaerens and P. saxicola (figs. 3.5a-c). The highest proportion occurred in P. saxicola 

(2.2%), but the proportions ingested were not significantly different between the three species 

(ANOV A, F=2.206, df2, 12, p=0.1528, table 3.2). 

Diatoms 

Diatoms only made a significant contribution to the proportion of ingested items in the 

suspension feeder, P. saxicola (figs. 3.5a-c). ANOVA reveals that there was a significant 

difference in the contribution that diatoms made to the total oesophageal contents between the 
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Table 3.2 A summary of the statistical analysis comparing the proportions of food items 

found in the oesophagus of Holothuriaforskali, Leptosynapta inhaerens and 

Pawsonia saxicola 

Food items Classical Experimental Degrees of Test for ANOV A: Multiple 

ANOV A; comparing freedom range test (Student-Newman-

H. forskali , L. inhaerens Keuls) 

and P. saxicola 

Detrital clumps F=43.335, 2, 12 All species significantly 

p<O.OOOI ** different from each other 

Filamentous algae F=10.264, 2, 12 P. saxicola significantly 

p=O.OO25 ** different from H. forskali & 

L. inhaerens 

Macroalgae F=2.206, 2, 12 No significant differences 

p=O.1528 

Diatoms F=19.254, 2, 12 P. saxicola significantly 

p=O.OOO2 ** different from H. forskali & 

L. inhaerens 

Spicules F=2.535 , 2, 12 No significant differences 

p=O.1207 

Meiofauna F=O.097, 2, 12 No significant differences 

p=O.9081 

Sand particles F=108.574, 2, 12 All species significantly 

p<O.OOOI ** different from each other 

Others F=5.335, 2, 12 P. saxicola & L. inhaerens 

p=O.0220 ** significantly different 

n.b. Prior to analysis of variance the proportion data were normalised by arc sine 

transformation using the formula: = DEGREES[ASIN(SQRT(DATA))]. 

* * Denotes significance at the 5 % level. 
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three species (ANOVA, F=19.254, df2, 12, p=0.0002, table 3.2) and further analysis (Test of 

variance: Student-Newman-Kuels, table 3.2) confirms that the contribution made by diatoms 

was significantly higher in P. saxicola (12.1 %), when compared to H. forskali (3 .1 %) and 

L. inhaerens (2 .3%). 

Spicules 

Holothurian and sponge spicules were present in small numbers in the ingested material 

of H. forskali, L. inhaerens and P. saxicola (figs. 3.5a-c). Statistical analysis (ANOVA; 

F=2.535, df2, 12, p=0.1207, table 3.2) reveals that there was no significant difference in the 

proportion of spicules ingested between the species. 

Meiofauna 

Meiofaunal groups made some contribution to the diet ofholothurians (figs. 3.5a-c); 

they represented 3.4%, 6.0% and 5.7% of the total oesophageal contents of H. forskali , 

L. inhaerens and P. saxicola, respectively. Statistical analysis (ANOVA; F=0.097, df2, 12, 

p=0.9081, table 3.2) indicates that there was no significant difference in the contribution that 

meiofauna make to the oesophageal contents between these species. 

Sand particles 

Sand particles made the greatest numerical contribution to total oesophageal contents 

in L. inhaerens (fig. 3.5b). They represented 41 .7% of the oesophageal contents in this 

species, whereas they only constituted 5.0% and 0.5% of the contents in H. forskali and 

P. saxicola, respectively. Statistical analysis confirms this significant difference (ANOVA; 

F=108.574, df2, 12, p<O.OOOI, table 3.2) and a multiple range test confirms that in 

L. inhaerens the contribution was significantly different from the other species. There was 

also a significant difference in the contribution made in H. forskali and P. saxicola (table 3.2). 

Others 

The category of' others' includes items such as faecal pellets, fungal hyphae, echinoid 

spines and unidentifiable objects. Figs. 3.5a-c illustrate that in each species the contribution 

made to the total oesophageal contents by 'others' was small (0.5-2.5%). However, statistical 

analysis (ANOVA; F=5.335, df2, 12, p=0.0220, table 3.2) reveals that there was a significant 

difference between the species; further analysis (Test of variance: Student-Newman-Kuels) 

confirms that this significant difference occurred between P. saxicola and L. inhaerens. 
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Comparison of L. inhaerens and ambient sediment 

The composition of the oesophageal contents of L. inhaerens appears to be very 

similar to the composition of the sediment in which the species occur (compare fig. 3.5b and 

fig. 3.6a). Statistical analysis (ANOVA, F=18.685, df 1, 5, p=0.0076, table 3.3) reveals that 

only the proportion of meiofauna was significantly different between the oesophageal contents 

(6.0%) and the sediment (3 .7%). 

Comparison of P. saxicola and ambient sea water 

In the case of P. saxicola, the numerical composition of the oesophageal contents 

appears to be very different from that of the surrounding sea water (compare fig. 3.5c and 

fig . 3.6b). This observation was confirmed by statistical analysis (ANOVA, table 3.3b); of the 

eight categories considered five were significantly different in their proportion between the 

oesophagus and the surrounding seawater (table 3.3). The proportions offilamentous algae 

(p=0.0107), diatoms (p=0.0283) and meiofauna (p=0.0301) were all significantly higher in the 

oesophagus of P. saxicola than the surrounding sea water, whereas detrital clumps (p=0.0070) 

and others (P=0.0299) were significantly lower. 
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Table 3.3 A summary of the statistical analysis comparing the proportions of food items 

found in: (a) the oesophageal contents of Leptosynapta inhaerens and the 

ambient sediment and (b) the oesophageal contents of Pawsonia saxicola and 

the ambient sea water. 

Food items (a) Classical df (b) Classical Experimental 

Experimental ANOV A ANOV A comparing food 

comparing food items in items in P. saxicola and 

L. inhaerens and the the ambient sea water 

ambient sediment 

Detrital clump s F=O.538, 1, 5 F=19.377, 

p=O.4963 p=O.OO70 ** 

Filamentous algae F=O.314, 1, 5 F=15 .689, 

p=O.5992 p=O.0107 ** 

Macroalgae F=1.503, 1, 5 F=O.016, 

p=O.2748 p=O.9035 

Diatoms F=O.369, 1, 5 F=9.323, 

p=O.5701 p=O.0283 ** 

Meiofauna F=18.685, 1, 5 F=8.996, 

p=O.OO76 ** p=O.0301 ** 

Spicules F=O.357, 1, 5 F=O.764, 

p=O.5761 p=O.4221 

Sand particles F=O.030, 1, 5 F=O.128, 

p=O.8699 p=O.7350 

Others F=1.532, 1, 5 F=9.036, 

p=O.2708 p=O.0299 ** 

n.b. Prior to analysis of variance the proportion data was normalised by arcsine 

transformation using the formula : = DEGREES[ASIN(SQRT(DATA»]. 

* * Denotes significance at the 5 % level. 
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3.3.3 Nutrient profiles along the digestive tract 

Transient bacteria 

The numbers of transient bacteria in the oesophageal contents reflect the levels 

ingested and varied between the three holothurian species considered (table 3.4a). Numbers 

ingested by H. forskali (7.23 x 106
) and P. saxicola (5.4 x 106

) were considerably lower than 

those ingested by L. inhaerens (3 .396 x 107
) (ANOVA, F=7.259, df2, 27, p=0.0030). 

Using the assumption that an individual bacterium has a carbon content of20 x lO- 15 

g C (Lee and Fuhram, 1987) bacterial counts can be converted into carbon concentrations 

using the following the equation: 

Bacterial carbon content (/lg Cg-1
) = 20 X lO-9 (/lg C bacterium-I). n (bacteria g-l) (1) 

Where n is the number of bacteria in a gram of sediment. In the oesophagus of L. inhaerens 

bacteria only conttibuted 0.679 /lg Cg-\ while in the oesophagus of H. forskali and 

P. saxicola these values were even lower (0.145 /lg Cg-1 and 0.108 /lg Cg-1 respectively). 

Transient bacterial numbers were almost fifty times greater in the oesophagus of 

L. inhaerens than the surrounding ambient sediment (selectivity coefficient = 45). An even 

greater difference in bacterial numbers was observed between the oesophagus of P. saxicola 

and the ambient sea water, giving a selectivity coefficient of 1350 (table 3.6). No such 

comparisons can be made for H. forskali because of the absence of ambient surface sediment 

data. 

Mean bacterial profiles along the digestive tracts of H. forskali , L. inhaerens and 

P. saxicola are illustrated in figs. 3.7a-c. ANOVA and Multiple range tests were used to 

determine significant differences between the various regions of the digestive tract. In 

H. forskali bacterial numbers appeared to be highest in the oesophagus and then declined 

throughout the remainder of the digestive tract (fig. 3.7a). However, ANOVA reveals that 

this trend was not significant (ANOVA, F=2.423, df3 , 19, p=0.0975, table 3.5). 

In L. inhaerens mean bacterial numbers peaked in the anterior intestine and then 

declined towards the rectum (fig. 3. 7b). ANOV A reveals that there were significant 

differences along the digestive tract (ANOVA, F=7.360, df 4, 53 , p=O.OOOl, table 3.5). A 

multiple range test indicates that the bacterial concentrations in the oesophagus, anterior 

intestine and posterior intestine were significantly different from the rectum; the concentrations 

in the oesophagus and posterior intestine were also significantly different. The non

overlapping error bars in fig. 3. 7b do not correspond to the significant differences revealed by 

multiple range tests because these error bars represent the standard errors of mean values, 

whereas the multiple range test analyses the bacterial profiles of the individual samples. 
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Table 3.4a Bacterial numbers and carbon nitrogen ratios (C/N) along the digestive tracts of Holothuriaforskali , Leptosynapta inhaerens 

and Pawsonia saxicola. 

Bacterial nos. (n x 106 g-l) C/N ratio 

S ° A P R S ° A P R 

(n = 13) (n =8) 

mean 7.23 l.8 2.75 2.83 23.75 15.68 9.17 17.02 

H.forskali S.E l.9 0 0.35 0.97 9.95 2.75 l.12 l.23 

pa 100 24.9 38 39.1 100 66 38.6 71.7 

(n = 15) (n = 6) 

mean 0.76 33.96 55.98 33.5 7.9 12.75 4.8 4.98 6.63 12.43 

L. inhaerens S.E. 0.25 7.83 8.79 7.98 l.57 5.59 0.7l l.15 l.98 5.59 

pa 2.2 100 164.8 98.6 2.7 265.6 100 103.8 138.1 259 

(n = 12) (n =4) 

mean 0.004 5.4 1l.66 27.2 13.64 5.9 2.43 5.9 4.85 

P. saxicola S.E. 0.0011 3.86 4.45 13.99 5.26 l.52 1 l.16 2.04 

pa 0.07 100 215.9 503.7 252.6 100 41.2 100 82.2 

pa represents the concentration relative to the concentration fOlmd in the oesophagus expressed as a percentage. 
S, 0, A, P and R denote ambient sediment/sea water, oesophagus, anterior intestine, posterior intestine and rectum respectivley. 



Table 3.5 

H.forskali 

L. inhaerens 

P. saxicola 

A summary of the statistical analyses comparing bacterial numbers, TOC, TN 

and C/N ratios along the digestive tracts of H. forskali , L. inhaerens and 

P. saxicola. 

Classical Experimental df Multiple Range Test 

ANOVA (Student-Newman-Kuels) 

Bacteria F=2.423, p = 0.0975 3,19 No significant differences 

TOC F=6.239, P = 0.0043 ** 3, 18 R significantly different from 

A&P 

TN F=4.484, P = 0.0161 ** 3,18 P & R significantly different 

C/N ratio F=1l.709, p = 0.0002 ** 3, 18 o & P significantly different 

Bacteria F=7.360, p = 0.0001 ** 4, 53 S & A; 0 & P; 0 & RlC; 

A & R; P & R significantly 

different 

TOC F=0.796, P = 0.5451 4, 16 No significant differences 

TN F=0.845, P = 0.5158 4, 17 No significant differences 

C/N ratio F=1.044, p = 0.4135 4, 17 No significant differences 

Bacteria F=1.543, p = 0.2704 4, 42 No significant differences 

TOC F=0.743, P = 0.5468 3, 12 No significant differences 

TN F=2.014, P = 0.1658 3, 12 No significant differences 

C/N ratio F=1.308, p = 0.3171 3, 12 No significant differences 

S: ambient sediment/sea water; 0 : oesophagus; A: anterior intestine; P: posterior intestine; 

RlC: rectum/cloaca. 

* * Denotes significance at the 5 % level. 

64 



Table 3.6 

Bacteria 

TOe 

TN 

Selectivity coefficients and absorption efficiencies for ingested bacteria, Toe 

and TN in H forskali , L. inhaerens and P. saxicola. 

Species Selectivity coefficient (1) Absorption efficiency (2) 

Hforskali - 60.86% 

L. inhaerens 45 76.74% 

P. saxicola 1350 -152.59% 

Hforskali - 47.74% 

L. inhaerens 3 56.23% 

P. saxicola - 27.93% 

Hforskali - 16.09% 

L. inhaerens 11 66.77% 

P. saxicola - -67.45% 

(1). Selectivity coefficients are calculated as the concentration in the ingested material 

divided by the concentration in the ambient sediment (Sibuet et al. , 1982; Sibuet, 1984b). 

n.h. No ambient sediment data were available for H forskali and no ambient sea water data 

were available for P. saxicola. 

(2). Absorption efficiencies are calculated as the percentage decrease in concentration from 

the oesophagus to the rectum (Sibuet et al., 1982; Amon and Herodl, 1991). 
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Figure 3.7 

(a) 

Sed. o. A . P. RfC 

Gut region. 

(b) 

Sed. o. A . P. RfC 

Gut region 

(c) 

sw. o. A. P. RlC 

Gut region 

Mean bacterial numbers along the digestive tracts of (a) Holothuriaforskali 

(n = 13), (b) Leptosynapta inhaerens (n = 15), (c) Pawsonia saxicola 

(n = 12). (Error bars: ± 1 SE). 

Sed.: ambient sediment; SW.: sea water; 0 .: oesophagus; A. : anterior intestine; 

P.: posterior intestine; RlC: rectumlcloaca. 
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The mean bacterial profile along the digestive tract of P. saxicola, as illustrated in 

figme 3.7c indicates that bacterial numbers were lowest in the oesophagus and peaked in the 

posterior intestine. ANOVA reveals that these differences were not significant (ANOVA, 

F=1.543, df 4, 42, p=0.2704, table 3.5). 

Absorption efficiencies are calculated as the percentage decrease in concentration from 

the oesophagus to the rectum (Sibuet et. al., 1982). In H. forskali and L. inhaerens the 

absorption efficiencies for transient bacteria were high, 60.86% and 76.74%, respectively 

(table 3.5). However, in P. saxicola this value was negative (-152.59%, table 3.5), indicating 

a net increase in bactelial concentration from the oesophagus to the rectum. 

Total organic carbon (TOe) 

The concentrations ofTOC in the oesophagus of H. forskali , L. inhaerens and 

P. saxicola represent the concentrations of organic carbon in the sediment ingested by each 

species. In the oesophagus of H. forskali the TOC was higher (43.65 mg Cg-1
) than in 

L. inhaerens (17.82 mg Cg-1
) or P. saxicola (15.93 mg Cg-1

) (table 3.4b). These values can be 

used, along with the concentration of organic carbon attributable to bacteria, to determine the 

percentage contribution of bacteria to the TOC in the ingested sediment. This is determined 

using the equation: 

Percentage contribution = [Bacterial carbon content (/-lg Cg-1
) / TOC (/-lg Cg-1)].100 (2) 

The results indicate that bacteria contributed only 0.015%, 0.068% and 0.011 % of the TOC in 

the ingested sediment for H. forskali , L. inhaerens and P. saxicola, respectively. 

Comparing TOC values found in the oesophagus of L. inhaerens with those of the 

ambient sediment gives a selectivity coefficient of3 (table 3.6). TOC values were not 

available for the ambient surface sediment/sea water of H. forskali and P. saxicola. 

The profiles of mean TOC values along the digestive tracts of H. forskali , L. inhaerens 

and P. saxicola are illustrated in figs. 3. 8a-c. In H. forskali TOC values were lower in the 

rectum than elsewhere in the digestive tract (fig. 3.8a). ANOVA reveals that TOC values 

were significantly different along the digestive tract (ANOVA, F=6.239, df3 , 18, p=0.0043, 

table 3.5) and a multiple range test indicates that values in the rectum were significantly 

different :from both the anterior and posterior intestines. There was a consistent decrease in 

TOC along the digestive tract of L. inhaerens, as illustrated in figure 3.8b. However, 

statistical analysis indicates that this apparent trend was not significant (ANOVA, F=0.796, df 

4, 16, p=0.5451, table 3.5). In the digestive tract of P. saxicola, TOC values peaked in the 

anterior intestine (fig. 3.8c); however, statistical analysis indicates that this was not 
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Table 3.4b Organic carbon and total nitrogen concentrations along the digestive tracts of Holothuriaforskali, Leptosynapta inhaerens 

and Pawsonia saxicola. 

Total organic C (mg/ g) Total N (mg/g) 

S 0 A P R S 0 A P R 

(n =8) (n =8) 

mean 43.65 49.81 53 .71 22.81 2.3 3.88 6.97 1.93 

H.forskali S.E 3.2 4.29 7.52 4.48 1.1 0.65 2.04 0.38 

pa 100 114.1 123 52.3 100 168.7 303.7 83.9 

(n =6) (n = 6) 

mean 5.55 17.82 13.6 11.9 7.8 0.5 5.7 4.1 2.27 1.78 

L. inhaerens S.E. 2.85 6.93 3.92 4.45 3.67 0.1 3.7 1.25 1.15 0.54 

pa 31.1 100 76.3 66.8 43.8 8.8 100 71.9 39.8 31.2 

(n = 4) (n = 4) 

mean 15.93 21.48 13.93 11.48 3.18 10.33 3.0 5.33 

P. saxicola S.E. 2.98 3.06 1.83 3.53 0.89 3.06 1.83 3.33 

pa 100 134.8 87.4 72.1 100 324.8 94.3 167.6 

pa represents the concentration relative to the concentration found in the oesophagus expressed as a percentage. 
S, 0, A, P and R denote ambient sediment/sea water, oesophagus, anterior intestine, posterior intestine and rectum respectivley. 
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Figure 3.8 Mean Total Organic Carbon (TOC) values along the digestive tracts of 
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significantly different from values in other regions of the gut (ANOVA, F=0.743 , df3 , 13, 

p=0.5468, 

table 3.5). 

The absorption efficiency ofTOC along the digestive tracts of H. forskali, 

L. inhaerens and P. saxicola can be determined by comparing the values found in the rectum 

with those found in the oesophagus. The absorption efficiency ofTOC was higher in 

L. inhaerens (56.23%) than H. forskali (47.74%) and lowest in P. saxicola (27 .93%) 

(table 3.6). There was a net decrease in TOC along the digestive tract in all three species. 

Total nitrogen (TN) 

The TN in the oesophageal contents indicates the concentrations present in the 

sediment ingested by the holothurian. Concentrations in the oesophagus of L. inhaerens 

(5 .7 mg Ng-1
) were approximately double those observed in H. forskali (2.3 mg Ng-l) and 

P. saxicola (3.2 mg Ng-l) (table 3.4b). 

A comparison of the concentration ofTN in the oesophagus of L. inhaerens with that 

of adjacent ambient sediment gives a selectivity coefficient of 11 (table 3.6). TN values were 

not available for the ambient surface sediment/sea water of H. forskali and P. saxicola. 

The profiles ofTN along the digestive tracts of H. forskali , L. inhaerens and 

P. saxicola are illustrated in figs. 3.9a-c. TN concentrations peaked in the posterior intestine 

of H. forskali and then declined in the rectum (fig. 3.9a). ANOVA reveals that there were 

significant differences between the gut regions (ANOVA, F=4.484, df3, 18, p=0.0161, table 

3.5) and a multiple range test confirms that the TN concentrations were significantly different 

between the posterior intestine and the rectum. In L. inhaerens the TN concentration 

appeared to decline gradually along the digestive tract (fig. 3. 9b). However, analysis of 

variance reveals that these differences were not significant (AN OVA, F=0.845, df 4, 17, 

p=O. 515 8, table 3.5). The TN concentration peaked in the anterior intestine of P. saxicola 

(fig. 3. 9c), but ANOV A reveals that there were no significant differences along the digestive 

tract (ANOVA, F=7.014, df3 , 12, p=0.1658, table 3.5). 

The absorption efficiency of TN was determined by comparing the TN values found in 

the rectum with those found in the oesophagus. The absorption efficiency was higher in 

L. inhaerens (66.77%) than H. forskali (16.09%); the value was negative for P. saxicola 

(-67.45%), indicating a net increase in TN during passage along the digestive tract (table 3.6). 
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Figure 3.9 Mean Total Nitrogen (TN) values along the digestive tracts of 

(a) Holothuriajorskali (n = 8). (b) Leptosynapta inhaerens (n = 6). 
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Carbon nitrogen ratio (CIN ratio) 

The C/N ratio profiles along the digestive tract of H. forskali , L. inhaerens and 

P. saxicola are illustrated in figs. 3. l0a-c. In H. forskali the mean C/N ratio peaked in the 

oesophagus (23.75), declined towards the posterior intestine (9.17) and then increased in the 

rectum (17.02) (see fig 3.10a and table 3.4a). ANOVA indicates the there was a significant 

difference in the C/N ratio along the digestive tract and a multiple range test confirms that the 

significant difference occurred between the oesophagus and posterior intestine (AN OVA, 

F= ll. 70S, df3 , IS, p=0.0002, table 3.5). The C/N ratio profile of L. inhaerens indicates that 

values were higher in the ambient sediment (12.75) and the rectum (12.43) than elsewhere in 

the digestive tract (4.S-6.63) (fig. 3.10b and table 3.4a). However, ANOVA reveals that these 

differences were not significant (ANOVA, F=1.044, df 4, 17, p=0.4135, table 3.4). There was 

no definite trend in the C/N ratios along the digestive tract of P. saxicola (fig. 3.1 Oc), as 

confirmed by a non-significant ANOVA (ANOVA, F=1.30S, df3 , 12, p=0.3171, table 3.5). 
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3.4 Discussion 

3.4.1 Qualitative gut content analysis 

H. forskali is a surface deposit feeder (Chapter 6) that occurs subtidally on hard rock 

surfaces. The gut contents observed include detritus diatoms spicules copepods nematodes , , , , , 

molluscs, sand particles, faecal pellets and bacteria and were similar to those recorded for 

surface deposit-feeding aspidochirotids by other authors (Bakus 1968· Sloan 1979· Levin , , , , , 

1980; Yingst, 1982; Wiedmeyer, 1992; Foster, 1994). In an investigation of thirty-two species 

of tropical aspidochirotids from a Pacific coral reef, Levin (1980) concluded that gut contents 

were markedly different between species and habitats and were determined by habitat and food 

availability. 

L. inhaerens is a burrowing deposit feeder (Chapter 6) which occurs intertidally in 

coarse sediment. In the present study, SEM revealed that the gut contents of the L. inhaerens 

include detritus, macroalgal fragments, diatoms, copepods, nematodes, molluscs, ostracods, 

ciliates, sand particles, echinoid spines and fimgal hyphae. Sanders et al. (1962) studied the 

gut contents of L. inhaerens using light microscopy and similarly observed sand particles, 

detritus, crustacean appendages, shells, diatoms and mollusc remains. Powell (1977) 

speculated that the congeneric Leptosynapta tenuis (Ayres) ingests the top few centimetres of 

the sediment which contains the highest numbers of bacteria, diatoms, meiofauna and 

microfauna. However, no gut content analyses were undertaken by Powell (1977) to 

substantiate this argument. 

P. saxicola is a suspension feeder (Chapter 6) which occurs under boulders in exposed 

intertidal areas. SEM revealed that P. saxicola ingests detritus, unicellular and multicellular 

filamentous algae, macro algae, diatoms, sponge spicules, copepods and sand particles. These 

observations were similar to those made on the gut contents of other suspension-feeding 

holothurians by Brumbaugh (1965), Costelloe and Keegan (1984) and Foster (1984) and in the 

review of Mass in (1982a). 

Foster (1994) used SEM to classifY four species of dendrochirotids: Roweia stepensoni 

(John), Roweiafrauenfeldifrauenfeldi (Ludwig), Aslia spyridophora (Clark) and 

Pseudocnella sykion (Lampert) on the basis of gut contents. He classed R. stepensoni, 

A. spyridophora and P. sykion as ' suspension feeders ' , ingesting diatoms, unicellular and 

filamentous algae, macroalgal fragments, dinoflagellates, sponge spicules, echinoid spines, 

fragments of arthropod exoskeletons, and unidentifiable organic detritus. R. f frauenfeldi was 

classed as a 'heavy suspension feeder ', ingesting unidentifiable plant matter, gastropod shells, 
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algae, whole crustacean exoskeletons and appendages, amphipod exoskeletons, echinoid 

spines and sand particles. Similarly, whole crustacean exoskeletons were observed in the gut 

contents of Pawsonia saxicola suggesting that it is also could be categorised as a 'heavy 

suspension feeder'. 

3.4.2 Quantitative gut content analysis 

Counts undertaken using light microscopy indicate that certain items are more 

numerous in the oesophagus, suggesting that they play a significant role in the diet. However, 

care must be taken when interpreting them as potential food without a knowledge of the 

calorific value and availability of organic matter (Johnson, 1974). One must also consider the 

state of material prior to ingestion and ingested material is not necessarily utilised and it may 

pass through the gut undigested (Bakus, 1968; Fenchel, 1970). 

Detritus is defined as non-living particulate matter and associated microbes (Baker and 

Bradnam, 1976). Johnson (1974) stated that detritus is the major food source for benthic 

organisms. Counts of detrital clumps can only be taken as an index of abundance because 

their total numbers will depend on the degree to which the sample has dispersed on the slide 

prior to counting (Johnson, 1974); the count method is more suited to estimating discrete units 

rather than aggregations or fragments such as detritus or macroalgae (Hyslop, 1980). 

Detrital clumps were found to be the most numerous item in the gut contents of all 

three holothurian species (50-80%). The deposit feeders H. forskali and L. inhaerens ingest 

them as components of the sediment on which they feed. Moriarty (1982) and Moriarty et al. 

(1985) observed similar levels of detritus in the sediment available to the tropical 

aspidochirotids Holothuria a/ra (Jaeger) and Stichopus chloronotus (Brandt). H. forskali 

contained a significantly greater proportion of detrital clumps, possibly reflecting a greater 

amount of detritus on the sediment surface where it concentrates its feeding activities. 

Detritus may become available as a food item to P. saxicola through the resuspension ofthe 

sediment surface by wave action as described by Foster (1994) for other dendrochirotid 

species. P. saxicola may also pick up detritus by brushing the sediment surface with their 

tentacles (see chapter 6). Such shifts between suspension and deposit feeding have been 

reported in a number of taxa including the bivalve Scrobicularia plana and the polychaete 

Owenia sp . (Roberts, 1994). 

In cases where higher plant material is the main source of detritus it may not be readily 

digested (Moriarty, 1982), therefore, the quality of the detritus is also important (Newell, 

1965). Failure to assimilate detritus can be attributed to the lack of digestive enzymes to 
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hydrolyse the structural carbohydrates within detritus (Fenchel and Blackburn, 1979) (see 

chapter 5). 

P. saxicola had significantly more filamentous algae in its gut contents than the two 

deposit feeding species, suggesting higher concentrations in the water column than the 

sediment. Bmmbaugh (1965) noted that algae may also provide a surface for colonisation by 

diatoms, thus, increasing their value as a food source. 

The gut contents of H. forskali, L. inhaerens and P. saxicola did not contain a 

significant proportion of macroalgae. They are a refractory food source containing structural 

components such as cellulose and it appears that these holothurian species do not have the 

appropriate enzyme suites to digest them (Chapter 5). Macroalgal breakdown within the 

sediment probably occurs via microbes. Massin (1982a) noted that although such macro algae 

are not digested they support epiphytic organisms on which holothurians feed. 

Iohnson (1974) and Bianchi (1988) stated that diatoms are common in sediments and 

are therefore an important food source to deposit feeders. However, in the present study, 

large numbers of diatoms were not ingested by the deposit feeders H. forskali and 

L. inhaerens. Hammond (1983) noted that although diatoms represent a major carbon source 

in sediments only a small proportion is apparently ingested, digested or assimilated by deposit 

feeders. 

Diatoms appeared in large numbers in the gut of P. saxicola, whose dendritic tentacles 

are able to trap particles suspended in the water column (Chapter 6). Their abundance and 

simple, easily digestible structures (they do not posses a thick cell wall) make them a 

significant component of the diet. Bmmbaugh (1965) noted that diatoms were the primary 

food source for another suspension-feeding dendrochirotid, Cucumaria curata (Cowles). As 

the supply of diatoms is seasonal, it would be of interest to investigate the gut contents of 

P. saxicola on a seasonal basis 

Holothurian and sponge spicules occurred in small numbers in the gut contents of all 

three species, they are not considered of calorific value but they may provide an important 

source of calcium to the holothurians. 

Meiofauna include copepods, mysids, nematodes, molluscs, ostracods, polychaetes and 

nauplii. In H. forskali , L. inhaerens and P. saxicola, meiofauna only made a small 

contribution to the composition of the ingested material. In his review, Massin (1982a) noted 

that meiofauna are generally rare in holothurian intestinal contents, although they would be 

very easily ingested. Yingst (1976) proposed that meiofauna might be an important food 

source for deposit feeders but found that they contributed only 1 % to the carbon pool. In 

addition, Hammond (1983) observed the failure to ingest the meiofaunalnumbers available 
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and the apparent lack of assimilation in the gut emphasises their insignificance as a carbon 

source. 

Sanders et al. (1962) suggested that there is a possible bias when counting gut 

contents because animal remains may disappear faster than plant remains. Therefore, in 

studies of this kind, samples are generally taken from the oesophagus to reduce the time 

available for digestive processes to occur. In addition, many animal components, e.g. setae 

and exoskeletons, are likely to resist digestion and will be detected ifpresent (Sanders et al., 

1962). 

Burrowing deposit feeders ingest large quantities of sand during the course of their 

activities (Crozier, 1918). This was confirmed in the present study since the burrowing 

deposit feeder L. inhaerens had a larger proportion of sand particles in its gut contents 

compared to the surface deposit feeder, H. forskali and the suspension feeder, P. saxicola. 

Although sand particles do not provide nutrition they do have a large surface area supporting 

microbial populations which would be available to the holothurian. 

A comparison of the oesophageal contents of L. inhaerens with the ambient sediment 

provides little evidence of selective ingestion of particular food items. Only the proportion of 

meiofauna was significantly higher in the gut contents than in the sediment and these are not 

considered an important food source. Sanders et al. (1962) considered L. inhaerens a 

omnivorous non-selective deposit feeder, ingesting sediment indiscriminately. 

The oesophageal contents of P. saxicola were significantly different from the ambient 

sea water. Of the food items considered, filamentous algae, diatoms and meiofauna were all 

found in greater proportions in the oesophageal contents, suggesting that the dendritic 

tentacles concentrate food items suspended in the water column (see Chapter 6). 

There are no data available for the ambient surface sediment on which H. forskali feeds 

because no surface sediment samples were collected. 

3.4.3 Nutrient proftles along the digestive tract 

Bacteria 

Early studies listed the principal holothurian food items as meiofauna and diatoms 

(Hyman, 1955 ; Bakus, 1973). However, other literature predicts that the bacteria associated 

with detritus rather than the detritus itself may be a quantitatively important food source for 

holothurians (for review see Sibuet et al., 1982; Hammond, 1983). When considering the 

importance of bacteria in the nutrition of marine animals one must determine whether they are 

ingested/assimilated and whether they are sufficiently abundant to constitute a significant part 
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of the food supply (Zobell and Feltham, 1938; Cammen, 1980). There is little doubt that if 

abundant enough they will play a role in nutrition (Zobell and Feltham, 1938). 

In the present study, the numbers of bacteria ingested were higher in the burrowing 

deposit-feeder L. inhaerens compared to the surface deposit-feeder H. forskali or the 

suspension-feeder P. saxicola. However, when these bacterial numbers are computed to 

percentage bacterial contribution to the TOC in the ingested sediment they are very low in all 

three species, less than 0.1 %. These values are lower than those quoted in other studies which 

give values of2-25% in the available sediment and the holothurian digestive tract (Cammen, 

1982; Moriarty; 1982, Plante et al. ; 1989; Amon and Hemd!, 1991). Hammond (1983) found 

low bacterial carbon concentrations in tropical sediments and stated that the importance of 

bactelia as a food source for deposit feeders may not be great, not withstanding the evidence 

that bacteria are more strongly selected and more efficiently assimilated. Therefore, bacteria 

may not be quantitatively as important as other components of detrital food material (Baker 

and Bradnam, 1976). 

The quality of the contribution of bacteria to deposit-feeder nutrition may be more 

important than the quantity; they can provide essential nutrients, e.g. nitrogen, vitamins and 

trace elements (Cammen, 1980; Rowe and Deming, 1985), transform the ingested organic 

matter (Fong and Manu, 1980), increase digestion efficiency (Ferguson, 1969) or donate 

digestive enzymes (Plante et aI. , 1990). It is also possible that detrital carbon may be used to 

satisfY metabolic requirements, whereas microbial carbon might result in growth (Cammen, 

1980). Extracellular polymers produced by bacteria may also be an important food source for 

deposit feeders (Moriarty, 1982); it is possible that although only small fraction of the organic 

matter is in the form of living microbes a relatively large fraction may be microbially derived 

(Cammen, 1982). Baird and Thistle (1986) observed Isostichopus badionotus (Selenka) to 

utilise extracellular polymers produced by commensal gut bacteria. However, Harvey and 

Luoma (1984) suggested that many deposit feeders lack the enzymes capable of attacking 

these polysaccharides. 

Comparing bacterial concentrations in the ingested sediment with those of the ambient 

sediment gives a selectivity coefficient (Sibuet, 1984b) which indicates whether selective 

ingestion of bacteria occurs. In L. inhaerens, bacterial concentrations in the oesophagus were 

almost fifty times higher than in the adjacent sediment, indicating selective ingestion. In the 

case of P. saxicola, bacterial concentrations in the oesophagus were three orders of magnitude 

higher than the ambient sea water. This figure may be an overestimate because P. saxicola 

ingests resuspended surface sediment which has a bacterial concentration at least one order of 
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magnitude greater than sea water (pers. obs.). It is likely that suspension feeders abstract 

bacteria from suspended organic matter and silt (Newell, 1965). 

No inferences can be made in the case of H. forskali because of the difficulty of 

collecting ambient surface se diments. Various authors have experienced difficulty in sampling 

surface sediments accurately without disturbance or including deeper sediments (Baker and 

Bradnam, 1976; Billett et al., 1988). Billett et ai. (1988) argued that comparisons made 

between sediment and gut contents merely reflects the skill with which holothurians and 

superficial sediments have been sampled. 

Positive selectivity for bacteria in holothurians has been reported in numerous studies 

(Khripounotf and Sibuet, 1980; Moriarty, 1982; Deming and Colwell, 1982; Ralijaona and 

Bianchi, 1982; Sibuet et al. , 1982; Yingst, 1982; Alberic and Khripounoff, 1984; Amon and 

Hemd!, 1991). It has been suggested that these observations are the result of bacterial 

proliferation in the oesophagus rather than selective feeding (Ralijaona and Bianchi, 1982). 

Proliferation may be unlikely because the foregut is a simple tube through which food passes, 

there would not be much time for bacterial growth; also, if organic matter which supported 

rapid bacterial growth was present, bacteria in the sediment would utilise it first (Moriarty, 

1982). However, the detritus ingested by deposit-feeding holothurians provides a productive 

substrate for bacteria (Sloan, 1979), particularly ifit is concentrated by the feeding activities of 

the holothurians. 

The long digestive tract ofholothurians facilitates the analysis of intestinal contents and 

the changes occurring between the oesophagus and the cloaca (Sibuet, 1984b). Bacterial 

concentrations peaked in the oesophagus of H. forskali and declined beyond it. Surprisingly, 

ANOV A indicates that these differences are not significant, probably because too few samples 

were available from the anterior intestine as it was often found to be empty. The peak in the 

oesophagus could be the result of selective ingestion of bacteria (although there is no surface 

sediment data to confirm this) or the rapid proliferation of bacteria in the oesophagus. Beyond 

this region, the decline in numbers provides evidence of the enzymatic digestion and 

absorption of bacteria in the intestines as described in various studies ofholothurians (Deming 

and Colwell, 1982; Moriarty, 1982; Ralijaona and Bianchi, 1982; Sibuet et ai., 1982; Alberic, 

Feral and Sibuet, 1987; Amon and Hemd!, 1991). 

In L. inhaerens bacterial numbers peaked in the anterior intestine and then declined in 

the rectum. Possibly, bacteria proliferate in the different physiological conditions (Plante and 

Jumars, 1992) of the digestive tract prior to digestion in the posterior intestine. 

The bacterial profiles along the digestive tract of P. saxicola are unclear; numbers 

appeared low in the oesophagus and peaked in the posterior intestine, however, these 
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differences were not significant. Digestion is not the only factor that influences bacteria 

profiles; differences in digestive efficiency and growth of bacteria in the gut must also be 

considered (Plante et aI. , 1989). In addition, fluctuations in the intensity and direction of 

water flow will produce temporal variations in the quality of food ingested (Massin, 1982a), 

therefore, bacterial numbers in the rectum of P. saxicola do not necessarily bear any relation 

to those observed in the oesophagus. 

Absorption efficiencies cannot easily be measured directly in the field because it is 

difficult to provide animals with diets with known compositions and then collect faeces ; 

therefore, approximate absorption efficiencies are determined by comparing foregut and hind 

gut concentrations (Moriarty, 1982). 'Digestion efficiencies' are calculated rather than 

' assimilation efficiencies' because the loss from food is measured rather than the gain by the 

animal (Cammen, 1980). Absorption efficiencies are underestimates because the bacterial 

growth within the gut is ignored (Plante et aI. , 1989). Also, decreases from foregut to hindgut 

reflect digestion only if there is no appreciable mixing, the gut contents have a short retention 

time, the gut is kept continuously full and the food source is of a constant composition (Baker 

and Bradnam, 1976). 

In the present study, absorption efficiencies for transient bacteria, calculated according 

to Sibuet et al. (1982) were highest in L. inhaerens (76.74%) suggesting that they utilise 

bacteria with the greatest efficiency. The slightly lower absorption efficiency in H. forskali 

(60.86%) reflects the more nutrient-rich surface sediment on which this species feeds; high 

absorption efficiencies are associated with refractory food sources. For example, Amon and 

Hemdl (1991) observed absorption efficiencies in Holothuria tubulosa (Gmelin) to increase as 

the bacterial carbon content of the sediment decreases. These absorption efficiencies are 

similar to other studies on deposit-feeding shallow-water holothurians which have observed 

values ranging from 32-71 % for bacteria (Yingst, 1976; Moriarty, 1982; Amon and Hemdl, 

1991). 

A negative absorption efficiency for P. saxicola indicates an increase in bacterial 

numbers along the digestive tract, possibly because of proliferation of bacteria in the digestive 

tract but more likely because of temporal variations in the amount of bacteria in sea water. 

Total organic carbon (TOe) and Total nitrogen (TN) 

Ingested TOC was greater in the oesophagus of the surface deposit feeder H. forskali 

than in the burrowing deposit feeder L. inhaerens and the suspension feeder P. saxicola. This 

could be the result of greater amounts of TOC available to H. forskali in the surface sediment 
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or the selective ingestion of organic-rich matter. Unfortunately, no surface sediment TOC 

values are available to compare with the values found in the oesophagus. 

In contrast, ingested TN was higher in L. inhaerens than either H. forskali or 

P. saxicola, possibly reflecting the higher bacterial concentrations observed in the oesophagus 

of L. inhaerens. Bacteria are thOUght to be directly related to nitrogen levels in the sediment 

(Dale, 1974 cited in Yamanoto and Lopez, 1985). However, measured TN values are not 

necessarily available to holothurians as they are not an accurate indication of protein 

concentration (Rice, 1982). 

In situations of poor nutritional resources the selection of organic particles is important 

(Khripounoff and Sibuet, 1980) and Massin (1980a) noted that the ability to concentrate 

organic matter in the oesophagus is common in deposit-feeding invertebrates. In the present 

study, data for selection ofTOC are only available for L. inhaerens; comparing TOC values 

found in the oesophagus with those in the ambient sediment gives a selectivity coefficient of3 . 

Numerous authors have observed shallow-water holothurians to selectively ingest sediment 

rich in organic matter (Massin and Jangoux, 1976; Webb et al. 1977 cited in Hammond, 1983; 

Hauksson, 1979; Massin, 1980a; Moriarty, 1982; Hammond, 1983 ; Billett et al., 1988; Amon 

and Hemd!, 1991). These previous studies reported selectivity coefficients ranging from 1.3-

8, indicating that holothurians are capable of selecting food of a chemical composition 

different from the chemical composition of the sediment (Akhemtieva et ai., 1982). The value 

for L. inhaerens lies within this range. When interpreting selectivity coefficients one must 

consider the spatial variability of nutrient components of the sediment (Billett et ai. , 1988). 

Consequently, organisms may be classed as selective or non-selective feeders depending on the 

parameters of the food resource which are measured (Hammond, 1983). 

Not all the increases in TOC in the oesophagus have been attributed to selective 

feeding; the contribution by the holothurian to organic matter in its own gut may be an 

important source of error when comparing gut contents with sediment samples, especially in 

environments where the organic content of the sediment is low, e.g. the deep sea (Billett et ai. , 

1988). Various authors have doubted that mucus secretions account for anything more than a 

small proportion of the TOC in the guts of shallow-water holothurians (Yingst, 1974; Massin, 

1980a; Hammond, 1983). Yingst (1974) noted that only 10% of the organic matter is 

attributable to secretions in Parastichopus californicus (Stimpson). Billett et ai. (1988) used 

chlorophyll markers to investigate selection avoiding the problem of mucus secretions and 

found high selectivity coefficients in the deep-sea species Benthogone rosea (Koehler), 

Laetmogone violacea (Theel), Paroriza pallens (Koehler) and Bathyplotes natans (M. Sars.). 
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As with organic carbon, various authors have also observed shallow-water 

holothurians to selectively ingest nitrogen from the sediments, reporting selectivity coefficients 

of l.2-3 (Tanaka, 1958; Webb et al., 1977; Moriarty, 1982; Hammond, 1983). In the present 

study, ambient sediment TN values were only available for Leptosynapta inhaerens; 

comparing these with those found in the oesophagus gives a higher selectivity coefficient of 

11, supporting the earlier suggestion of selective ingestion of bacteria from the sediment. 

Profiles of TOe values along the holothurian digestive tract indicate the regions in 

which digestion and absorption of organic materials occur. In the case of H forskali Toe 

values were significantly lower in the rectum, reflecting the digestion and absorption of 

organic material in the intestines. Moriarty (1982) and Sibuet et at. (1982) studied Toe 

profiles along holothurian digestive tracts and also noted lower organic carbon levels in the 

hindgut. Toe values decreased progressively along the digestive tracts of L. inhaerens and 

Pawsonia saxicola and reached their lowest levels in the rectum. However, these trends were 

not significant, probably because of the small sample sizes. 

The TN profile along the digestive tract of H forskali also showed a significant 

decrease between the posterior intestine and the rectum, possibly as the result of the 

absorption of amino acids in the posterior intestine. Newell (1965) stated that nitrogen 

represents the bacterial component and it falls off rapidly through the digestive tract of deposit 

feeders because of the digestion of bacteria. TN values also decreased progressively through 

the digestive tract of L. inhaerens, indicating the gradual absorption of nitrogenous 

compounds along the gut. However, this trend was not significant because of the small sample 

size (n=6). No apparent trend in TN values was observed in P. saxicola reflecting the absence 

of significant fluctuations in bacterial numbers along the digestive tract. 

The ability ofholothurians to absorb non-refractory components of the ingested 

sediment is determined by calculating the absorption efficiency (Sibuet, 1984b). The highest 

absorption efficiency for TOe occurred in L. inhaerens (56.23%), slightly higher than in 

Hforskali (47.74%) and twice that ofP. saxicola (27.93%). In all three species it appears 

that organic material is removed by the holothurians during its passage through the digestive 

tract. However, secretions may increase the organic content of the ingested sediment (as 

discussed earlier), therefore absorption efficiencies, calculated as the difference between the 

oesophagus and the rectum must be considered minimum estimates (Sibuet et al., 1982). 

The high absorption efficiencies found in L. inhaerens may reflect the refractory 

sediments in which this species occurs; lower efficiencies in H forskali possibly reflect the less 

refractory surface sediment upon which it feeds. That TOe values found in the digestive tract 

of H forskali were almost twice those found in L. inhaerens supports this idea. This does not 
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apply to P. saxicola; the levels ofTOC in the digestive tract and the absorption efficiency 

were both low. 

The various studies of absorption efficiencies for organic carbon in shallow-water 

holothmians have produced values between 17.2% and 50% (Balms, 1973; Yingst, 1976; 

Massin, 1980a; Moriarty, 1982; Hammond, 1983; Amon and Hemdl, 1991); these 

observations are similar to the results of the present study. Massin (1980a) noted that all the 

absorbed material is not necessarily assimilated. One must also consider that the absorption of 

organic material depends not only on the quality of nutritional elements but also on its 

chemical composition (Khripounoff and Sibuet, 1980). 

As with TOC, absorption efficiencies for TN were higher in L. inhaerens (66.77%) 

than in H. forskali (16.09%). P. saxicola had a negative absorption efficiency for TN (-

67.47%), suggesting increased nitrogen levels during passage through the digestive tract 

which may arise from bacterial proliferation in the posterior intestine and rectum. A number 

of studies have determined absorption efficiencies for nitrogen in shallow-water holothurians 

(Trefz, 1956; Tanaka, 1958; Moriarty, 1982; Amon and Hemd!, 1991); values ranged from 

20.9-52%. Moriarty (1982) stated that most animals absorb more nitrogen than carbon and 

the results for L. inhaerens in the present study agree with this prediction. 

CarbonlNitrogen ratios 

High CIN ratios reflect either elevated carbon levels and/or reduced nitrogen levels and 

in sedimentary material are generally interpreted as reflecting high levels of refractory carbon. 

The high CIN ratio of some detritus limits its utilisation by deposit feeders (Briggs et aI. , 

1979). Cammen (1982) suggested CIN ratios of7 indicate a food value that may be suitable 

for deposit feeders; bacteria have a C/N ratio of3.5 (Cammen, 1980). 

In L. inhaerens CIN ratios were higher in the ambient sediment (12.75) than the 

oesophagus (4.8), suggesting the selective ingestion of the less refractory components of the 

sediment; this corresponds to the large selectivity coefficients observed for bacteria and TN. 

Moriarty (1982) also observed lower CIN ratios in the foreguts of H. atra and S. chloronotus 

than the ambient sediment and suggested selection for organic matter with a high nitrogen 

content. 

In the digestive tract of H. forskali the significant decrease in the CIN ratio from the 

oesophagus to the posterior intestine reflects the release of nitrogenous components e.g. 

digestive enzymes and/or the absorption of non-refractory carbon compounds. C/N ratios 

then increased in the rectum, as a result of the absorption of nitrogenous components in the 
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posterior intestine. The C/N ratio profile mirrors the nitrogen profile, indicating that the ratio 

reflects fluctuations in nitrogen levels along the gut. 

The C/N ratios along the digestive tract of L. inhaerens decreased from the sediment 

to the oesophagus, remained low in the intestines and then peaked in the rectum. The low 

values in the intestines probably result from the release of nitrogenous components and/or the 

absorption of non-refractory carbon; the peak in the rectum results from the absorption of 

nitrogenous compounds in the posterior intestine. The C/N ratio profile mirrors the bacterial 

profile, suggesting that C/N ratios reflect fluctuations in bacterial concentrations. 

No definite trend was apparent in the C/N ratio profiles of P. saxicola, similar to the 

observations made for bacteria and TN along the digestive tract of this species. 

Gut content analyses revealed differences in the diets of the shallow water holothurians 

H. forskali , L. inhaerens and P. saxicola which reflect their different lifestyles and feeding 

modes. H. forskali , the surface deposit feeder appears to ingest mainly detritus, whereas 

L. inhaerens, the subsurface deposit feeder, ingests large quantities of sand particles. In 

contrast, the suspension feeder, P. saxicola ingests diatoms and filamentous algae as well as 

resuspended detritus. Bacteria appear to be selectively ingested by L. inhaerens and 

P. saxicola, however, they do not make a quantitative contribution to the organic carbon 

ingested; qualitatively they may be important, providing trace elements, vitamins and/or 

exoenzymes. The role ofbacteria in the nutrition of shallow water holothurians is still not 

fully understood and would benefit from research into the organic compounds utilised by the 

bacteria. Profiles of bacteria, organic carbon and nitrogen in the ambient sediment and along 

the gut reflect the processes of digestion and absorption within the holothurian digestive tract. 

They also indicate regions in which bacterial proliferation may occur. 
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Chapter 4 

Nutrient profiles along the digestive tracts of the abyssal, deposit-feeding holothurians: 

Oneirophanta mutabilis (Theel, 1879), Psychropotes longicauda (Theel, 1882) and 

Pseudostichopus sp. 

(Part afthe results afthis Chapter are presented in the paper: Moore et al. (in press), 

Appendix 1. ). 

4.1 Introduction 

Holothurians are the dominant epibenthic megafaunal taxon in abyssal regions; 

numerically, they represent over 80% of the abyssal megafauna (Sibuet and Lawrence, 1981; 

Sibuet, 1984a). Epifaunal holothurians swallow large amounts of material by skimming off the 

uppermost layer of the sediment (Billett, 1991) and their feeding, locomotion and faeces 

production has a substantial bioturbatory impact on the sediment (Massin, 1982; Sibuet et aI. , 

1982; Sibuet, 1984a; Billett, 1991). Therefore, their dominance, size and their impact on the 

sediment makes holothurians key species to study when investigating the fate of deposited 

material on the deep-sea floor (Moore et al., in press). 

Organic matter in deep-sea sediments is highly refractory and therefore not readily 

available to organisms (Rowe et al., 1991); this provides a nutritional problem to the deposit

feeding holothurians which subsist upon them. Hansen (1975) suggested that the large amounts 

of sediment ingested and the low organic content ofholothurians makes them ideally suited to 

existing on these refractory deep-sea sediments. In addition, abyssal holothurians may exploit 

the seasonal, nutrient-rich phytodetritallayers on the sediment surface (Billett et al., 1988; Tyler 

et al., 1992). Thus, abyssal deposit-feeding holothurians subsist on a temporally variable but 

predominantly refractory food source (Moore et al., in press). 

Various ideas have been suggested to explain how holothurians exploit refractory 

sediments; they include the selective ingestion of organic-rich material and/or bacteria (Massin, 

1980a; Khripounoff and Sibuet, 1980; Sibuet et aI. , 1982; Billett et aI. , 1988), the possession of 

transient/associated commensal gut bacteria (Deming and Colwell, 1982; Alberic and 

Khripounoff, 1984; Bensoussan et al., 1984; Billett, 1991) or the adoption of specialised feeding 

strategies and gut morphologies to process the ingested sediment more efficiently (Penry and 

Jumars, 1986; 1987; 1990; Penry, 1989; Plante et al., 1990). 
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A number of studies have noted selective feeding in abyssal holothurians. Khripounoff 

and Sibuet (1980), Sibuet et al. (1982) and Billett et al. (1988) all observed the selective 

ingestion of organic material from the sediment. In addition, Sibuet et al. (1982), Ralijaona and 

Bianchi (1982), Deming (1981 cited in Sibuet, 1984b), Deming and Colwell (1982) and Alberic 

et al. (1987) reported higher bacterial numbers in the oesophagus of abyssal holothurians than 

the adjacent sediments and concluded that the selective ingestion of bacteria and/or bacterial 

proliferation in the oesophagus was occurring. 

The long digestive tract ofholothurians allows the analysis of the changes in the gut 

contents between the oesophagus and cloaca (Sibuet, 1984b). Investigations of nutrient profiles 

along the digestive tracts of abyssal holothurians (Sibuet et aI., 1982; Deming and Colwell, 

1982; Ralijaona and Bianchi, 1982; Alberic, Feral and Sibuet, 1987) point to digestion and 

absorption in the intestines and, in certain studies, bacterial proliferation in the rectumlcloaca 

(Sibuet et al., 1982; Deming and Colwell, 1982). 

A number of these previous studies have relied on small and often non-contemporary 

samples, however, this study uses relatively large, contemporary samples. It aims to investigate 

interspecific differences in feeding and digestive strategies employed to exploit refractory 

abyssal sediments by the coexisting, deposit-feeding abyssal holothurians Oneirophanta 

mutabilis (Thee!, 1879), Psychropotes longicauda (Theel, 1882) and Pseudostichopus sp .. 

These three species dominate the holothurian biomass at The Porcupine Abyssal Plain (PAP) 

(Thurston et aI. , 1994); 0. mutabilis constitutes 58%, Psychropotes longicauda 25% and 

Pseudostichopus sp. 10% of the total biomass respectively. 0. mutabilis and Psychropotes 

longicauda belong to the order Elasipodida, whereas Pseudostichopus sp. belongs to the order 

Aspidochirotida. Transient bacteria, Total Organic Carbon (TOC), Total Nitrogen (TN) and 

CarbonlNitrogen ratios (C/N) were recorded in the ambient surface sediment and along the 

digestive tracts of these species to investigate the selection and absorption of these sediment 

components. Variations in bacterial numbers and TN along the digestive tract were used to 

indicate regions of bacterial proliferation within the gut. The feeding depths and gut 

morphologies of the three species will be considered in relation to the nutrient profiles and 

feeding strategies. 

4.2 Materials and methods 

4.2.1 Specimen collection 

All the sampling of abyssal holothurians and abyssal sediment was carried out dUlmg 

The RRS Challenger III Cruise to the North East Atlantic from 29th March to 25th April, 
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1994. Sampling was undertaken as part of the Mast II research project "Community Structure 

and Processes in the Deep-sea Benthos" - MAS2-CT920033. The samples were obtained fiom 

the PAP, which is centred at 48°50'N, 16°30'W, at a depth of 4850m. Fifteen specimens of each 

of the abyssal species 0. mutabilis, Psychropotes longicauda and Pseudostichopus sp. were 

collected using either a Semi-balloon Otter Trawl (O.T.S.B.) or an I.O.S. Epibenthic Sledge. 

Specimens brought on board were immediately placed in pre-chilled sea water at 4°C and 

processed within 3 hours. Ambient surface sediment samples were obtained using the Scottish 

Marine Biological Association (S.M.B.A.) Multiple Corer, cores were taken within close 

proximity to the trawl and sledge hauls. Summaries of the sampling details are given in tables 

4.1 and 4.2. 

Semi-balloon Otter Trawl (OTSB) 

Descriptions of the construction and operational procedures of the Semi-balloon Otter 

Trawl are given in Merrett and Marshall (1981). In summary, the trawl consists of a net held 

open at one end by a pair of ''V'' doors and the body of the net is mainly constructed of 4.4cm 

mesh, apart from the codend (3 . 7cm mesh net). Three evenly spaced glass spheres, encased in 

polyethylene, are attached to the headline and provide buoyancy to prevent the trawl from 

dragging in the sediment; despite this the trawl collects substratum and benthic organisms as 

well as benthopelagic organisms. The ''V'' doors at the opening of the net measure 1.5 x 1m 

and weigh 180Kg and they are separated by a pair of sweep lines on each side and are 

connected by bundles, 5 Om in length through a swivel to a single trawl warp. 

A 10Khz acoustic beacon, mounted on the sweep line, enables the progress of the trawl 

to be monitored. The optimal signal strength of both the direct pulse from the pinger and that 

reflected from the seabed was obtained on the shipboard echo-sounder. When the trace 

received directly from the pinger matched the reflected pulse from the seabed the trawl was 

known to be on the sea floor; while these two pulses continued to be coincidental the trawl 

remained on the sea floor. The optimal ship speed for a successful trawl ranged from 2-2.5 

knots (Merret and Marshall, 1981). 

I.O.S. Epibenthic Sledge 

Comprehensive reviews of the operational procedures of The I. O. S. Epibenthic Sledge 

are given in Aldred et al. (1976) and Rice et al. (1982). They are summarised below. The 

sledge consists of a steel frame which rests on a pair of broad skids and it contains an odometer, 

four benthic nets, a 35mm camera and an acoustic pinger. The frame is 1.92m long, 2.29m wide 

and 1.22m high. Attached to the back and lower parts of the frame are three separate nets: the 
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Table 4.1 

Species 

Oneirophanta 

mutabilis 

Oneirophanta 

mutabilis 

Psychropotes 

longicauda 

Psychropotes 

longicauda 

A summary of the sampling details for the collection of specimens of 

0. mutabilis, Psychropotes longicauda and Pseudostichopus sp. during 

RRS Challenger Cruise 111. 

No. Method of Sample Depth Date 

collection reference 

number 

9 lO.S. 53201#8 4846-4850m. 10/4/94 

Epibenthic 

Sledge 

6 O.T.S.B. 53201#24 4843-4846m. 13-14/4/94 

6 O.T.S.B. 53201#24 4843-4846m. 13-14/4/94 

9 O.T.S.B. 53201#28 4845-4846m. 15/4/94 

Pseudostichopus 15 O.T.S.B. 53201#1 4834-4836m. 6-7/4/94 

sp. 
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Table 4.2 

Sediment 

depth 

0-lcm 

0-lcm 

0-lcm 

0-lcm 

0-lcm 

1-2cm 

1-2cm 

1-2cm 

1-2cm 

1-2cm 

1-2cm 

2-3cm 

3-4cm 

A summary of the sampling details for the collection of surface sediment from 

abyssal depths during RRS Challenger Cruise Ill . 

Core no. No. Method of Sample Depth Date Bacteria 

(1-12) collection reference orCHN 

number analysis 

5 1 Multicorer 53201#7 4837m. 9/4/94 CHN 

8 1 Multicorer 53201#9 4845m. 10/4/94 CHN 

2 1 Multicorer 53201#11 4847m. 10/4/94 CHN 

3 1 Multicorer 53201#17 4846m. 12/4/94 CRN 

4 1 Multicorer 53201#22 4844m. 13/4/94 CRN 

5 1 Multicorer 53201#7 4837m. 9/4/94 CHN 

8 1 Multicorer 53201#9 4845m. 10/4/94 CHN 

2 1 Multicorer 53201#11 4847m. 10/4/94 CHN 

3 1 Multicorer 53201#17 4846m. 12/4/94 CHN 

4 1 Multicorer 53201#22 4844m. 13/4/94 CHN 

12 1 Multicorer 53201#14 4844m. 11/4/94 Bacteria 

12 2 Multicorer 53201#14 4844m. 11/4/94 Bacteria 

12 2 Multicorer 53201#14 4844m. 1114/94 Bacteria 
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central net has a fine mesh of 1.0mm while the outer two nets comprise coarser meshes 

( 4. 5mm). A canvas bag is situated at the codend of each net which can be easily opened to 

empty the haul. The coarse nets are suitable for megafaunal sampling. Above these three nets 

lies a suprabenthic net attached to the underside of the upper bar of the frame; this net has a 

mesh size ofO.33mm and is used to collect fine plankton above the sediment surface. 

A shipboard acoustic monitoring system is used to track the sledge during its journey 

along the sea floor; it also monitors depth, temperature, distance fUll, camera operation, the 

point at which it reaches the bottom and sledge orientation (Rice et aI. , 1982). The odometer is 

a wheel which releases an acoustic signal at each complete rotation, thus indicating the distance 

over which the sledge has sampled. 

Scottish Marine Biological Association (S.M.B.A.) Multiple Corer 

The most comprehensive description of the S.M.B.A. Multiple Corer is found in Barnett 

et al. (1984). The multiple corer is deployed from an "A" frame mounted on the stem via 

13mm wire. It consists of twelve separate cylindrical cores 56.5mm in diameter, held within a 

core assembly. When the corer arrives on the sea floor the slack on the wire causes a hydraulic 

damper to gently lower the core assembly, allowing the cores to penetrate the sea floor (Barnett 

et al., 1984). The multiple Corer must remain on the bottom for 1.5-2 minutes to allow 

maximum penetration of the sediment. A special mechanism closes valves on the top of each 

core once the wire connecting to the ship is heaved, and as the tubes are lifted out of the 

sediment valves swing into place and seal the cores from beneath. There is little disturbance of 

the sediment surface while the cores are taken. 

An acoustic ping er, similar to that used for the Otter Trawl is used to monitor the 

Multiple Corer. An onboard depth recorder monitors both direct and reflected signals and 

allows the point at which it reaches the sea floor to be monitored. Barnett et al. (1984) 

recommend a lowering speed of up to 90m min -1, but it must be placed on the sea floor at a 
. -1 

speed of no greater than 40m mm . 

When the Multiple Corer is brought on board the core tubes are removed and the cores 

are processed immediately. This involves slicing the cores at particular depth intervals and then 

freezing or preserving [in 5% formalin (v/v)] the resulting sediment samples. Alternatively, the 

cores may be frozen intact. In the present study sediment samples were either fixed in 5% 

formalin or frozen at -50°C. 
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4.2.2 Bacterial counts - Epifluorescence Microscopy 

For bacterial counts, fifteen fresh specimens of 0. mutabilis, Psychropotes longicauda 

and Pseudostichopus sp. were dissected in a cold room under sterile conditions. l.5 ml of gut 

contents were extracted from the oesophagus, anterior intestine, posterior intestine and 

rectum/cloaca and transferred to 8.5 ml ofpre-chilled 4% (v/v) borate-buffered formalin filtered 

deep-sea water. The oesophagus sample was taken from the most anterior region of the gut to 

avoid contamination with material from the anterior intestines· likewise the rectum/cloaca , , 

sample was taken from the most posterior region ofthe gut to avoid contamination with 

material from the posterior intestine. These preserved samples were stored in the dark at 4°C 

prior to counting. 

The gut content samples were processed and counted using identical techniques to those 

described in Chapter 3. These procedures were carried out at The University College, Galway; 

the counting was undertaken using a Nikon OPTIPHOT 2 Microscope (#234585), with a lOOW 

DC mercury lamp and 'TMD-EF' Epifluorescence equipment. Representative photographs 

were taken with a Nikon FX-35DX camera on 25mm colour print film. At least 300 bacteria 

were counted for each sample and the mean numbers were calculated in the different gut 

regions. The error in counting was calculated as the square root of the total bacteria for each 

sample; in each case the total was 300, therefore the error was equal to -..)300 i.e. ± 17.32 

(± 5.8%). Deming and Colwell (1982) estimated the standard deviation associated with 

counting bacteria within sediment to be higher (16%). 

Bacterial concentrations in ambient surface sediment samples from the PAP, obtained 

using the Multi-corer were also determined using the techniques described in Chapter 3. 

4.2.3 Carbon and nitrogen analysis 

The fifteen specimens of 0. mutabilis, Psychropotes longicauda and Pseudostichopus 

sp., sampled for bacterial counts were also sampled for carbon and nitrogen analysis. l.5 ml of 

gut content was taken from the oesophagus, anterior intestine , posterior intestine and 

rectum/cloaca, frozen immediately at -50°C and stored at -20°C until required for analysis. 

These gut content samples were analysed using a Perkin-Elmer 2400 Elemental Analyser at The 

University College, Galway according to the methods described in Chapter 3. 

91 



4.3. Results 

4.3.1 Transient bacteria 

Ingested bacteria 

Bacterial numbers were significantly higher in the oesophagus of 0. mu tab ilis, 

Psychropotes longicauda and Pseudostichopus sp. than the ambient sediment (figs. 4.1a-c; 

ANOVA; F=3l.091, 52.405 and 12.361 respectively; p<O.OOOI ; df4, 60; 4, 58 and 4, 57 

respectively; table 4.3). The selectivity coefficients for bacteria range from 6.3-6.7 (table 4.4). 

From the number of bacteria present in the oesophageal contents an estimate of the bacterial 

total organic carbon ingested can be calculated. Ifwe assume that a single deep-sea bacterium 

contains 1 x 10
014 

grams of organic carbon (Williams and Caducci, 1976) and multiply this by 

the number of bacteria counted (N) we obtain the bacterial TOC in 1 ml. of wet sediment. The 

average porosity of deep-sea sediment, determined by weight loss on drying is 0.8 (Rowe and 

Deming, 1985), therefore, dividing the bacterial TOC per ml of wet sediment by 1-0.8 gives the 

bacterial TOC per ml of dry sediment. Ifwe then assume that the specific gravity of dry 

sediment is 2.6 g ml°1 (Rowe and Deming, 1985) we can calculate the bacterial TOC in grams of 

carbon per gram dry weight of sediment. The equation ofRowe and Deming (1985) is given 

below: 

Bacterial TOC = TOC(bacterium
01

) x N x lISpecific gravity xliI-Porosity (1) 

The bacterial TOC of the ingested sediment is very low in 0. mutabilis (l.904 IlgC gol), 

Psychropotes longicauda (l.788 IlgC gol) and Pseudostichopus sp. (l.962 IlgC gO)). 

Bacterial proftles along the digestive tract 

Along the digestive tract bacterial profiles varied significantly in all three species 

(table 4.3). Bacterial numbers decline from the oesophagus to the anterior intestine in all 

species (figs. 4. la-c). These differences are significant in 0. mutabilis and Psychropotes 

longicauda (Multiple Range Tests, table 4.3). In 0. mutabilis and Pseudostichopus sp. 

bacterial numbers then increase in the posterior intestine and decline towards the rectumlcloaca 

(figs. 4.1a, c). In the case of Psychropotes longicauda, bacterial numbers increase in the 

posterior intestine and remain high in the rectum/cloaca (fig. 4.1b). Numbers observed in the 

rectum/cloaca are significantly different from numbers observed in the anterior and posterior 

intestine (Multiple Range Test, table 4.3). 

Comparing the digestive tracts of 0. mutabilis, P. longicauda and Pseudostichopus sp. 

bacterial numbers are only significantly different in the rectumlcloaca region (ANOV A, 
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Figure 4.1 

(a) 

Sed. Oes. A . int. P . int. R/C 

Gut region 

(b) 

Sed . Oes. A . into P. into R/C 

Gut region 

(c) 

Sed. Oes. A. int. P.int. R/C 

Gut region 

Mean bacterial numbers along the digestive tracts of (a) Oneirophanta 

mutabilis (n=lS), (b) Psychropotes longicauda (n=15), 

(c) Pseudostichopus sp. (n=lS). (error bars: ± 1 S.E.). 

Sed.: surface sediment; Oes: oesophagus; A. int. : anterior intestine; 

P. int. : posterior intestine; RlC: rectum! cloaca. 
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Table 4.3 

Species 

0. mutabilis 

p. longicauda 

A summary of the statistical analyses comparing bacterial numbers, TOC, TN 

and CIN ratios along the digestive tracts of 0. mutabilis, P. longicauda and 

Pseudostichopus sp. 

ANOVA df Multiple Range Test 

Bacteria F=31.091, 4, 60 All regions sig. diff except A & RlC 

p<O.OOOl ** 
TOC F=3.772, 4,56 S sig. diff from 0. 

p=0.0093 ** A sig. diff from P and RlC 

TN F=5.532, 4, 56 S sig. diff from 

p=0.0008 ** 0, A, P and RlC 

CIN F=25.782, 4, 54 S sig. diff from 0, A and Rle. 

p<O.OOOl ** P sig. diff from RlC 

Bacteria F=52A05 , 4,58 All regions sig. diff except 

p<O.OOOl ** ° &P and ° &RlC 

TOC F=11.418, 4, 54 S sig. diff from ° and A 

p<O.OOOl ** ° sig. diff from P and RlC 

A sig. diff from P and RlC 

TN F=11.1l6, 4, 58 S sig. diff from 0 , A, P and RlC 

p<O.OOOl ** ° sig. diff from RlC 

A sig. diff from P and RlC 

CIN F=33.377, 4, 54 S sig. diff from 0 , P and RlC 

p<O.OOOl ** A sig. diff from RlC 

Pseudostichopus Bacteria F=12.361, 4, 57 All regions sig. diff except 

sp . p<O.OOOl ** A & 0, A & C, P & RlC 

TOC F=0.998, 4, 55 no significant differences 

p=OA166 

TN F=2.262, 4, 54 no significant differences 

p=0.0744 

CIN F=23.927, 4, 54 S sig. diff from 0 , P and RlC 

p<O.OOOl ** A sig. diff from RlC 

S: surface sediment; 0: oesophagus; A: anterior intestme; P: postenor mtestme; 

RlC: rectum/cloaca. 

** Denotes significance at the 5% level. 
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Table 4.4 

Bacteria 

TOC 

TN 

Selectivity coefficients and absorption efficiencies for ingested bacteria, TOC, 

TN and CIN in 0. mutabilis, P. longicauda and Pseudostichopus sp. 

Species Selectivity Absorption efficiency (2) 

coefficient (1) 

0. mutabilis 6.7 * 28.28% * (35.35%) * 
P. longicauda 6.3 * 9.68% (34.41%) * 
Pseudostichopus sp. 6.9 * 34.3% * (33.33%) 

0. mutabilis 1.07 * 12.96% 

P. longicauda l.47 * 39.85% * 
Pseudostichopus sp. 0.94 -15 .01% 

0. mutabilis 8.3 * 40.55% 

P. longicauda 17.7 * 46.64% * 

Pseudostichopus sp. 7.5 17.86% 

(1) Selectivity coefficients are calculated as the mean concentration in the ingested material 

divided by the mean concentration in the ambient sediment (Sibuet et al., 1982; Sibuet, 1984b). 

(2) Absorption efficiencies are calculated as the percentage decrease in mean concentration 

from the oesophagus to the rectum (Sibuet et aI. , 1982; Amon and Herodl, 1991). 

The Absorption efficiency for bacteria, calculated as the percentage decrease from the 

oesophagus to the anterior intestine as recommended by Deming and Colwell (1982) are given 

in brackets. 

* Denotes a significant difference between the relevant gut regions using ANOV A. 
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F=6.360, p=0.0043, df2, 36, table 4.5). A multiple range test reveals that the numbers in the 

rectumlcloaca of Psychropotes longicauda are significantly higher than in the other two species 

(table 4.5). 

Absorption efficiencies for bacteria 

Absorption efficiencies (AE) for bacteria, calculated as the percentage decrease in 

numbers between the oesophagus and the rectum (Sibuet et aI., 1982) range from 9.68-34.3% 

(table 4.4). The AE is highest in Pseudostichopus sp. (34.3%) and lowest in Psychropotes 

longicauda (9.68%) where bacterial numbers are not significantly different between the 

oesophagus and the rectum (Multiple Range Test, table 4.3). Deming and Colwell (1982) 

recommended calculating AE as the percentage difference between the oesophagus and the 

midgut to avoid the problem of bacterial growth in the hindgut. Recalculating the absorption 

efficiencies for transient bacteria in this manner gives similar values of35.35%, 34.41 % and 

33 .33% for 0. mutabilis, P. longicauda and Pseudostichopus sp., respectively (table 4.4). 

4.3.2 Total organic carbon (TOe) 

Ingested TOe 

TOC was significantly higher in the oesophagus of both 0. mutabilis and Psychropotes 

longicauda than the adjacent sediment (Multiple Range Test, table 4.3), indicating the selective 

ingestion of organic-rich matter. In Pseudostichopus sp. there is no significant difference 

between the oesophagus and the adjacent sediment (Multiple Range Test, table 4.3). These 

differences reflect selectivity coefficients for TOC of 1.07, 1.47 and 0.94 for 0. mutabilis, 

Psychropotes longicauda and Pseudostichopus sp. , respectively (table 4.4). 

The percentage bacterial contribution to the TOC in the ingested sediment can be 

determined by dividing the bacterial TOC (see equation 1 above) by the TOC and multiplying by 

100. The equation is given below: 

%age bacterial contribution to TOC = (Bacterial TOC I TOC) x 100 (2) 

The percentage bacterial contribution to TOC in the ingested sediment is higher in 

Pseudostichopus sp. (0.0092%) than in 0. mutabilis (0.0079%) or Psychropotes longicauda 

(0.0054%); however, in all cases the contribution made by bacteria is very low. 

Toe profIles along the digestive tract 

The profiles ofTOC along the digestive tract of 0. mutabilis, P. longicauda and 

Pseudostichopus sp . are illustrated in figs. 4.2a-c. In 0. mutabilis there were significant 
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Figure 4.2 Mean Total Organic Carbon (TOC) values along the digestive tracts of 

(a) Oneirophanta mutabilis (n=15), (b) Psychropotes longicauda 

(n=15), (c) Pseudostichopus sp. (n=15). (error bars: ± 1 SE). 

Sed.: surface sediment~ Oes.: oesophagus~ A. int. : anterior intestine~ 

P. int. : posterior intestine~ RlC: rectumlcloaca. 
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Table 4.5 

Bacteria 

Toe 

TN 

A summary of the statistical analyses comparing bacterial numbers, TOe, TN 

and elN ratios between the different regions of the digestive tracts of 

0. mutabilis, P. longicauda and Pseudostichopus sp .. 

Region ANOVA df Multiple range test 

(Student Newman-Kuels) 

oesophagus F=0.320, 2, 37 no significant difference 

p=0.7280 

anterior intestine F=0.393, 2, 39 no significant difference 

p=0.6774 

posterior F=1.894, 2, 42 no significant difference 

intestine p=0.1630 

rectum! cloaca F=6.366, 2, 36 P. longicauda sig. diff from 

p=0.0043 ** 0. mutabilis and Pseudostichopus sp. 

oesophagus F=13.776, 2, 40 P. longicauda sig. diff from 

p<O.OOOl ** 0. mutabilis and Pseudostichopus sp. 

anterior intestine F=5 .056, 2,36 P. longicauda sig. diff from 

p=0.0116 ** Pseudostichopus sp. 

posterior F=2.470, 2, 42 no significant difference 

intestine p=0.0968 

rectum!cloaca F=2.844, 2, 35 no significant difference 

p=0.0717 

oesophagus F=14.818, 2, 40 P. longicauda sig. diff from 

p<O.OOOl ** 0. mutabilis and Pseudostichopus sp. 

anterior intestine F=9.556, 2, 36 P. longicauda sig. diff from 

p=0.0005 ** 0. mutabilis and Pseudostichopus sp. 

posterior F=6.813, 2, 42 P. longicauda sig. diff from 

intestine p=0.0027 ** 0. mutabilis and Pseudostichopus sp. 

rectum! cloaca F=5.759, 2, 34 P. longicauda sig. diff from 

p=0.0070 ** 0. mutabilis and Pseudostichopus sp. 

** Denotes significance at the 5% level. 
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differences between the gut regions (AN OVA, F=3.792, df4, 56, p=0.0093, table 4.3); TOe 

values were highest in the anterior intestine and then declined significantly towards the posterior 

intestine and the rectum/cloaca. The TOe profiles in Psychropotes longicauda showed 

significant variation along the gut (ANOVA, F=I1.41S, df4, 54, p<O.OOOI, table 4.3). As with 

0. mutabilis, values were highest in the anterior intestine and then decline towards the 

rectum/cloaca (compare figs. 4.2a and b). In Pseudostichopus sp. Toe values do not vary 

significantly along the digestive tract (ANOVA, F=0.998, df 4, 55, p=0.4166, table 4.3). 

Interspecific comparisons revealed that TOe values were significantly different in both 

the oesophagus (ANOVA, F=13.776, df2, 40, p<O.OOOI, table 4.5) and the anterior intestine 

(ANOYA, F=5.05S, df2, 36, p=0.01l6, table 4.5). In the oesophagus TOe values are 

significantly higher in P. longicauda than both 0. mutabilis and Pseudostichopus sp. (Multiple 

Range Test, table 4.5). In the anterior intestine TOe values were significantly higher in 

Psychropotes longicauda than in Pseudostichopus sp. (Multiple Range Test, table 4.5). 

Absorption efficiencies for TOe 

AE for TOe was highest in Psychropotes longicauda (39.S5%), lower in 0. mutabilis 

(12.96%) and negative for Pseudostichopus sp . (-15 .01 %) (table 4.4). However, only in 

Psychropotes longicauda was the TOe value significantly different between the oesophagus and 

the rectum/cloaca (Multiple Range Test, table 4.3). 

4.3.3 Total nitrogen (TN) 

Ingested TN 

TN was significantly higher in the oesophagus than the adjacent sediment in both 

0. mutabilis and P. longicauda (Multiple Range Test, table 4.3). In the case of 

Pseudostichopus sp. the difference between the oesophagus and the adjacent sediment was not 

significant (ANOVA, F=2.262, df 4, 54, p=0.0744, table 4.3). Psychropotes longicauda had 

the greatest selection coefficient for TN (17.7) of the three species and the value for 

0. mutabilis (S.3) was slightly higher than that for Pseudostichopus sp . (7.5) (table 4.4). 

TN proftles along the digestive tract 

Figs. 4.3a-c illustrate that the TN profiles are similar for all three species, values appear 

to decrease progressively along the gut. The differences observed were significant for 
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Figure 4.3 Mean Total Nitrogen (TN) values along the digestive tracts of 

(a) Oneirophanta mutabilis (n=15), (b) Psychropotes longicauda 

(n=15), (c) Pseudostichopus sp. (n=15). (error bars: ± 1 SE). 

Sed.: surface sediment~ Oes.: oesophagus~ A. int. : anterior intestine~ 

P. int.: posterior intestine~ RlC: rectumlcloaca. 
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0. mutabilis and Psychropotes longicauda (ANOVA F=5.532 and 1l.116; df 4, 56 and 4, 54; 

p=0.0008 and p<O.OOOI; table 4.3) but not significant for Pseudostichopus sp. (AN OVA, 

F=2.262, df 4, 54, p=0.0744, table 4.3). 

Comparing the TN values found in the digestive tracts between the species indicates that 

in all the gut regions TN values are significantly greater in Psychropotes longicauda than either 

0. mutabilis or Pseudostichopus sp. (Multiple Range tests, table 4.5). 

Absorption efficiencies for TN 

AE for TN were higher in Psychropotes longicauda (46.64%) than in 0. mutabilis 

(40.55%) and Pseudostichopus sp. (17.86%) (table 4.3). However, only in Psychropotes 

longicauda was this decrease in TN between the oesophagus and the rectumlcloaca significant 

(Multiple Range Test, table 4.3). 

4.3.4 Carbon/Nitrogen ratio (C/N) 

High CIN ratios reflect either elevated carbon levels and/or reduced nitrogen levels and 

in sedimentary material are generally interpreted as reflecting high levels of refractory carbon. 

CIN ratios differed significantly between the oesophagus and the adjacent sediment in all three 

abyssal species examined (Multiple Range Tests, table 4.3); CIN ratios were about ten times 

greater in the oesophagus. 

The CIN profiles along the digestive tract are illustrated in figs. 4.4a-c; in each species 

there was significant variation (ANOVA, F=25.782, 33.377 and 23.927 respectively; df4, 54, 

p<O.OOOI, table 4.3). In 0. mutabilis and P. longicauda CIN ratios appeared to increase 

progressively through the gut and peak in the rectumlcloaca (figs. 4.4a-b). In Pseudostichopus 

sp., although CIN was also highest in the rectumlcloaca the ratio did not increase progressively 

through the digestive tract (fig. 4.4c). 
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Figure 4.4 Mean CarbonlNitrogen (C/N) ratios along the digestive tracts of 

(a) Oneirophanta mutabilis (n=15), (b) Psychropotes longicauda 

(n=15), (c) Pseudostichopus sp. (n=15). (error bars: ± 1 SE). 

Sed.: surface sediment~ Oes.: oesophagus~ A. int. : anterior intestine~ 

P . int. : posterior intestine~ RlC: rectum! cloaca. 
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4.4 Discussion 

Evidence from bacterial, TOC, TN and CIN profiles along the digestive tracts of 

0. mutabilis, Psychropotes longicauda and Pseudostichopus sp. reveals interspecific differences 

among these abyssal holothurians and differences within the digestive tract of each species. 

4.4.1 Transient bacteria 

Selective ingestion of sediment bacteria 

Bacterial numbers are six times greater in the oesophageal contents of 0. mutabilis, 

Psychropotes longicauda and Pseudostichopus sp. than the adjacent sediment, indicating either 

the selective ingestion of bacteria and/or the rapid proliferation of ingested bacteria in the 

oesophagus. Previous studies have also observed elevated bacterial concentrations in the 

oesophagus of abyssal holothurians. Sibuet et al. (1982) noted bacterial concentrations to be up 

to three times higher in the oesophagus of Diema validum validum (Theel) and 

Pseudostichopus villosus (Theel) than the surrounding sediment. Deming and Colwell (1982) 

observed a 3-15-fold increase in bacteria in the ingested sediment in members of the genera 

Pseudostichopus, Diema andPsychropotes. Ralijaona and Bianchi (1982) also observed that 

the bacterial concentrations in the foreguts of D. validum validum and Pseudostichopus villosus 

are higher than that in the sediment. However, they suggested that these increases were the 

result of proliferation of bacterial cells in the favourable environment of the foregut rather than 

the selective ingestion of bacteria. Moriarty (1982) suggested that for shallow-water 

holothurians, where the foregut is only a simple tube, it is unlikely that elevated bacterial 

numbers are the result of proliferation as there would not be much time for bacterial growth and 

if there was any organic matter which supported rapid bacterial growth it would be first utilised 

by bacteria in the sediment. In the case of 0. mutabilis, Psychropotes longicauda and 

Pseudostichopus sp., the oesophageal regions are expanded which would facilitate bacterial 

proliferation (Moore et aI. , in press). 

In the present study, bacteria were counted from the top 4cm of the sediment; this may 

be an underestimate of the bacterial concentration of the sediment ingested by the epifaunal 

holothurians 0. mutabilis and Psychropotes longicauda as they concentrate their feeding 

activities on the sediment surface (Moore and Roberts, 1994). Billett (1991) suggested 

sampling the superficial sediment (top 2mm). No such sediment samples were available for 

comparison in the present study so the selection coefficients of 6 must be considered maximum 

estimates. Briggs (1985) noted that only limited inferences on selectivity can be made by 
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comparing gut contents with sediment. However, the difficulties of live animal collection and 

experimentation at great depths make other approaches unfeasible. 

The importance of bacteria 

In order to evaluate the importance of bacteria as a food source one must consider 

whether they are ingested and assimilated and whether they are sufficiently abundant to 

constitute a significant part of the food supply (Zobell and Feltham, 1938; Cammen, 1980). 

Bakus (1973) supposed that bacteria are an impOltant food source for holothurians. The 

importance ofbacteria for deposit feeders is thought to increase with oceanic depth, for 

example, they become substantially more important where there are extremely low fluxes of 

organic matter (Rowe et ai., 1991) and where the detritus consists oflargely refractory 

components (Briggs et al., 1979). 

In the present study, the estimated values for ingested bacterial TOC are very low in 

0. mutabilis, P. longicauda and Pseudostichopus sp .. When these values are compared to the 

TOC in the ingested sediment the percentage contribution made by bacteria to the organic 

carbon ranges from 0.0054-0.0092%, suggesting that bacteria make an insignificant contribution 

to the quantity of organic material required by these species. These low values are also due to 

relatively high levels of organic carbon in the ingested sediments (2.1-2.4%). Various authors 

have also found low (0.5-3%) bacterial contributions to the ingested organic carbon in abyssal 

holothurians (Deming and Colwell, 1982; Sibuet et al., 1982) and concluded that sediment 

bacteria provide only a minor source of the calorific intake to abyssal holothurians. The quality 

of organic matter ingested can be more important than the quantity: thus, bacteria may provide 

holothurians with essential nutrients, e.g. nitrogen, vitamins and trace elements (Deming and 

Colwell, 1982). Billett (1991) suggested that abyssal holothurians may utilise bacterial 

exopolymers as Baird and Thistle (1986) reported for shallow-water species. The role of 

bacteria in the nutrition of abyssal holothurians also depends upon their function and the 

importance of their activities in the digestive tract (Sibuet, 1984b). 

ProfIles of bacteria along the digestive tract 

In the present study, bacterial profiles for 0. mutabilis and Pseudostichopus sp. show 

similar trends; a peak in the oesophagus followed a decline the anterior intestine and then an 

increase in the posterior intestine. The decline in numbers in the anterior intestine is probably 

the result of the digestion of bacteria as this region is recognised as the most important site of 

digestion in the guts of abyssal holothurians (Deming and Colwell, 1982; Massin, 1984). 

However, the decreases only represent digestion if there is no appreciable mixing, the gut 
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contents have a short retention time, the gut is kept continuously full and the food source is of a 

constant composition (Baker and Bradnam, 1976). In Psychropotes longicauda bacterial 

numbers increase in the rectum/cloaca, probably because ingested bacteria which survive the 

initial digestive processes proliferate in this region using the products of digestion, as suggested 

by Deming and Colwell (1982) for members of the genera Pseudostichopus, Diema and 

Psychropotes. Reduced flow velocities in the expanded rectum and cloaca of Psychropotes 

longicauda facilitate bacterial proliferation (Moore et aI., in press); this is supported by 

significantly higher bacterial concentrations in the rectumlcloaca of P. longicauda compared to 

0. mutabilis and Pseudostichopus sp. in the present study. 

Recent studies of deposit feeders suggest a general trend of initial decreases in the 

numbers of transient bacteria in the foregut and anterior midgut, growth then appears to 

accelerated and numbers increase in the hindgut and faeces (Plante and Jumars, 1992). Sibuet et 

al. (1982) found that in D. validum validum and P. villosus a large part of the bacteria ingested 

survives the initial digestive processes of the foregut and is abundant in the hindgut. Ralijaona 

and Bianchi (1982) observed bacterial that concentrations decrease progressively throughout the 

guts of D. validum validum, Psychropotes longicauda and Pseudostichopus villosus as a result 

of digestion. Increases in bacterial numbers in the hindgut of Psychropotes longicauda were not 

observed, contrary to the observations made in the present study. Along the digestive tracts of 

members of the genera Pseudostichopus, Diema and Psychropotes, Deming and Colwell (1982) 

noted lowest bacterial counts in the foregut where the digestive processes occur; counts 

increased 3-10 times in the hindgut where an associated barophilic microbial population occurs. 

These profiles are similar to those observed for Pseudostichopus sp. and Psychropotes 

longicauda in the present study. 

Bacterial proliferation within the digestive tract 

Elevated bacterial numbers indicate that bacterial proliferation occurs in the 

rectum/cloaca of P. longicauda and possibly in the oesophagus of 0. mutabilis, 

Pseudostichopus sp. and Psychropotes longicauda in the present study. Various authors have 

suggested that bacterial proliferation occurs within the hindguts and occasionally the foreguts of 

abyssal holothurians (Deming and Colwell, 1982; Sibuet et aI. , 1982; Alberic and Khripounoff, 

1984; Alberic et aI. , 1987). The digestive tracts ofholothurians are thought to be favourable 

environments for bacterial growth (Bianchi et aI. , 1979 cited in Bensoussan, 1984; Sibuet, 

1984b). Mechanical aggregation, fragmentation of litter, removal ofpotential competitors and 

predators, the provision of metabolites from the gut and the limitation of the diffusion of 

exoenzymes and digestive products away from the bacteria all contribute to enhanced bacterial 
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growth (Plante et al., 1989). Slow-growing bacteria would be washed out before significant 

numbers can develop, consequently, there must be rapid growth of bacterial populations (Plante 

et aI. , 1989) which are believed to be carried as an actively metabolising gut flora in the 

digestive tracts ofholothurians (Deming and Colwell, 1982). They may hydrolyse 

macromolecules (Ralijaona and Bianchi, 1982) and release metabolites providing additional 

nutrients for the holothurians (Deming and Colwell, 1982). Since the amount of organic matter 

available in abyssal sediments is limited and refractory, the stimulation of bacterial growth and 

the degradation of organic molecules not readily assimilated could be a critical element in the 

nutrition of abyssal holothurians (Deming and Collwell, 1982). 

Absorption efficiencies for transient bacteria 

Approximate absorption efficiencies are calculated, comparing the foregut and hindgut 

because assimilation efficiencies cannot be measured in situ (Moriarty, 1982); this estimates 

absorption rather than assimilation because loss from the food as opposed to gain by the animal 

is calculated (Cammen, 1980). High absorption efficiencies for bacteria occur in both 

Pseudostichopus sp. (34.3%) and 0. mutabilis (28.28%) compared to Psychropotes longicauda 

(9.68%). These values were calculated according to the methods of Sibuet et al. (1982), 

comparing bacterial numbers in the rectum/cloaca with those in the oesophagus. Deming and 

Colwell (1982) noted that bacterial growth in the hindgut would underestimate absorption 

efficiencies and recommended comparing bacterial numbers in the midgut with those of the 

oesophagus to give a more accurate indication of the extent of bacterial removal. The 

recalculated absorption efficiencies are similar for each of the species (33-35%), however, these 

values may be overestimates ifbacterial growth occurs in the expanded oesophagus as has been 

suggested by Moore et al. (in press). Deming and Colwell (1982) observed much higher 

absorption efficiencies of80% for bacteria in members of the genera Pseudostichopus, 

Psychropotes and Deima, possibly because of bacterial proliferation in the oesophagus. 

Amon and Herodl (1991) observed increases in the absorption efficiency for bacteria in 

the shallow-water holothurian Holothuria tubulosa (Gmeliu) as the bacterial carbon content of 

the sediment decreases, suggesting the ability to respond to events occurring in the sediment; it 

would be interesting to discover whether this also occurs in abyssal holothurians. 

Problems with bacterial counts 

Bacterial counts in the present study are lower than those reported in the literature for 

holothurian digestive tracts by at least an order of magnitude (Deming, 1981; Sibuet et al., 

1982; Ralijaona and Bianchi, 1982; Deming and Colwell, 1982), probably as a result of many 
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bacteria being hidden in the field of view of the microscope. Therefore, it is recommended that 

in future a 10,000 fold dilution of the sample is made rather than a 1,000 fold dilution. These 

low counts recorded probably account for the very low estimates of ingested bacterial TOC in 

the present study compared to those in the literature (Deming and Colwell, 1982; Sibuet et al. , 

1982). However, the interpretations of the profiles and absorption efficiencies remain valid 

because it is the relative bacterial concentrations rather than the absolute concentrations which 

are important. Variations in the distribution of bacteria on and within abyssal sediments could 

also account for low bacterial counts. 

4.4.2 Total organic carbon 

Selection for organic carbon 

In places of poor nutritional resources such as the deep sea, the selection of organic 

particles could play an important role in the nutrition of deposit feeders (Khripounoff and 

Sibuet, 1980). In the present study, the TOC values are higher in the oesophagus of 

0. mutabilis and P. longicauda than the adjacent sediment, indicating the selective ingestion of 

organic matter. Both these species are recognised as surface feeders, ingesting the organic-rich 

surface layers of the sediment (Mo ore et aI., in press). Moore and Roberts (1994) observed 

elevated levels of chloropigments in the guts of 0. mutabilis and P. longicauda, suggesting that 

they ingest freshly deposited organic matter from the superficial sediment surface. In the case of 

Pseudostichopus sp ., the TOC values in the oesophagus were not significantly different from the 

adjacent sediment (selection coefficient: 0.94), supporting the suggestion by Moore et al. (in 

press) that these species feed below the surface, where the organic carbon concentrations are 

lower (Rowe and Deming, 1985). Care must be taken when interpreting selection coefficients 

because of the spatial and temporal variability in the sediment (Billett et aI. , 1988) and because 

organisms may selectively ingest only a limited range ofparticle sizes which are not detected by 

bulk sediment analysis (Cammen, 1982). 

TOC is significantly higher in the oesophagus of Psychropotes longicauda than 

0. mutabilis and Pseudostichopus sp ., suggesting either that Psychropotes longicauda feeds on 

a more organic-rich food source or it selectively ingests organic matter to a greater extent. In 

the anterior intestine, TOC values are still higher in P. longicauda than Pseudostichopus sp. , 

possibly reflecting the elevated levels observed in the oesophagus. 

Other authors have presented evidence which suggests the selective ingestion of organic 

matter by abyssal holothurians. Khripounoff and Sibuet (1980), found the organic carbon in 

recently ingested sediments to be four times greater than that of the adjacent sediment in 
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Psychropotes longicauda. Billett et al. (1988) used chlorophyll and its breakdown products as 

markers offresh organic matter to study the ability ofholothurians to select organically rich 

particles from the sea bed and found high selection coefficients for chloropigments in 

holothurians. However, Tyler et al. (1992) found no difference between the levels of organic 

matter in the gut of Paroriza sp. and the surrounding sediment and concluded that this species 

does not concentrate organic material in its gut during feeding. 

The contribution by holothurians to the organic matter in its own gut may be an 

important source of error when comparing gut contents with sediment samples (Billett et a!. , 

1988). In the case of the abyssal holothurians D. validum validum and Pseudostichopus 

villosus, Sibuet et al. (1982) noted that only 6-12% of the organic matter in the gut is provided 

by secretions and is unlikely to account for the selection coefficients observed. However, Billett 

et a!. (1988) suggested that digestive secretions may make an important contribution to organic 

matter in holothurian oesophageal contents in environments such as the deep sea where the 

organic content of the sediment is low. By contrast, Massin (1980a) and Hammond (1983) 

stated that in shallow-water holothurians the enhanced levels of organic matter in the foregut 

are not likely to be the result of digestive secretions. 

It is thought that holothurians may select organic matter by sorting mechanisms which 

suspend smaller, less dense particles (Sibuet et a/. , 1982), or by detecting and feeding on 

patches of sediment with higherlevels of organic matter (Briggs, 1985 ; Billett et al., 1988). 

Tentacle structure may also determine selective feeding (Billett et al., 1988); Hansen (1975) 

considered that differences in the shape of abyssal holothurian tentacles should lead to some 

differentiation in diet but could not find correlation between tentacle structure and the intestinal 

contents. Briggs (1985) suggested that bulk-deposit feeders skim the surface of the sea bottom 

feeding on the uppermost layer of the sediment, thus they can selectively ingest the nutritive, 

uppermost layer of the sediment in the deep sea without modifying their feeding behaviour 

per se. 

ProfIles and absorption efficiency for TOe along the digestive tract 

TOe profiles in the present study along the digestive tracts of both 0. mutabilis and 

Psychropotes longicauda peak in the anterior intestine, possibly as the result of secretion of 

enzymes and mucus. The levels of organic carbon decline thereafter as a result of absorption in 

the posterior intestine; Massin (1984) suggested that the anterior and first half of the posterior 

intestine are the main sites of absorption in the digestive tracts of abyssal holothurians. Sibuet et 

a!. (1982) also observed decreases in organic components in the hindguts of D. validum 

validum and Pseudostichopus villosus and suggested the progressive absorption of these 
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products. Absorption efficiencies, calculated as the difference between the oesophagus and the 

rectum/cloaca reflect these TOe profiles. In the present study, both Psychropotes longicauda 

(39.85%) and 0. mutabilis (12.96%) have positive absorption efficiencies, indicating the net 

removal of organic carbon from the gut lumen during the passage of sediment through the gut. 

Sibuet (1988) noted that individual holothurians can have absorption efficiencies for organic 

carbon of up to 52%. However, Massin (1980a) noted that the absorption of organic matter is 

generally low among holothurians. For example, Sibuet et al. (1982) noted that 21 % ofthe 

organic carbon was absorbed in D. validum validum and Pseudostichopus villosus and Sibuet 

(1984b) observed absorption efficiencies for Toe of 15 % in Psychropotes longicauda and 

Paroriza pallens (Koehler). These values are lower than those recorded for Psychropotes 

longicauda in the present study. 

No trends were observed in TOe values along the digestive tract of Pseudostichopus sp . 

in the present study; possibly spatial and temporal variations in the quantity of organic matter in 

the sediment obscure the trends produced by digestion and absorption within the digestive tract 

(Billett et aI. , 1988). The absorption efficiency for TOe is negative for Pseudostichopus sp. 

(-15.01 %), reflecting an increase in TOe during gut passage, possibly as a result of secretions in 

the gut. 

4.4.3 Total nitrogen 

Selection of nitrogen 

Nitrogen is thought to represent the bacterial component of the sediment (Newell, 

1965). In the present study, nitrogen values are higher in the oesophagus of 0. mutabilis and 

Psychropotes longicauda than the adjacent sediment in the present study, indicating either 

selective feeding and/or higher bacterial numbers in the oesophagus. Selection coefficients for 

nitrogen of 17.7 and 8.3 are observed for 0. mutabilis and P. longicauda, respectively. These 

two species concentrate their feeding activities in the surface sediment which is likely to have 

the highest concentration of nitrogenous components. In Pseudostichopus sp. , the 

concentration of ingested nitrogen is not significantly higher than that of the adjacent sediment, 

reflecting the sub-surface mode of deposit feeding and lower nitrogen concentrations in 

subsurface sediments (Rowe and Deming, 1985). 
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Promes and absorption efficiency for TN along the gut 

TN decreases significantly along the digestive tracts of both 0. mutabilis and 

Psychropotes longicauda, reflecting the absorption of nitrogenous compounds during gut 

passage. A similar but non-significant trend is observed in the digestive tract of 

Pseudostichopus sp .. Sibuet et al. (1982) noted such trends along digestive tract of P. villosus. 

Nitrogen decreases through absorption, whereas carbon probably decreases through utilisation 

in the gut, as suggested by Newell (1965) for the deposit-feeding clam Macoma balthica (L.). 

In all regions of the digestive tract, nitrogen values are significantly higher in Psychropotes 

longicauda than either 0. mutabilis or Pseudostichopus sp., suggesting that the former species 

ingests material richest in nitrogenous compounds. 

Absorption efficiencies for nitrogen are highest in Psychropotes longicauda (46.64%) 

and 0. mutabilis (40.55%) compared to Pseudostichopus sp. (17.86%). However, bacterial 

growth in the digestive tract influencing nitrogen values is not considered in the determination 

of these values so they can only be approximations. Psychropotes longicauda appears to absorb 

nitrogen with the greatest efficiency of the three species. Absorption efficiencies of22% for 

nitrogen in the digestive tracts of P. longicauda and Paroriza pal/ens, reported by Sibuet 

(1984b), are lower than those observed for Psychropotes longicauda (46.64%) in the present 

study. Moriarty (1982) suggested that deposit feeders assimilate more nitrogen than carbon and 

this appears to be the case for each of the abyssal species considered in the present study. 

4.4.4 Carbon/Nitrogen ratio 

CIN values can only be considered a general indicator offood value (Cammen, 1982). 

Russell-Hunter (1970 cited in Cammen, 1982) suggested that values lower than 7 indicate 

organic matter that would be suitable for deposit feeders; alternatively, high CIN values for 

detritus limit its use by deposit feeders (Briggs et al., 1979). 

In the present study, CIN values were significantly lower in the oesophagus of 

0. mutabilis, P. longicauda and Pseudostichopus sp. compared to the adjacent sediment, 

suggesting the selective ingestion of organic matter with a higher nitrogen content and/or 

bacterial proliferation in the oesophagus. In the case of 0. mutabilis and Psychropotes 

longicauda, these observations complement suggestions that these species feed on less 

refractory surface sediments (Moore, 1994). Such conclusions do not hold for Pseudostichopus 

sp. which is thought to feed just below the sediment surface (Moore et aI. , in press). 

The CIN profiles vary significantly along the digestive tract of each of the abyssal 

holothurian species considered: in 0. mutabilis and Psychropotes longicauda the ratio increases 
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progressively through the gut, suggesting the gradual absorption of the nitrogenous components 

during gut passage. There is no such trend in Pseudostichopus sp .. 

4.4.5 Summary of feeding strategies 

0. mutabilis feeds at the sediment-water interface, using its rake-like digitate tentacles 

to rapidly exploit freshly deposited material (Moore and Roberts, 1994). In the present study, 

high absorption efficiencies for bacteria and nitrogen were observed, suggesting that this 

species strips microbes from ingested sediment. Moore et al. (in press) suggested that 

0. mutabilis may be restricted to feed on richer food sources because its plug-flow reactor 

digestive system would operate best when processing organically enriched materia1. 

Psychropotes longicauda is also observed at the sediment/water interface, sweeping its 

peltate tentacles over the surface (Moore, 1994); in the present study, higher concentrations of 

organic carbon and nitrogen in the oesophageal contents reflect this surface feeding mode. Gut 

structure and data suggest that the gut of P. longicauda consists of expanded chambers which 

promote the mixing of microbes with food and allows fermentation when feeding on poorer 

resources (Moore et al. , in press). In the present study, bacterial populations appear to 

proliferate in the expanded rectum/cloaca; these bacteria possibly digest refractory material and 

release labile compounds which become available to the holothurian. Such bacterial activity in 

the gut would account for the high absorption efficiencies for organic carbon and nitrogen 

observed for P. longicauda in the present study. 

The feeding of Pseudostichopus sp., using its pelto-digitate tentacles, is restricted to just 

below the sediment/water interface where more refractory food sources occur (Moore et ai., in 

press). In the present study, lower organic carbon and nitrogen concentrations in the 

oesophageal contents of this species reflect this subsurface feeding mode. Absorption 

efficiencies for bacteria are high, suggesting that microbes are stripped from the ingested 

sediment. In such circumstances of poor food resources, foregut fermentation would be 

favoured (Alexander, 1993). High bacterial numbers were observed in the expanded 

oesophagus, however, the negative absorption efficiencies for organic carbon observed suggest 

that this species does not employ microbial fermentation to digest refractory carbon. 
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Chapter 5 

The digestive enzymes of some shallow-water and abyssal holothurians 

5.1 Introduction 

Echinoderms, including holothurians, are generally capable of producing a variety of 

extracellular digestive enzymes sufficient to reduce the bulk of their food into an easily 

assimilated fonn (Ferguson, 1969). The spectrum of hydrolytic gut enzymes will reflect feeding 

strategies and indicate the kinds of organic material which are utilised and the types of products 

absorbed (Feral, 1989). Assuming that the enzyme 'equipment' fits the diet a differential 

utilisation of ingested food can be deduced from the digestive enzyme activities (Hylleberg, 

1976). For example, the total number of carbohydrases should permit a rough estimation of the 

natural food resources of a species (Hylleberg Kristensen, 1972). 

Numerous authors have investigated enzymes within the digestive tracts ofholothurians; 

the majority of this work has been carried out on shallow-water aspidochirotids, apodids and 

dendrochirotids (Sawano, 1928; Oomen, 1926; Tanaka, 1958; Yokoe and Yasumasu, 1964; 

Fish, 1967c; Kozlovskaya and Vaskovsky, 1970; Elyakova, 1972; Liemans and Dandrifosse, 

1972; Cornet and Jangoux, 1974; Yingst, 1976; Piavaux, 1977; Johnson et al., 1980; 

McGettigan et al., 1981 ; Clifford et al., 1982; Johnson et aI. , 1984; Feral, 1989). The 

hydrolytic enzymes considered include esterases, lipases, proteases, peptidases and 

saccharidases (po1ysaccharidases, oligosaccharidases and disaccharidases). Few studies have 

considered the digestive enzymes of abyssal ho10thurians (Sibuet et al., 1982; Massin, 1984). 

Early authors believed that coelomocytes from the haemal system are involved in 

digestion within the ho10thurians gut (Stott, 1957), however, more recent authors have stressed 

the role of extracellular enzymes within the gut lumen (Lawrence, 1982). Much of the organic 

matter ingested by deposit-feeding and suspension-feeding holothurians is considered refractory, 

containing structural polysaccharides such as cellulose, lignin and chitin. The presence of 

hydrolytic enzymes capable of splitting such polysaccharides would allow holothurians to 

exploit these refractory food sources. Hylleberg Kristensen (1972) suggested that the bulk 

degradation of these structural polysaccharides does not nonnally occur through digestive 

enzymes but in some cases through associated micro-organisms, e.g. bacteria; a bacterial origin 

of such enzymes was also suggested by Johnson et al. (1980) and Clifford et al. (1982) . 

However, from a dietary point of view, all that is required is that the enzyme is present (Calow 

and Calow, 1975). 
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There is little information concerning the distribution of digestive enzymes in the 

holothurian digestive tract (Fish, 1967c); they may occur in the lumen of the gut (extracellular 

digestion), on the surface of the epithelial cells (membrane digestion) or within them 

(intracellular digestion) (Feral, 1989). 

This study aimed to investigate the presence and location of 19 hydrolytic enzymes in 

the digestive tracts of the shallow-water holothurians Holothuriaforskali (Delle Chiaje), 

Leptosynapta inhaerens (0. F. Miiller) and Pawsonia saxicola (Brady and Robertson) using the 

API Z\'M enzyme detection kit (API, BioMerieux UK Ltd.). In order to make comparisons 

between shallow-water and abyssal holothurians, the enzymes in the anterior intestine of the 

abyssal holothurians Psychropotes longicauda (Theel) and Pseudostichopus sp. were also 

investigated. 

The activity of the cellulase enzyme complex was also examined by incubating gut tissue 

with specific substrates and then using descending paper chromatography to separate and 

identify the products. Tissue samples from the anterior intestine of the shallow-water 

holothurians H. forskali , L. inhaerens and Pawsonia saxicola and the abyssal holothurians 

Oneirophanta mutabilis (Theel), Psychropotes longicauda and Pseudostichopus sp . were 

investigated using this technique. 

5.2 Materials and Methods 

5.2.1 Specimen collection and dissection 

For the purposes of this study specimens of H. forskali were collected by SCUBA diving 

at a depth of 10-20mfrom subtidal, rocky environments at St. John's Point, Co. Donegal, Eire 

(54°34 'N, 8°28 'W) on the 23rd of May, 1995. Following collection specimens were 

immediately placed in cold sea water containing 5% (w/v) magnesium chloride prior to 

transportation to the laboratory. 

Specimens of L. inhaerens were obtained from intertidal, coarse-grained sediments at 

Ballyhenry Island, Strangford Lough, Co. Down, Northern Ireland (54°23 'N, 5°35'W) on the 

3rd of February, 1995. Collection was undertaken at low tide by digging into the sediment up 

to a depth of 20cm. Only whole, undamaged specimens were removed and placed in cold sea 

water containing 5% (w/v) magnesium chloride for transportation to the laboratory. 

Specimens of Pawsonia saxicola were collected from underneath boulders amongst low 

water kelps at Kircubbin Bay, Strangford Lough, Co. Down, Northern Ireland (54°28'N, 5° 

32'W) on the 10th of February, 1995. Collection was only possible at very low tides (less than 

O.7m). Specimens contracted on contact, therefore, they were placed in cold sea water 
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containing 5% (w/v) magnesium chloride to elicit relaxation prior to transportation to the 

laboratory. 

The specimens of H. forskali, L. inhaerens and P. saxicola were dissected immediately 

on arrival at the laboratory. Dissections were made by making a median longitudinal cut along 

the mid-dorsal line from the mouth to the anus, the incision was then extended laterally near to 

the anterior and posterior ends and the body wall was pinned back to expose the digestive tract 

and associated structures. Gut tissue samples were obtained from the oesophagus, anterior 

intestine, posterior intestine and the rectum, washed in distilled water to remove the gut 

contents and then either processed immediately or frozen at -20°e. 

5.2.2 API ZYM tests 

A semi-quantitative API ZVM method was applied to gut tissue samples from the 

oesophagus, anterior intestine, posterior intestine and rectum of the shallow-water holothurians 

H. forskali , L. inhaerens and P. saxicola to investigate enzyme activities in their digestive 

tracts. Tissue samples from the anterior intestine of the abyssal holothurians Psychropotes 

longicauda and Pseudostichopus sp., collected as described in Chapter 4 were also analysed 

using the API ZVM technique to compare the enzyme 'suites' of shallow-water and abyssal 

holothurians. This method allowed the study of 19 hydrolytic enzymatic reactions using small 

samples of gut tissue; it involves a diazoic-linked reaction between napthol and fast blue BB at 

pH 7.6-7.8 (Monget, 1978). The hydrolytic enzymes include alkaline phosphatase, esterase 

(C4), esterase lipase (C8), lipase (CI4), leucine-aminopeptidase, valine-aminopeptidase, cystine

aminopeptidase, trypsin, chymotrypsin, acid phosphatase, Napthol-AS-BI-phosphohydrolase, 

a- and f3-galactosidase (melibiase and lactase), f3-glucuronidase, a- and f3-glucosidase (maltase 

and cellobiase), N-acetyl-f3-glucosaminidase (chitobiase), a-mannosidase and a-fucosidase. 

API2YM strips were stored at 4°C and used within 3 months of purchase. For analysis, 

the strips were prepared by being placed in incubation trays with 5 ml. of tap water to provide a 

humid atmosphere during incubation. 2-3 ml. of gut tissue were homogenised, suspended in 2 

ml of distilled water and two drops (~ 65 ~l) of this tissue suspension was then inoculated into 

each cupule of the API ZVM strip using a Pasteur pipette. The cupules contain both enzyme 

substrate and buffer. After inoculation a plastic lid was placed over the incubation tray and the 

strip was incubated in the dark for 4 hours at 37°C. Following incubation 1 drop ofZVM A 

solution and 1 drop of ZVM B solution was added to each cupule and the colour was allowed 

to develop in bright light for ten minutes to eliminate any yellow colour in the negative 

reactions. An API ZVM colour chart was used to score the approximate enzyme concentration 

(0-5) from the colour change produced in each cupule; 0 corresponds to a negative reaction, 
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1 to 5 nmoles, 2 to 10 nmoles, 3 to 20 nmoles, 4 to 30 nmoles and 5 to 40 or more nmoles. 

Following the readings, the strips were dried at room temperature and stored in a dry 

atmosphere. Only one specimen of each species was tested because of the high cost ofthe API 

ZVM strips. 

A biochemical control was undertaken to test the accuracy of the API ZYM kit using 

a-Chymotrypsin, Sigma C 4129. An aqueous 1% (w/v) solution, in distilled water of this 

enzyme was analysed using the above mentioned procedures and scored according to the colour 

chart. These scores were almost identical to those given by the manufacturers (API, 

BioMerieux UK Ltd.). The API ZVM strips also included a blank cupule, which contained only 

buffer to ensure that no reaction products were present in the tissue suspensions. 

5.2.3 Paper chromatography 

A descending paper chromatography technique was developed to investigate the 

presence of cellulase and cellobiase activity in the digestive tracts of the shallow water 

holothurians H. forskali , L. inhaerens and Pawsonia saxicola and the abyssal holothurians 

0. mutabilis, Psychropotes longicauda and Pseudostichopus sp.. Gut tissue extracts from the 

anterior intestine were incubated with the cellulose (Sigmacell, Type 50, microcrystalline 

cellulose) or cellobiose (BDH Lab. supplies, Prod. 38009) and the resulting products were run 

on descending paper chromatograms to determine the presence of reducing sugars, specifically 

the products of cellulase and cellobiase activity. Gut tissue was tested for 2-3 specimens of 

each species. 

Gut tissue samples (~ 0 . 5g) were homogenised, suspended in 5 ml ofphosphate buffer 

(O.lM phosphate buffer, 2% (w/v) sodium chloride, pH 7.0) and then centrifuged for 5 minutes 

at 4°C and 14,000 rpm on a SIGMA 201M table top centrifuge. The phosphate buffer was 

made up of two solutions, A and B. Solution A consisted ofO.2M sodium dihydrogen 

orthophosphate and solution B consisted ofO.2M disodiumhydrogen orthophosphate; 19.5 ml 

of solution A mixed with 30.5 ml of solution B gives phosphate buffer with the appropriate pH 

(7.0). The supernatant was then incubated with 0.5g of cellulose or cellobiose powder at a 

neutral pH (7.0) for either 24 or 48 hours at 37°C or 15°C (4°C for abyssal species). Summer 

(1968) suggested that optimum conditions for cellulase activity are 37°C and a slightly acidic 

pH. 

The incubation products were then run on a descending paper chromatogram with 

cellulose and glucose as markers using a butanol acetic solvent for at least 24 hours. The 

solvent consisted of 800 ml of n-butanol (butan-I-ol), 200 ml of glacial acetic acid and 1000 ml 

of distilled water. Following the runs, chromatograms were stained by dipping twice in the 
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locating agent, saturated silver nitrate solution, to bring out the brown spots that indicate the 

presence of reducing sugars. This solution consisted of 1 ml of a saturated solution of silver 

nitrate, 25 ml of distilled water and 200 ml of acetone. The chromatogram was then de-stained 

by dipping in a caustic solution containing I ml of 40% (w/v) sodium hydroxide in 20 ml of 

ethanol. Finally, the chromatogram was rinsed several times in a 5% (w/v) sodium thiosulphate 

solution which lightens the paper by removing the remaining silver nitrate and makes the spots 

more permanent. 

Seven columns were run on each chromatogram. A typical arrangement of columns is 

illustrated in fig. 5.1; it allows the investigation of the products of enzyme activity while 

controlling for reducing sugars in the substrate andlor the gut tissue extracts. As a control, an 

incubation was made with cellulose and a commercially available cellulase (Calbiochem, 

Aspergillus niger, lymph, Lot. 308992); this was run on a descending chromatogram with 

glucose and cellobiose standards to determine the incubation products. To determine the 

sensitivity of the technique a descending chromatogram containing serial dilution's of glucose 

was run; 1.0 /J.g of glucose can be detected. 
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Figure 5.1 Diagram illustrating the column labels for a typical experimental 

descending paper chromatogram 

1: Glucose standard, 

2: Cellulose standard, 

3: Gut extract and substrate (incubation products), 

4: Gut extract and substrate (incubation products), 

5: Gut extract only, 

6: Gut extract only, 

7: Glucose standard. 
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5.3 Results 

5.3.1 API ZYM tests 

Shallow-water holothurians 

Hydrolytic enzyme activity was detected throughout the digestive tracts of H. forskali , 

L. inhaerens and Pawsonia saxicola using the API Z\'M detection kit. API Z\'M strips, 

incubated with tissue from the oesophagus, anterior intestine, posterior intestine and rectum of 

P. saxicola are illustrated in fig. 5.2. In all the shallow-water species considered, activity was 

generally higher in the oesophagus and anterior intestine than the posterior intestine or the 

rectum. However, certain enzymes proved exceptions to this general rule and were either 

equally active throughout the gut or more active in the posterior intestine and/or rectum. High 

levels of enzyme activity for the hydrolysis of fatty acids, esters, glycosidic bonds and peptide 

bonds in the terminal position were detected; enzyme activity for endopeptidases was absent. 

Lipase/Esterase activity. 

In all three species lipase activity was detected at very low levels throughout the 

digestive tracts (tables 5.1, 5.2 and 5.3). Strong phosphatase and esterase activities were 

detected throughout the digestive tract of P. saxicola (table 5.3); in H. forskali and 

L. inhaerens this activity was strong in the oesophagus and anterior intestine and then decreased 

slightly towards the rectum (tables 5.1 and 5.2). 

Protease/Exopeptidase activity 

Activities of the proteases trypsin and chymotrypsin were not detected in any regions of 

the digestive tracts of H. forskali , L. inhaerens and P. saxicola (tables 5.1 , 5.2 and 5.3). 

Exopeptidase activity was detected in all three species. Strong leucine-aminopeptidase and 

valine-aminopeptidase activities were detected in the oesophagus and anterior intestine of 

H. forskali (table 5.1) and throughout the digestive tract of P. saxicola (table 5.3), whereas in 

L. inhaerens leucine-aminopeptidase activity was strong throughout the gut but valine

aminopeptidase activity was very weak (table 5.2). Cystine-aminopeptidase activity was 

detected at low levels in all three species, however, only in L. inhaerens was it detected in all 

the gut regions tested (table 5.2). 
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Figure 5.2 The API ZYM strips for the (a) oesophagus, (b) anterior intestine, (c) posterior 

intestine and (d) rectum of Pawsonia saxicola. Cupules 2-20 represent nineteen 

different hydrolytic enzymes; cupule 1 is the control. 



Table 5.1 API ZVM results for enzyme activity in the digestive tract of 

H olothuria forskali 

Hydrolytic enzyme oesophagus anterior posterior rectum 

intestine intestine 

1. control 

2. alkaline phosphatase ++++ +++++ +++ +++ 

3. acid phosphatase +++++ +++++ ++++ ++++ 

4. esterase +++ +++ +++ ++ 

5. esterase lipase +++ ++++ +++ +++ 

6. lipase + ++ + + 

7. leucine-aminopeptidase ++++ +++++ ++ ++ 

8. valine-aminopeptidase ++++ +++++ + 

9. cystine-aminopeptidase + ++ 

10. trypsin 

11. chymotrypsin 

12. phosphohydrolase ++++ +++++ ++ + 

13. melibiase 

14. lactase ++ +++ + 

15 . ~-glucuronidase + + 

16. maltase + +++ + 

17. cellobiase + ++++ 

18. chitobiase +++++ +++++ ++++ ++++ 

19. a-mannosidase + +++ ++ + 

20. a-fucosidase 

+ 5 nmoles' ++ 10 nmoles' +++ 20 nmoles' ++++ 30 nmoles,' +++++ ~40 nmoles. , , , 
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Table 5.2 API ZVM results for enzyme activity in the digestive tract of 

Leptosynapta inhaerens 

Hydrolytic enzyme oesophagus 

1. control 

2. alkaline phosphatase +++++ 

3. acid phosphatase ++++ 

4. esterase +++ 

5. esterase lipase ++++ 

6. lipase + 

7. leucine-aminopeptidase +++++ 

8. valine-aminopeptidase + 

9. cystine-aminopeptidase + 

10. trypsin 

11. chymotrypsin 

12. phosphohydrolase +++++ 

13. melibiase 

14. lactase + 

15. 13-glucuronidase 

16. maltase + 

17. cellobiase + 

18. chitobiase +++++ 

19. a-mannosidase + 

20. a-fucosidase ++ 

anterior 

intestine 

+++++ 

++++ 

++ 

++++ 

+ 

+++ 

+ 

+ 

+++ 

+ 

+++ 

+ 

+ 

posterior 

intestine 

++++ 

+++ 

+++ 

+++ 

+ 

+++++ 

+ 

++ 

++ 

+ 

+ 

rectum 

++ 

++ 

++ 

++ 

+ 

++++ 

+ 

++ 

++ 

+ 

+ 

+ 

+ 5 nmoles; ++ 10 nmoles; +++ 20 nmoles; ++++ 30 nmoles; +++++ ::::40 nmoles. 
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Table 5.3 API ZVM results for enzyme activity in the digestive tract of 

Pawsonia saxicola 

Hydrolytic enzyme oesophagus anterior posterior 

intestine 

rectum 

1. control 

2. alkaline phosphatase ++++ 

3. acid phosphatase ++++ 

4. est~a~ ++ 

5. esterase lipase +++ 

6. lipase + 

7. leucine-aminopeptidase ++++ 

8. valine-aminopeptidase +++++ 

9. cystine-aminopeptidase + 

10. trypsin 

1l. chymotryp sin 

12. phosphohydrolase +++ 

13. melibiase 

14. lactase ++ 

15. ~-glucuronidase 

16. maltase 

17. cellobiase + 

18. chitobiase ++++ 

19. a-mannosidase + 

20. a-fucosidase ++ 

intestine 

+++++ 

++++ 

++ 

+++ 

+ 

+++++ 

+++++ 

++++ 

++ 

+ 

++ 

++++ 

+ 

++ 

+++++ 

++++ 

++ 

+++ 

+ 

+++++ 

+++++ 

+++ 

++ 

+ 

+ 

+++ 

+ 

+ 

+++++ 

++++ 

++ 

+++ 

+ 

++++ 

+++++ 

+ 

+++ 

++ 

+ 

+ 

++++ 

+ 

++ 

+ 5 nmoles; ++ 10 nmoles; +++ 20 nmoles; ++++ 30 nmoles; +++++ ~40 nmoles. 
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Phosphohydrolase activity 

Phosphohydrolase activity was detected in the digestive tracts of H. forskali, 

L. inhaerens and P. saxicola; this activity appeared strongest in the oesophagus and anterior 

intestine and then declined in the posterior intestine and rectum (tables 5.1, 5.2 and 5.3). 

Oligosaccharidase/Disaccharidase activity 

Of the eight saccharidases tested for along the digestive tracts of H. forskali, 

L. inhaerens and P. saxicola, each species contained six, however, these differed between the 

species. Melibiase activity was not detected in any of the species. Low levels oflactase activity 

were detected in all the regions of the digestive tracts of each species except the rectum of 

H. forskali (table 5.1, 5.2, and 5.3). 13-glucuronidase activity was only detected, at very low 

levels in the oesophagus and anterior intestine of H. forskali (table 5.1). Low levels of maltase 

and cellobiase activity were detected in the digestive tracts of all three species, except in the 

anterior intestine ofH. forskali where cellobiase activity was high (table 5.1). Chitobiase 

activity was detected at high levels in all the species considered and in all gut regions except the 

posterior intestine and rectum of L. inhaerens where activity was absent (table 5.1, 5.2 and 5.3). 

Low levels of a-mannosidase activity were detected in identical gut regions to those in which 

strong chitiobiase activity was found (table 5.1, 5.2 and 5.3). Weak a-fucosidase activity was 

detected throughout the digestive tract of P. saxicola (table 5.3) and in the oesophagus and 

anterior intestine of L. inhaerens (table 5.2); however, activity was absent in the digestive tract 

of H. forskali (table 5.3). 

Abyssal holothurians 

The activity of 19 hydrolytic enzymes in the anterior intestine of the digestive tracts of 

Psychropotes longicauda and Pseudostichopus sp. were determined; tissue samples were only 

available from these regions. These abyssal holothurians appeared to have the ability to 

hydrolyse fatty acids, esters, limited peptides in the terminal positions and selected glycosidic 

bonds; like the shallow-water holothurians considered in the present study they did not have the 

ability to hydrolyse peptide bonds within peptide chains. 

Esterase/Lipase activity 

Appreciable phosphatase and esterase activity was detected in the anterior intestine of 

the Psychropotes longicauda and Pseudostichopus sp .; only weak lipase activity was detected 

(table 5.4). 
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Table 5.4 API .lYM results for enzyme activity in the anterior intestine of the digestive 

tracts of the abyssal holothurians Psychropotes longicauda and 

Pseudostichopus sp. 

Hydrolytic enzyme 

1. control 

2. alkaline phosphatase 

3. acid phosphatase 

4. esterase 

5. esterase lipase 

6. lipase 

7. leucine-aminopeptidase 

8. valine-aminopeptidase 

9. cystine-aminopeptidase 

10. trypsin 

1l. chymotrypsin 

12. phosphohydrolase 

13. melibiase 

14. lactase 

15. f3-glucuronidase 

16. maltase 

17. cello biase 

18. chitobiase 

19. a-mannosidase 

20. a-fucosidase 

Psychropotes longicauda 

anterior intestine 

++ 

++++ 

++ 

++ 

+ 

++ 

++ 

+ 

++ 

Pseudostichopus sp. 

anterior intestine. 

+++++ 

++ 

+++ 

+++ 

+ 

+++ 

++ 

+++ 

+ 

+ 

+++++ 

++ 

+ 5 nmoles; ++ 10 nmoles; +++ 20 nmoles; ++++ 30 nmoles; +++++ ~40 nmoles. 
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Protease/Exopeptidase activity 

Of the exopeptidases tested for, only leucine-aminopeptidase activity was detected 

(table 5.4). No protease (trypsin and chymotrypsin) activity was detected (table 5.4), similar to 

the observations made on shallow-water holothurians in the present study. 

Phosphohydrolase activity 

Moderate phosphohydrolase activity was detected in both Psychropotes longicauda and 

Pseudostichopus sp . (table 5.4). 

Oligosaccharidase/Disaccharidase activity 

Of the eight saccharidases tested for, the anterior intestine of Psychropotes longicauda 

contained two, whereas Pseudostichopus sp. contained five. Melibiase and cellobiase activities 

were not detected in either Psychropotes longicauda or Pseudostichopus sp. (table 5.4). Low 

levels oflactase, f3-glucuronidase and a-fucosidase activity were only detected in 

Pseudostichopus sp. (table 5.4). Maltase and chitobiase activity were detected in Psychropotes 

longicauda and Pseudostichopus sp.; the levels of maltase activity were low in both species, 

whereas the levels of chitobiase activity were low in Psychropotes longicauda and high in 

Pseudostichopus sp. (table 5.4). a-Mannosidase activity was absent from both Psychropotes 

longicauda and Pseudostichopus sp. (table 5.4). 

5.3.2 Cellulose/cellobiose incubations and paper chromatography 

Rationale 

Holothurian gut tissue was incubated with either the structural carbohydrate, cellulose or 

the oligosaccharide, cellobiose. The resulting incubation products were then separated and 

identified using descending paper chromatography; the presence of reducing sugars would 

illustrate cellulase and/or cellobiase activity in the gut tissue. The incubation products are 

summarised in table 5.5. 

Cellulase activity 

Incubations of cellulose with gut tissue from the anterior intestine of the shallow water 

holothurians H. forskali , L. inhaerens and Pawsonia saxicola did not produce any detectable 

hydrolysis products using descending paper chromatography (figs. 5.3a-c). Possibly, the 

products of cellulase activity were below the detection level of the technique but it is more likely 

that these holothurians do not possess this enzyme complex. Similar chromatograms, 
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Table 5.5 A summary of various incubations of H. forskali , L. inhaerens, Pawsonia 

saxicola, o. mutabilis, Psychropotes longicauda and Pseudostichopus sp. gut 

tissue with cellulose and cellobiose. The incubation products were determined 

by descending paper chromatography. 

Species 

H olothuria forskali 

Leptosynapta 

inhaerens 

Pawsonia saxicola 

Oneirophanta 

mu tab ilis 

Psychropotes 

longicauda 

Pseudostichopus sp. 

Substrate Incubation 

time 

cellulose 48 hours 

cellobiose 48 hours 

Incubation 

temperature 

cellulose 24 / 48 hours 15°C / 37°C 

cellobiose 48 hours 15°C 

cellulose 24 / 48 hours 15°C / 37°C 

cellobiose 48 hours 

cellulose 48 hours 

cellobiose 48 hours 

cellulose 48 hours 

cellobiose 48 hours 

cellulose 48 hours 

cellobiose 48 hours 

4°C 

4°C 

4°C 

4°C 

Commercial cellulase 1 cellulose 24 / 48 hours 37°C 

cellobiose 48 hours 15°C 

Incubation products 

(reducing sugars) 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

None 

Cellobiose 

Glucose 

1 Commercial cellulase: Calbiochem, Aspergillus niger (lymph, Lot. 308992). 
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Figure 5.3 Descending paper chromatograms illustrating the products of incubation of 

cellulose with (a) Holothuriaforskali gut tissue, (b) Leptosynapta inhaerens 

gut tissue, (c) Pawsonia saxicola gut tissue and (d) Commercial cellulase 

(Aspergillus niger). 

Column identities for fig. 5.3a-c 

1: glucose standard, 

2 : cellulose only, 

3· gut tissue and cellulose, 

4: gut tissue and cellulose, 

5: gut tissue only, 

6: gut tissue only, 

7: glucose standard. 

Column identities for fig 5.3d 

1: glucose standard, 

2: cellulose only, 

3: cellulase and cellulose, 

4: cellulase and cellulose, 

5: cellulase only, 

6: cellulose only, 

7: glucose standard. 
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suggesting the absence of cellulase activity, were observed for the incubations of gut tissue from 

the abyssal holothurians 0. mutabilis, Psychropotes longicauda and Pseudostichopus sp . 

(figs. 5.4a-c). 

To determine whether the cellulose powder used in these incubations could be 

hydrolysed to produce reducing sugars (cellobiose, glucose) incubations were carried out with a 

commercial cellulase (Calbiochem, Aspergillus niger, lymph, Lot. 308992). The resulting 

chromatogram (fig. 5.3d) indicates that the cellulase hydrolyses cellulose, producing cellobiose. 

CeUobiase activity 

The results ofthe incubations of gut tissue from H. forskali , L. inhaerens and 

Pawsonia saxicola with cellobiose are given in figures 5.5a-c. Glucose, the hydrolysis product 

of cellobiose, was absent suggesting that cellobiase activity in the gut tissue, if present, is not 

strong enough to be detected using this technique. In addition, no evidence for cellobiase 

activity was detected in gut tissue from the abyssal holothurians 0. mutabilis, Psychropotes 

longicauda and Pseudostichopus sp. (figs. 5.6a-c). 

Commercial cellulase was incubated with the cellobiose used in the present study. The 

resulting paper chromatogram of the incubation products reveals that glucose is produced as a 

result of cellulase activity on cellobiose (fig. 5.5d). This illustrates that the commercial cellulase 

complex contains cellobiase and that the activity of this enzyme can be detected using this 

technique. 
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Figure 5.4 Descending paper chromatograms illustrating the products of incubation of 

cellulose with (a) Oneirophanta mutabilis gut tissue, (b) Psychropotes 

longicauda gut tissue and (c) Pseudostichopus sp . gut tissue. 

Column identities for fig. 5.4a-c 

1: glucose standard, 

2: cellulose only, 

3: gut tissue and cellulose, 

4: gut tissue and cellulose, 

5: gut tissue only, 

6: gut tissue only, 

7: glucose standard. 
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Figure 5.5 Descending paper chromatograms illustrating the products of incubation of 

cellobiose with (a) Holothuriaforskali gut tissue, (b) Leptosynapta 

inhaerens gut tissue, (c) Pawsonia saxicola gut tissue and (d) Commercial 

cellulase (Aspergillus niger). 

Column identities for fig. 5.5a Column identities for fig. 5.5b 

1: glucose standard, 1: glucose standard, 

2: cellobiose standard, 2: cellobiose standard, 

3: gut tissue and cellobiose, 3: gut tissue and cellobiose, 

4: gut tissue only, 4: gut tissue and cellobiose, 

5: gut tissue and cellobiose, 5: gut tissue and cellobiose, 

6: gut tissue only, 6: cellobiose standard, 

7: glucose standard. 7: glucose standard. 

Column identities for fig. 5.5c Column identities for fig. 5.5d 

1: glucose standard, 1: glucose standard, 

2: cellobiose standard, 2: cellobiose standard, 

3: gut tissue only, 3: cellobiose standard, 

4: gut tissue and cellobiose, 4: cellulase and cellobiose, 

5: gut tissue only, 5: cellulase and cellobiose, 

6: cellobiose standard, 6: cellobiose standard, 

7: glucose standard. 7: glucose standard. 
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Figure 5.6 Descending paper chromatograms illustrating the products of incubation of 

cellobiose with (a) Oneirophanta mutabilis gut tissue, (b) Psychropotes 

longicauda gut tissue and (c) Pseudostichopus sp. gut tissue. 

Column identities for fig. 5.6a-c 

1: glucose standard, 

2: gut tissue and cellobiose, 

3: gut tissue and cellobiose, 

4: gut tissue only, 

5: gut tissue only, 

6: cellobiose standard, 

7: glucose standard. 
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5.4 Discussion 

5.4.1 API ZYM tests 

All types of complex organic compounds must be hydrolysed to monomeric subunits 

such as glucose, acetate or amino acids for their utilisation in metabolic pathways (Boetius and 

Felbeck, 1995); the range of hydrolytic enzymes will indicate which organic compounds are 

utilised. The API ZVM test gives a semi-quantitative estimation of the activities of nineteen 

hydrolytic enzymes in the gut tissue ofholothurians using artificial substrates. The results must 

be treated with caution as high levels of activity may result from the primary activity of the 

principal enzyme and/or the secondary activity of several enzymes (Feral, 1989). A lack of 

activity in this test does not necessarily mean the enzyme is not present, it may exist in an 

inactive form (zymogen), the pH may not be optimal, the time of incubation may be insufficient 

at the temperature used or the enzyme may be specific for a particular substrate different from 

the naphthol derivative used (Feral, 1989); the conditions for digestion have not been defined 

completely. In addition, enzyme activity may be present but below the detection limit of the 

technique (Boetius and Felbeck, 1995). 

EsteraselLipase activity 

Esterase and esterase-lipase hydrolyse short-chain fatty acids (C4-C8). Activity was 

strong throughout the digestive tract of Pawsonia saxicola and in the oesophagus and anterior 

intestine of H. forskali and L. inhaerens. Esterase and esterase lipase activity were also present 

in the digestive tracts of the abyssal holothurians Psychropotes longicauda and Pseudostichopus 

sp .. Various authors have previously observed esterase and esterase-lipase activity throughout 

the digestive tracts of the holothurians H. forskali , L. inhaerens, Leptopentacta (=Cucumaria) 

elongata (Wben and Koren) and Leptosynapta galliennei (Herapath) (Fish, 1967c; Feral, 

1989). 

Lipase, which hydrolyses long-chain fatty acids (CI4) was detected at very low levels in 

the digestive tracts of H. forskali , L. inhaerens, Pawsonia saxicola, Psychropotes longicauda 

and Pseudostichopus sp .. Weak lipase activity has previously been reported in H. forskali , 

L. inhaerens, L. galliennei, Holothuria tubulosa (Gmeliu), Caudina chilensis (Miiller) and 

Neopentadactyla mixta (Ostergren) (Oomen, 1926; Sawano, 1928; Clifford et al., 1982; Feral, 

1989). However, various authors have doubted the presence oftrue lipases in holothurians 

(Fish, 1967c; Ferguson, 1969; Lawrence, 1982); Ferguson (1969) suggested that such fats may 

be digested by ameobocytes migrating to and from the digestive tract. 
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The holothurians in the present study, in accordance with the literature, were found to 

hydrolyse fatty acids (C2-C12) but showed weak/non-existent ability to hydrolyse long chains, 

i.e. lipids (C 18). Shallow-water and abyssal holothurians appear to have similar abilities to 

hydrolyse fatty acids. 

Phosphatase activity 

Alkaline and acid phosphatase activities were present, generally at high levels in the gut 

tissue of all the shallow-water and abyssal species considered in the present study. Feral (1989) 

made similar observations on H. forskali, L. inhaerens and L. galliennei. These enzymes 

hydrolyse orthophosphate monoesters and are responsible for intracellular digestion, autophagy 

and the cycling of phosphorus (Boetius and Felbeck, 1995). Feral (1989) suggested that 

phosphatases are not strictly digestive but are detected because of the rupture oflysosomes 

during the preparation of gut tissue. 

Protease/Exopeptidase activity 

Proteins and peptides must be hydrolysed to obtain amino acids for metabolic pathways 

(Feral, 1989). The proteases trypsin and chymotrypsin are endopeptidases which hydrolyse 

peptide bonds within peptide chains and are important in the initial stages of protein digestion. 

There was no evidence for the activity of either of these two enzymes in the digestive tracts of 

the shallow-water and abyssal holothurian species considered in the present study. Feral (1989) 

noted that the API ZVM test always gave irregular results for trypsin and negative results for 

chymotrypsin with holothurian gut tissue; he suggested that proteases require an alkaline pH 

and negative results may arise from incubations at acid pH. Other possible reasons for not 

detecting proteolytic activity include small amounts of products, discontinuous enzyme 

secretion and/or the presence of enzyme inhibitors (Feral, 1989). The absence of enzyme 

activity could be due to insufficient incubation time or low enzyme concentrations, as suggested 

by Kozlovskaya and Vaskovsky (1970). 

Lawrence (1982) reported that proteolytic activity is typically low in echinoderms; there 

are conflicting reports concerning the detection of proteolytic activity in the digestive tracts of 

shallow-water holothurians. Activity has been reported in Pawsonia saxicola, N mixta, 

H. tubulosa, C. chilensis, C. elongata and Stichopusjaponicus (Selenka) (Oomen, 1926; 

Sawano, 1928; Tanaka, 1958; Fish, 1967c; Liemans and Dandrifosse, 1972; Clifford et al., 

1982) and the gut contents of H. forskali and P. saxicola (Clifford et ai. , 1982). However, 

other studies have failed to detect activity in the digestive tracts of H. forskali , 

L. inhaerens, L. galliennei, N mixta and Thyone fusus (Muller) (Johnson et ai. , 1980; 
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Clifford et al. , 1982; Feral, 1989). Low levels of protease activity were also reported for 

abyssal holothurians (Sibuet et aI., 1982; Massin, 1984). 

The activity ofthree exopeptidases, leucine-aminopeptidase (leucine-AP), valine

aminopeptidase (valine-AP) and cystine-aminopeptidase (cystine-AP) were investigated. These 

hydrolyse peptide bonds at the ends of polypeptide chains and are therefore important in the 

final stages of protein digestion. Their action stops at the first proline residue and is insufficient 

to completely hydrolyse proteins (Feral, 1989). In the present study, both H. forskali and 

P. saxicola had strong leucine-AP and valine-AP activity in their digestive tracts; in 

L. inhaerens strong leucine-AP activity but only weak valine-AP activity was detected. Cystine

AP activity was present at low levels in all three shallow-water species. Of the exopeptidases 

investigated in the abyssal holothurians Psychropotes longicauda and Pseudostichopus sp., only 

leucine-AP activity was detected. 

Feral (1989) detected the strongest exopeptidase activity for substrates containing 

leucine in the shallow-water species L. galliennei, L. inhaerens and H. forskali , similar to the 

present study. Fish (1967c) and Johnson et al. (1984) also detected exopeptidase activity in 

C. elongata and H. forskali , respectively. Johnson et al. (1984) noted that such activity is 

consistent with the availability of peptides in the gut but whether such peptides arise from 

external sources or from proteolytic activity in the gut is not known. The role of proteolytic 

enzymes in holothurian nutrition remains to be established and negative results should be further 

investigated by refinement and purification techniques (John son et al. , 1980). Bacteria may well 

be the source of pr 0 teases in the holothurian gut (Clifford et aI. , 1982). 

It appears that shallow-water and abyssal holothurians have the exopeptidase activity 

required to perform the latter stages of protein digestion. However, endopeptidase activity, 

which is necessary for the initial stages of protein digestion, has not been demonstrated. 

Oligosaccharidase/Disaccharidase activity 

The activities of eight saccharidases were investigated; these enzymes are capable of 

hydrolysing glycosidic bonds to produce monosaccharides. In the shallow-water holothurians 

H. forskali , L. inhaerens and Pawsonia saxicola six of the eight saccharidases tested for were 

detected, although the specific enzyme activities differed between the species. Feral (1989) also 

noted that the ability to hydrolyse disaccharides, starch and the hydrolysis products of cellulose 

and chitin are high in H. forskali and L. inhaerens. In the abyssal species Pseudostichopus sp. 

five of the saccharidases were detected whereas only two were found in Psychropotes 

longicauda, this may be an adaptation of the former species to exploit more refractory 

subsurface sediments (see Chapter 4). 
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Melibiase (a-galactosidase) activity was not detected in the gut tissue of any of the 

shallow-water or abyssal holothurians considered in the present study. Similar observations 

have been reported for H. forskali , L. inhaerens and L. galliennei by Feral (1980) who 

suggested that melibiose is unlikely to be a natural substrate in the marine environment as it is 

only found in higher plants. Consequently, it is unlikely to be important in the diets of shallow

water or abyssal holothurians. 

Low levels oflactase (~-galactosidase) activity were detected in the gut tissue of 

H. forskali , L. inhaerens, Pawsonia saxicola and Pseudostichopus sp. but not in Psychropotes 

longicauda. Lawrence (1982), Clifford et al. (1982) and Feral (1989) also reported low levels 

oflactase activity in H. forskali , N mixta and L. galliennei, whereas Fish (1967 c) failed to 

detect this enzyme in C. elongata. Lactose gives galactose and glucose on hydrolysis 

(Hylleberg Kristensen, 1972) and lactase activity could be associated with the capacity to 

hydrolyse compounds such as galactolipids existing in some algae (Feral, 1989) and higher 

plants (Karrer, 1958). 

In the present study, ~-glucuronidase activity was only detected at low levels, in 

H. forskali and Pseudostichopus sp .. Activity has previously been reported in H. forskali , 

H. tubulosa and N mixta (Comet and Jangoux, 1974; Johnson et aI., 1980; Clifford et aI. , 

1982). This enzyme plays a role in the production and degradation of mucoid substances (Diez 

and Cabezas, 1979); it is thought to have a lysosomal origin and is detected as the result of the 

rupture oflysosoma1 membranes (Feral, 1989). 

Low levels of maltase (a-glucosidase) activity were detected in the gut tissues of 

H. forskali , L. inhaerens, Pawsonia saxicola, Psychropotes longicauda and Pseudostichopus 

sp .. Maltase activity has previously been reported for L. inhaerens, H . forskali, C. elongata and 

N mixta (Fish, 1967c; Clifford et aI. , 1982; Feral, 1989). Maltose results from the hydrolysis of 

starch and occurs in red algae and some crustaceans (Hylleberg Kristensen, 1972). 

Cellobiase (~-g1ucosidase) activity was found to be low in the digestive tracts of 

L. inhaerens and Pawsonia saxicola and high in the anterior intestine of H. forskali , but was not 

detected in either of the abyssal species Psychropotes longicauda or Pseudostichopus sp .. 

Cellobiase activity has previously been reported in the gut tissue of H. forskali , L. inhaerens and 

L. galliennei (Feral, 1989) and has also been detected in the gut contents of N mixta and 

H. forskali (Clifford et aI. , 1982). High levels of ~-g1ucosidase (with trypsin) may be associated 

with digestion of certain diatoms, marine fungi and bacteria (Hylleberg, 1976). 

Chitobiose is the oligosaccharide which is produced from the hydrolysis of chitin ; it 

consists of two N-acety1 glucosamine molecules linked by a ~-1 ,4-linkage and is split by 
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chitobiase (Hylleberg Kristensen, 1972). Chitiobiase (N-acetyl-~ glucosaminidase) activity was 

found to be high in almost all regions of the digestive tracts of H. forskali , L. inhaerens and 

Pawsonia saxicola and high in the anterior intestine of Pseudostichopus sp .. A low level of 

activity was observed in the anterior intestine of Psychropotes longicauda. The enzyme has 

previously been reported in H. forskali , L. inhaerens and L. galliennei by Feral (1989), but is 

absent in H. tubulosa (Liemans and Dandrifosse, 1972). Only the potential digestion of the 

products of the hydrolysis of chitin is demonstrated (Feral, 1989); chitin itself cannot be 

digested by holothurians (Lawrence, 1982). Boetus and Felbeck (1995) suggested that high 

activities of chitiobiase point to the digestion of bacterial membranes. 

Activity of a-fucosidase was detected throughout the digestive tract of Pawsonia 

saxicola and in the foregut of L. inhaerens and Pseudostichopus sp., whereas, activity was 

absent in the gut tissue of H. forskali and Psychropotes longicauda. a-fucosidase is thought to 

breakdown polysaccharide storage compounds of algae (Boetius and Felbeck, 1995) and its 

activity throughout the digestive tract of Pawsonia saxicola suggests that algae are an important 

dietary component of this species (chapter 3). 

The shallow-water deposit-feeding holothurians H. forskali and L. inhaerens show a 

high level of carbohydrase activity as predicted for detritus feeders by Hylleberg Kristensen 

(1972). A high level of carbohydrase activity was also observed in the suspension feeder 

P. saxicola, suggesting that detritus is also an important food source in this species (Chapter 3). 

5.4.2 The distribution of hydrolytic enzymes within the digestive tract 

Until recently there was little information concerning the distribution of digestive 

enzymes in the holothurian gut (Fish, 1967c). More recently, Feral (1989) observed that most 

enzymatic activities occurred in all parts of the gut but some were strictly localised to the 

anterior intestine, e.g. saccharose, starch and cellobiose hydrolysis, similar to the observations 

made in the present study. Liemans and Dandrifosse (1972) and 10hnson et al. (1980) also 

noted that most of the enzyme activity detected was in the holothurian midgut. Enterocytes 

(specifically granular enterocytes) are thought to synthesise enzymes in the anterior intestines; 

weak activity may be the result oflow numbers of these cells (Feral and Massin, 1982). 

The enzymes that hydrolyse fatty acids (esterase, esterase-lipase, lipase) all showed 

similar activities throughout the digestive tract, as did the acid and alkaline phosphatases. There 

was some variation in the distribution of exopeptidases. For example, the activities ofleucine

AP and valine-AP were consistent throughout the digestive tract of L. inhaerens and 

P. saxicola but were higher in the oesophagus and anterior intestine than in the posterior 

intestine and rectum of H. forskali. The distribution of cystine-AP appeared irregular along the 
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digestive tracts of each of the shallow-water species. In the case of the saccharidases, activities 

were generally consistent throughout the digestive tract of the suspension feeder P. saxicola, 

whereas in the deposit feeders H. forskali and L. inhaerens activities were normally greater in 

the anterior intestines. Exceptions to this general trend include chitobiase activity in H. forskali 

and lactase activity in L. inhaerens which were both similar throughout the digestive tract. 

Hydrolytic enzyme activity has been reported within the gut lumen, on the cell 

membranes (Clifford et aI. , 1982; McGettigan et aI., 1981; Feral, 1989) and/or within the cell 

(Lawrence, 1982). If the digestion of dimers occurs at the level of the plasma membrane then 

the monomers produced can be immediately transported into the interior of the enterocytes 

(Feral, 1989). The presence of pinocytotic vesicles, heterophagosomes and secretory granules 

within epithelial cells support intracellular digestion (Fish, 1967c; Feral and Massin, 1982). 

Intracellular peptidases have also been observed; possibly the membrane-bound enzymes 

hydrolyse peptides before uptake into absorptive cells, while smaller peptides are absorbed and 

hydrolysed by cytosolic enzymes (John son et al., 1984). In the present study, gut tissue was 

analysed so the activities detected are from either intracellular or membrane-bound enzymes. 

Some authors have suggested a bacterial origin of digestive enzymes in the holothurian 

gut (Johnson et aI. , 1980; Clifford et al. , 1982). Ralijaona and Bianchi (1982) and Bensoussan 

et al. (1984) demonstrated synthesis of exoenzymes by bacteria isolated from the gut contents 

of abyssal holothurians, however, they did not demonstrate that these enzymes are important in 

relation to the enzymatic needs of the holothurian (Fera~ 1989). The majority of previous 

studies of digestive enzymes were carried out in the presence of toluene to discount the 

possibility of bacterial enzyme activity (Hylleberg and Kristensen, 1972; Hylleberg, 1976; 

Johnson et aI. , 1980; Clifford et aI. , 1982). In the present study, toluene was not added to the 

incubations, therefore, bacterial enzyme activity cannot be discounted. 

No conclusions can be made regarding the distribution of hydrolytic enzymes along the 

digestive tracts of the abyssal holothurians Psychropotes longicauda and Pseudostichopus sp. as 

only tissue samples :from the anterior intestine were analysed. 

5.4.3 Activity of the cellulase enzyme complex 

Cellulose is a structural polysaccharide consisting of /3-1 ,4 linked glucose residues which 

is found in vascular plants, algae, fungi and certain bacteria (Hylleberg Kristensen, 1972). Its 

breakdown to monosaccharide glucose residues is catalysed by cellulase, a multi-enzyme 

complex (Bal, 1974). The cellulase complex has three components: Cl (endoglucase) forms 

linear chains of anhydroglucose units :from cellulose, Cx (/3-1 ,4 glucanhydrolase) then cleaves 

cellobiose units :from these chains and /3-g1ucosidase (cellobiase) cleaves cellobiose into :free 

136 



glucose units (Lee, 1980). Free cellobiose only occurs in the last step of cellulose breakdown 

(Hylleberg and Kristensen, 1972). 

No hydrolysis products were detected from the incubations of cellulose powder with 

anterior intestine tissue from the shallow-water holothurians H. forskali , L. inhaerens and 

Pawsonia saxicola or the abyssal holothurians 0. mutabilis, Psychropotes longicauda and 

Pseudostichopus sp .. It may be that the incubation conditions, i.e. temperature and pH, were 

not suitable for the activity of cellulase or the products of enzyme activity were below the 

detection limit of paper chromatography. The incubation time may not have been long enough, 

since Hylleberg Kristensen (1972) stated that a general characteristic of enzymes acting on 

cellulose is that they need a long exposure time to the substrate for complete digestion. A 

commercial bacterial cellulase, incubated with cellulose powder produced cellobiose suggesting 

that the incubation conditions are suitable for the activity ofthis particular cellulase. However, 

it does not necessarily follow that these conditions would be suitable for the activity of a 

holothurian cellulase. 

Various authors have also used the release of reducing sugars to assay cellulase (Calow 

and Calow, 1975; Johnson et al. , 1980) but, in many cases, the product of enzymatic breakdown 

is not known with certainty and may vary between different animals (Gascoigne and Gascoigne, 

1960). Summer (1968) suggested that a better method would indicate the enzyme action on a 

particular substrate. In addition, the absence of a specific inhibitor to the cellulase complex 

prevents the elimination of the possibility of any other hydrolases breaking down 

polysaccharides to reducing sugars (Bal, 1974). 

In addition to the present study, no cellulase activity has been detected in any of the 

following deposit feeding holothurians: Leptosynapta spp., Stichopus japonicus (Selenka), 

C. chilensis C. elongata and N mixta (Sawano, 1928; Y okoe and Yasumasu, 1964; Fish, 

1967c; Johnson et aI. , 1980). However, Choe (1962 cited in Fish, 1967c) and Clifford et. al. 

(1982) reported cellulase activity in S. japonicus and H. forskali , respectively. The general lack 

of cellulolytic activity in holothurians agrees with the apparent integrity of plant debris in the gut 

contents (Feral, 1989) and the inability of some holothurians to utilise algal material (Yingst, 

1976). Calow and Calow (1975) suggested that organisms with low cellulase activity may 

adopt a bacterial and/or diatom feeding mode; this may well be the case for the shallow-water 

holothurians considered in the present study (see Chapter 3). 

There was no evidence for the production of glucose from incubations ofholothurian 

anterior intestine tissue with cellobiose, suggesting that cellobiase activity was absent from the 

digestive tracts of H. forskali , L. inhaerens, Pawsonia saxicola, Psychropotes longicauda, 

Pseudostichopus sp. and 0. mu tab ilis. Incubations of cellobiose with commercial cellulase 
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produced glucose, indicating that the commercial cellulase contained cellobiase. Cellobiase 

activity was not detected from the incubations of cellulase with cellulose; possibly, the length of 

time required for the cellobiose produced by the action of cellulase to then be hydrolysed by 

cellobiase is long. 

The failure to observe cellobiase activity in the anterior intestines of the shallow-water 

holothurians H. forskali , L. inhaerens and Pawsonia saxicola contradicts the results found in 

the present study with the API ZVM detection kit. However, Hylleberg (1976) suggested that 

the hydrolysis of cellobiose is impossible to detect using the reducing sugar method. ID the 

abyssal species Psychropotes longicauda and Pseudostichopus sp. the failure to observe 

cellobiase activity agrees with the earlier API ZVM results. 

5.4.4 Conclusions 

The gut tissue of the shallow-water holothurians H. forskali, L. inhaerens and 

Pawsonia saxicola show high levels of enzyme activity for the hydrolysis offatty acids, esters, 

glycosidic bonds and peptide bonds in terminal positions; enzyme activity for endopeptidases 

was absent. The hydrolytic enzyme suites of shallow-water holothurians are similar for both 

deposit- and suspension-feeding species as also reported by Feral (1989). The gut tissue ofthe 

abyssal holothurians Psychropotes longicauda and Pseudostichopus sp. showed lower enzyme 

activity but similar enzyme suites to those of shallow-water species. One would expect abyssal 

holothurians to have a specialised enzyme suite to exploit refractory compounds. Boetius and 

Lochte (1994) noted that easily degradable substances, such as starch, proteins and fats are 

removed before material reaches the deep-sea floor. The leftovers, reaching abyssal sediments 

are the less degradable substances such as cellulose, chitin and other structural compounds. The 

majority of hydrolytic enzymes show consistent activity throughout the digestive tract, however, 

carbohydrase activity appears to peak in the anterior intestine of the deposit-feeders H. forskali 

and L. inhaerens. Numerous authors have reported that this region is the most active in the 

production of enzymes (Feral and Massin, 1982). Cellulase activity was not detected in the gut 

tissue of the shallow-water or abyssal holothurians, suggesting that they may rely on bacteria for 

cellulose digestion. That cellobiase is present in the holothurian digestive tract suggests that 

they do utilise breakdown products of cellulose. Similarly, although no tests were made for the 

presence of chitinase, the strong activity of chitobiase in the digestive tracts of all the 

holothurian species studied suggests that they utilise the breakdown products of chitin. The 

activity of chitobiase is higher than that of cellobiase, suggesting that the breakdown products of 

chitin may be more important in the diet than those of cellulose. Strong chitobiase activity also 
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suggests the importance of bacteria in the holothurian diet since chitin is a structural component 

of bacteria. 
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Chapter 6 

The feeding strategies of some shallow-water holothurians 

6.1 Introduction 

Both suspension and deposit-feeding holothurians subsist on particulate organic matter. 

The former utilise materials such as algae, diatoms and particulates suspended in the water 

column, whereas the latter utilise similar materials after they have been deposited on the sea 

floor. Both types of diets characteristically contain refractory components such as cellulose and 

chitin. However, the diets of suspension feeders are likely also to contain a higher proportion of 

non-refractory, easily assimilable components than the diets of deposit feeders. 

Holothurians collect particulate food by means of buccal podia, modified to form 

tentacles. Various authors have studied holothurian tentacle morphology using light microscopy 

(LM) and scanning electron microscopy (SEM) to determine whether it relates to the types of 

material ingested. The species studied include aspidochirotids (Yingst, 1976; Roberts, 1979; 

Bouland et al., 1980; 1982; Cameron and Fankboner, 1984), dendrochirotids (Brumbaugh, 

1965; Fish, 1967a; Fankboner, 1978; Smith, 1983; Costelloe and Keegan, 1984; McKenzie, 

1984; 1987) and apodids (Gotto and Gotto, 1972; Powell, 1977; Roberts, 1979; Hammond, 

1982b; McKenzie, 1988). Several authors suggested that holothurians pick up particles by 

adhesion to the buccal tentacles (Brumbaugh, 1965 ; Fish, 1967a; Powell, 1977; Fankboner, 

1978; Hammond, 1982b; Smith, 1983; Costelloe and Keegan, 1984), while others indicate that 

particle capture occurs by mechanical entrapment (Roberts, 1979; Massin, 1980a; Bouland et 

aI. , 1982) or a combination of both (Cameron and Fankboner, 1984). Tentacular feeding may 

allow for considerable selective activity (Lopez and Levinton, 1987), either of a particular 

particle size (Trefz, 1956; Roberts, 1979) and/or of high organic content (Massin and Jangoux, 

1976; Massin, 1980a; Moriarty; 1982; Hammond, 1983). Such selective feeding, combined 

with the appropriate digestive processes, would enable holothurians to optimise the exploitation 

of refractory components of their diets. 

Some holothurians are considered continuous feeders (Yamanouti, 1939; Trefz, 1958; 

Bakus, 1973 ; Massin and Jangoux, 1976; Hammond, 1982a; Bulteel et al., 1992; Uthicke, 

1994), whereas others are intermittent feeders, either on a diurnal basis (for review see Massin, 

1982a) or a seasonal basis (Powell, 1977; Hauksson, 1979; Smith and Keegan, 1984; Costelloe 

and Keegan, 1984). Holothurians which exhibit a diurnal feeding pattern may exploit periods of 

the day when the capture offood particles is most energetically viable (Hunter-Rowe et al., 
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1976) or cease feeding for periods to allow the material in their digestive tracts to be digested. 

Seasonal patterns offeeding have been observed in temperate dendrochirotids (Fish, 1967a; 

Smith and Keegan, 1984; Costelloe and Keegan, 1984). They may represent periods of winter 

torpor when the holothurians cease feeding and lower their metabolic rate in response to 

reduced levels of available suspended particulate matter (Fish, 1967a) and/or high water 

turbulence (Smith and Keegan, 1984; Costelloe and Keegan, 1984). In aspidochirotids, annual 

evisceration events which cause a temporary cessation in feeding can occur (Tanaka, 1958; 

Yingst, 1982). In addition, some holothurians are reported to produce large faecal pellets 

(Moore and Roberts, 1994), although it is not clear whether such species feed continuously or 

intermittently. Thus, holothurians may demonstrate either continuous feeding and produce 

small faecal pellets (conveyor-belt feeding), continuous feeding and produce large faecal pellets, 

or intermittent feeding and defecation. The digestive tracts of conveyor-belt feeders will always 

tend to be full, whereas those of intermittent feeders and species producing large faecal pellets 

will range from completely full to completely empty. 

In addition, since gut length will determine how long ingested material is held within the 

digestive tract, differences in the gut length and morphology ofholothurian species of 

corresponding average body weight may reflect different digestive strategies (Weidmeyer, 

1992). 

Feeding rates have also been estimated for a number of deposit-feeding holothurians 

(Mayor, 1918 cited in Hammond, 1982a; Crozier, 1918; Yamanouchi, 1929 cited in Yamanouti, 

1939; Yamanouti, 1939; Trefz, 1956; Tanaka, 1958; Bonham and Held, 1963; Bakus, 1968; 

1973 ; Massin and Jangoux, 1976; Powell, 1977; Hammond, 1982a; Yingst, 1982; Baird and 

Thistle, 1986; Coulon and Jangoux, 1993; Klinger et ai. , 1994). There is a large amount of 

variation between species (Hammond, 1982a), some of which may be accounted for by different 

experimental techniques (Weidmeyer, 1992). Gut residence times have also been estimated for 

some deposit-feeding holothurians (Crozier, 1918; Yamanouchi, 1929 cited in Yamanouti, 

1939; Yamanouti, 1939; Trefz, 1956; Tanaka, 1958; Bonham and Held, 1963; Bakus, 1968; 

Massin and Jangoux, 1976; Hammond, 1982a; Weidmeyer, 1992); they vary considerably 

between species and possibly reflect particular feeding strategies as the extent of digestion is 

completely determined by gut residence time (Penry and Jumars, 1987). 

In this context, chemical reactor models have been used to describe the processes 

occurring within the guts of deposit feeders (Penry and Jumars, 1986; 1987; 1990; Penry, 

1989). Guts are classified as either batch reactors, plug-flow reactors or continuous stirred tank 

reactors. These models can be applied to the digestive tracts ofholothurians in order to assess 
~ 

the processes involved in digesting refractory sedimentary components. 
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This study aimed to investigate the tentacle activity and morphology in the deposit

feeding holothurians Holothuriaforskali (Delle Chiaje) and Leptosynapta inhaerens (Muller) 

and the suspension-feeder Pawsonia saxicola (Brady and Robertson). Gut length, gut residence 

times and feeding rates were also considered to determine whether differences occur between 

deposit-feeding and suspension-feeding holothurians. In addition, feeding strategies in terms of 

seasonal patterns of gut fullness in H. forskali, L. inhaerens and P. saxicola were investigated. 

Feeding strategies and gut morphologies were also considered in the light of recent chemical 

reactor models. 

6.2 Materials and Methods 

6.2.1 Specimen collection 

Specimens of H. forskali were collected by SCUBA diving at a depth of 10-20m from 

subtidal, rocky environments at St. John's Point, Co. Donegal, Eire (54°34'N, 8°28'W) on the 

3rd of November, 1993, the 23rd of September, 1994 and the 22nd of April, 1995. Following 

collection specimens were immediately placed in cold sea water containing 5% (w/v) 

magnesium chloride prior to transportation to the laboratory. 

Specimens of L. inhaerens were obtained from intertida~ coarse-grained sediments at 

Ballyhenry Island, Strangford Lough, Co. Down, Northern Ireland (54°23'N, 5°35 'W) on the 

19th of September, 1994, the 17th of February, 1995 and the 18th of April, 1995. Collection 

was undertaken at low tide by digging into the sediment up to a depth of 20cm. Only whole, 

undamaged specimens were removed and placed in cold sea water containing 5% (w/v) 

magnesium chloride for transportation to the laboratory. 

Specimens of P. saxicola were collected from underneath boulders amongst low water 

kelps at Kircubbin Bay, Strangford Lough, Co. Down, Northern Ireland (54°28 'N, 5°32'W) on 

the 30th of June, 1993, the 29th of January, 1994 and the 1st of April, 1995. Collection was 

only possible at very low tides (less than o. 7m). Specimens contracted on collection, therefore, 

they were placed in cold sea water containing 5% (w/v) magnesium chloride to elicit relaxation 

prior to transportation to the laboratory. 

6.2.2 SEM of tentacles 

Tentacles were obtained from fresh, relaxed specimens of H. forskali , L. inhaerens and 

P. saxicola. These were fixed in a 3: 1 solution of 4% (w/v) glutaraldehyde in O.IM sodium 

cacodylate buffer (PH 7.0) containing 1 % (w/v) sodium chloride and 0.05M calcium chloride 
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and 1% (w/v) aqueous osmium tetroxide overnight (see Appendix VI). The tentacles were then 

thoroughly washed through several changes of double-distilled water and left in buffer 

overnight. The following day the tentacles were dehydrated through an ascending acetone 

series of 50%, 70%, 95% and 100% for two sets of 15 minutes in each dilution. Following this, 

they were placed in 100% acetone until they were required for critical point drying. Critical 

point drying was carried out in liquid carbon dioxide using an EMscope CPD 750 Critical Point 

Dryer. The tentacles were then mounted on aluminium stubs and coated with gold/palladium in 

a Polaron £5000 Sputter Coating Unit. 

Tentacles were viewed in an ISI ABT55 Scanning Electron Microscope or a JOEL 

35CF Scanning Electron Microscope operating at lOKY. Photographs were taken on PAN F20 

roll film. 

6.2.3 Gut fullness 

Gut dry weight:body dry weight ratios were determined for 10-15 specimens of 

H. forskali , L. inhaerens and P. saxicola collected in winter, spring and summer (see table 6.1 

for dates). Fresh specimens, previously relaxed in a 5% (w/v) solution of magnesium chloride 

were dissected by making a median longitudinal cut along the mid-dorsal line from the mouth to 

the anus, the incision was then extended laterally near to the anterior and posterior ends and the 

body wall was pinned back to expose the digestive tract and associated structures. The 

digestive tract, including the gut contents was then removed by making cuts at the mouth, anus 

and through the mesenteries which attach the gut to the body wall. The gut was transferred to a 

pre-weighed aluminium pan and dried to constant weight at 80°C; the remainder of the 

specimen was also dried to constant weight in a pre-weighed aluminium pan. The dry weights 

of the two samples were then added together to obtain total body dry weight. 

6.2.4 Gut length and body volume 

30-40 specimens of each of the following species were sampled: H. forskali , 

L. inhaerens and P. saxicola. Each specimen was relaxed in 5% (w/v) magnesium chloride, a 

median longitudinal cut was made along the mid dorsal line and the coelomic fluid was allowed 

to drain out of the animal. The specimen was placed in a measuring cylinder containing sea 

water and the drained body volume determined as the volume of water displaced to the nearest 

cm3
; drained body volume was preferred to body volume because of the variation in the amount 

of perivisceral fluid between specimens. The specimen was then placed on a dissection board 

and the distance between the tentacle crown and the posterior tip was measured to the nearest 

millimetre. The digestive tract was removed by cutting at the mouth, anus and through the 
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supporting mesenteries; the gut was then extended on the board and measured to the nearest 

millimetre. All the components of the specimen were then placed in a pre-weighed aluminium 

pan and weighed to determine the body wet weight. The specimen was then dried to a constant 

weight at 80°C to determine the body dry weight. 

6.2.5 Feeding activity, feeding rates and gut residence times 

H olothuria forskali 

H. forskali is a very mobile surface feeder and many authors have reported problems 

keeping such species in deep aquaria as they tend to climb up the sides and avoid feeding 

(Crozier, 1918; Trefz, 1956 cited in Massin, 1982; Hammond, 1982a). Therefore, in the present 

study, shallow trays (1.034m by 0.421m by 0.139m) (Paxton, Ltd. , Glasgow) were used. The 

trays were exposed to running sea water for two weeks prior to their use in experiments. 

Surface sediment, obtained from an intertidal area was then placed in both trays up to a depth of 

2-3 cm and left for a further two weeks prior to the addition of any holothurians. A 0.1 % (w/v) 

solution of methylene blue was added to one of the trays and allowed to stain the sediment for 

48 hours. The sediment was then washed with sea water until all the excess stain was removed, 

this left the sediment a deep blue colour which was easily traceable through the digestive tract of 

H. forskali. The stained sediment was then left in running sea water for another two weeks to 

acquire surface organics. 

Four specimens of H. forskali were placed in a tray containing unstained sediment and 

four were placed in a tray containing stained sediment and were allowed to acclimatise for 4 

days, during which their tentacle activity was observed. Specimens were subjected to a 12 hour 

light and dark cycle using lamps and a timer switch to mimic their natural environment as closely 

as possible. The experimental salinity was 34 %0 and the water temperature was maintained at 

15°C. 

Preliminary observations revealed that H. forskali is a discontinuous feeder; it appears to 

feed only during the night. Consequently, the feeding experiments were carried out at night. 

The two tanks were partitioned into four equal sections and at 20.00 hours on the 5th of 

September, 1995 the four specimens on natural sediment were transferred to partitioned areas 

on the stained sediment and vice versa. The behaviour of each specimen was noted every hour 

for twelve hours. Observations included recording position in the tank, tentacle activity and 

faeces production. Initially, specimens produced faeces of a different colour from that of the 

sediment which they were on, i.e. blue faeces on natural sediment and natural coloured faeces 

on blue sediment. Gut residence times were determined as the time taken for faeces to be 
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produced which was of the same colour as the sediment on which the holothurians were 

feeding ; the hourly observations revealed the time when feeding was initiated. Faeces were 

collected from each partitioned area and dried to a constant weight so that egestion rates in 

grams of dry sediment produced per hour could be determined. At the end of the observations 

the specimens that produced faeces during the course of the experiment were killed and dried to 

constant weight to determine dry body weight, these dry body weights were used to determine 

egestion rates per unit dry body weight. 

Leptosynapta inhaerens 

The methods for the estimation of gut residence time and feeding rate in L. inhaerens 

were based on the studies of De Ridder and Jangoux (1985) and Coulon and Jangoux (1993). 

The holothurians were allowed to feed on stained sediment and sampled at regular intervals; the 

proportion of the gut that contained coloured sediment at each time interval was used to 

estimate the time it takes for the gut to be completely filled with sediment i.e. the gut residence 

time. Recording the dry weight of coloured sediment in the gut at specific time intervals gave 

an estimate of feeding rate. 

To maintainL. inhaerens in the laboratory, three plastic aquaria (400 x 200 x 250 mm 

high, 18 litre capacity, B.D.H.) were supplied with running sea water and allowed to acclimatise 

for two weeks. The top 15 cm of sediment was collected from Ballyhenry Island, Strangford 

Lough, where specimens of L. inhaerens were obtained; care was taken to maintain the 

stratification. This sediment was then transferred to two of the aquaria and allowed to 

acclimatise for at least one week. The third aquarium was kept free of sediment and was used 

to observe tentacle activity in specimens of L. inhaerens. In all three aquaria the sea water was 

at a temperature of 8-12°C, similar to the temperature to which specimens would be exposed to 

in Strangford Lough. 

A 0.1 % (w/v) methylene blue solution in sea water was then added to one of the aquaria 

and allowed to stain the sediment for 48 hours. The dyed sediment was then washed with sea 

water until no further dye was desorbed; the sediment remained a deep blue. This stained 

sediment was then maintained in running sea water for one week to allow it to become enriched 

with organic matter. 

15 specimens of L. inhaerens were collected and immediately placed in the aquarium 

containing unstained sediment and allowed to acclimatise for one week. Although care was 

taken to avoid damaging any specimens during collection this was not always possible, 

therefore, only whole specimens occurring in the aquarium after the one week acclimatisation 

period were used in the experiments. The specimens of L. inhaerens were collected during 
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December, 1994 and in all specimens the gut, visible through the transparent body wall, 

appeared full. 

Replicate experiments were carried out on consecutive days. For each experiment, 5-6 

specimens of L. inhaerens were transferred to the aquarium containing stained sediment. They 

quickly burrowed into the sediment and none were visible on the surface after 15 minutes. 

Preliminary investigations indicated that L. inhaerens readily ingested stained sediment. 

Specimens were taken from the aquarium every 30 minutes, the body length was recorded and 

they were then dissected. The digestive tract was fully extended and measured to the nearest 

millimetre, the length of blue stained sediment in the gut was also measured and from this the 

proportion of the gut that contained stained sediment was determined. The gut was then 

dissected and the total amount of coloured sediment contained within was collected and 

transferred to a pre-weighed aluminium pan and dried to a constant weight. The remainder of 

the specimen was also placed in a pre-weighed aluminium pan and dried to a constant weight. 

The two values were then added together to obtain the dry body weight. 

Pawsonia saxicola 

For the investigation of gut residence times and feeding rates specimens of P. saxicola 

were initially collected in January, 1995. However, it became apparent that these specimens 

were inactive; their tentacles were never extended and dissections revealed their guts to be 

completely empty. The experiment was therefore postponed until P. saxicola was active the 

summer. 

In June, 1995 a further 15 specimens of P. saxicola were collected and immediately 

placed in an aquarium containing running sea water where they were allowed to acclimatise for 

two weeks. During this period their tentacle activity was observed. An estimation of gut 

residence time and feeding rate was attempted by applying a rationale similar to that described 

for L. inhaerens above. However, as P. saxicola is a suspension feeder it was thought more 

appropriate to use suspended material as a marker. Initially aquadag, a colloidal graphite, was 

used since it was thought that its black colour would show up in the gut contents quite clearly. 

A colloidal suspension of aquadag was made up in sea water and added to the aquarium 

containing specimens of P. saxicola. Although the specimens exhibited tentacle activity, 

preliminary dissections of3 specimens after periods of 1, 2, and 3 hours revealed that no 

aquadag was present in their gut contents. 

Chaffee (1982) maintained specimens of the dendrochirotid Pachythyone rubra (Clark) 

in the laboratory on a diet consisting of the unicellular red alga, Rhodomonas sp .. In the present 

study Rhodomonas sp. was cultured using a vitamin mix which consisted of 50 mg biotin, 100 
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mg thiamine and 0.2 mg vitamin B12 in 500 ml of distilled water; 4 ml per litre of this vitamin 

mix was added to the algal culture. The algal culture bloomed after two weeks and was added 

to the aquarium containing specimens of Pawsonia saxicola. Tentacle activity was observed in 

the specimens; however, when specimens were dissected after 1, 2 and 3 hours no trace of red 

algae was observed in the gut contents, suggesting that none had been ingested. Consequently, 

this series of experiments was terminated. 
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6.3 Results 

6.3.1 Tentacle activity and morphology 

H olothuria forskali 

H. forskali has 20 peltate buccal tentacles of equal length which surround a ventrally 

positioned mouth. A peltate tentacle is illustrated in fig. 6.1a; it consists of a main stem and a 

flattened end-disc (fig. 6.2a). These end-discs are formed from secondary and tertiary branching 

at the apex of the main stem and bear papillae which are composed of short basal shafts and 

rounded apical parts consisting of 4-8 buds (fig. 6.2a). 

Observations of specimens of H. forskali in an aquarium indicate that it is a surface 

deposit feeder. When the holothurian is inactive the tentacles are retracted, however, when the 

holothurians are actively feeding the tentacles extend over the substratum and sediment particles 

adhere to the end-discs. Each tentacle contracts, bends into the mouth and is wiped clean of 

particles. Clean tentacles are then withdrawn from the mouth and extended over the 

substratum. There was no apparent order in which the tentacles are inserted and never more 

than one is inserted at a time. 

Leptosynapta inhaerens 

A typical synaptid digitate tentacle is illustrated in fig. 6.1b. L. inhaerens has 12 digitate 

buccal tentacles, of approximately equal length which surround the terminally positioned mouth 

(fig 6.2c). Each tentacle consists of a trunk from which 5 pairs oflateral digits and a single, 

long terminal digit arises (fig. 6.2d). McKenzie (1988) noted that the digits appear annular 

(fig. 6.2d), however, this is only superficial and is probably the result of contraction during 

fixation as there are no internal divisions. 

L. inhaerens is a burrowing, sub-surface deposit feeder, its digitate tentacles are used to 

push sediment into the mouth. During feeding, individual tentacles contract, are inserted into 

the mouth and then wiped clean of sediment; there is no special order in which tentacles are 

inselted. 

Pawsonia saxicola 

P. saxicola has 10 dendritic buccal tentacles which surround the terminally positioned 

mouth in a pentamerous manner. These tentacles are not of equal length: there are two forked, 

ventral tentacles which are much shorter than the eight dorsal tentacles. Fig. 6.3 illustrates the 

arrangement of these tentacles in the tentacle crown. A typical dendritic tentacle consists of a 
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Figure 6.1 

c 
b 

Examples ofholothurian tentacle structures; (a) peltate, (b) digitate and 

(c) dendritic. Drawings from Massin (1982a). 
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Figure 6.2a-b 

Figure 6.2c-d 

A SEM ofa peltate tentacle ofHolothuriaforskali illustrating (a) the 

tentacle shaft terminating in an end-disc which contains numerous 

papillae and (b) papillae at higher magnification, each consisting of 4-8 

buds. (Scale bars: (a) hnm; (b) 200/.lm). 

B: buds; P: papillae; Ts: tentacle shaft. 

SEM of ( c) the tentacle crown of Leptosynapta inhaerens consisting of 

12 digitate buccal tentacles surrounding the mouth and (d) an individual 

digitate tentacle of L. inhaerens consisting oflateral digits and a single 

terminal digit. (Scale bars: (c) 500/.lm; (d) 100/.lm). 

D: digitate tentacle; Ld: lateral digit; Td: terminal digit. 
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The arrangement of the eight large tentacles (1-8) and the two small ventral 

tentacles (A-B) in the tentacle crown of Pawsonia saxicola. 

Drawing modified from Brumbaugh (1965). 
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central trunk which is thickest at the base and narrows towards its apex (fig. 6.1c). From this 

central trunk side branches and terminal branches arise (fig. 6.1c, fig. 6.4a); numerous nodes, 

containing papillae, occur at the ends of each terminal branch (fig. 6.4b). 

P. saxicola is a suspension feeder which occurs under boulders where the water current 

ensures a continuous supply suspended material. ObselVations on specimens held in aquaria 

reveal that when specimens are not feeding the tentacle crown is retracted. When specimens are 

feeding the tentacles are fully extended into the water column and trap suspended particles. To 

transfer captured material into the mouth, individual tentacles are contracted, bent and then 

inserted into the mouth. The buccal sphincter then contracts around the base of the tentacle and 

cleans it of particles as it is withdrawn from the mouth. The tentacle is then fully extended in 

the water column again. Schaller (1973 cited in Massin, 1982a) noted that the two smaller, 

ventral tentacles act independently of the larger tentacles. 

To investigate the sequence of tentacle insertion into the mouth during feeding tentacles 

were numbered according to the terminology ofHunter-Rowe et al. (1976); from the ventral 

surface the eight large tentacles were numbered 1-8 in a clockwise direction and the two smaller 

ventral tentacles were labelled A and B (fig. 6.2). The order of tentacle insertion was then 

obselVed for 5 minute periods, a typical sequence is given below: 

8,2,6,B,A,3,I,A,8,B,3,1,5,B,8,B,A,3,B,I,A,7,3,B, 

6,8, B, 2, 1, 5, 7, A, B, 8, A, 3, A, 6, B, 4, A, 5, 2, 5, A, 6, B, A. 

These obselVations illustrated that tentacles inserted successively were generally from opposite 

sides of the tentacle crown, only occasionally were adjacent tentacles inserted successively. The 

smaller ventral tentacles were inserted more often than the larger tentacles and were often 

inserted successively (such sequences are underlined). Individual tentacles were never inserted 

twice in succession. Such obselVations were not possible with H. forskali and L. inhaerens 

because their tentacles were either on or in the sediment during feeding and therefore not easily 

visible. 
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Figure 6.4a-b SEM of a dendritic tentacle of Pawsonia saxicola illustrating 

(a) terminal branches which extended from the main tentacle shaft and 

(b) nodal masses at terminal regions of the tentacle. 

(Scale bars: 200~m). 

N: nodes; Nm: nodal mass; Th: terminal branch; Ts: tentacle shaft. 





6.3.2 Gut fullness 

Gut dry weight to body dry weight ratios are thought to be an indicator of gut fullness; 

they were determined for specimens of H. forskali , L. inhaerens and P. saxicola collected in 

winter, spring and summer. The extent of variation in the gut dry weight:body dry weight ratio 

indicates whether a species is a conveyor-belt feeder or fills and empties the gut intermittently. 

For statistical purposes, simple comparisons ofvariances are unsatisfactory because large 

differences in the mean will produce large differences in the variance. Consequently, 

coefficients of variance were calculated which take the mean into account; they were calculated 

according to the following equation: 

Coefficient of variance = standard deviation x lOO / mean 

Prior to statistical analysis, the gut dry weight: body dry weight ratios were normalised 

using the arcsine transformation equation given below: 

NORMALISED DATA = DEGREES [ASIN ( SQRT (DATA ))]. 

Initially, a Two-way ANOYA was carried out comparing gut fullness between species and 

between seasons; this revealed that the effect of season on gut fullness differed between the 

three species (ANOYA, F=4.31, df 4, 109, p=0.0029). Further analysis by Classical 

experimental ANOY A was undertaken to determine whether gut fullness varied significantly 

between the seasons in each species; a multiple range test (Student-Newman-Kuels) was 

employed to identify the source of any significant variation. 

Histograms of gut dry weight:body dry weight ratios for specimens of H. forskali 

collected in winter (November), spring (April) and summer (September) are given in fig. 6.S. 

The sediment in the gut of H. forskali was between 10 and 13 % of the total body dry weight 

with no significant differences between the seasons (ANOY A, F=1.97, df2, 39, p=0.lS31, table 

6.1). Further observations made on dissected specimens of H. forskali indicated that the gut 

was not full of sediment along its entire length, often the anterior intestines and sometimes the 

oesophagus and posterior intestines were found to be empty (table 6.2). The coefficients of 

variance for the gut dry weight:body dry weight ratios range from 2S .12% in winter, 3S.43% in 

spring and 43 .73 % in late summer (table 6.3); the greater variation in gut fullness in summer is 

apparent from fig. 6.S . 

Gut dry weight: body dry weight ratios for specimens of L. inhaerens collected in winter 

(February), spring (April) and late summer (September) are presented in fig. 6.6. Although the 

ratios appeared to increase from winter to summer, statistical analysis revealed that this trend 

was not significant (ANOYA, F=3.0S1 , df2, 27, p=0.0639, table 6.1). In addition, observations 
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Table 6.1 

Species 

Hforskali 

....... 
V1 
V1 L. inhaerens 

P. saxicola 

A comparison of the gut dry weight to body dry weight ratios in H. forskali . L. inhaerens and P. saxicola 

in winter, spring and summer 

Season 

Winter Spring 

Nov. 1993 April 1995 

n = 12 n = 15 

mean = 0.126 mean = 0.106 

S.E. = 0.0092 S.E. = 0.0097 

Feb. 1995 Aptil1995 

n = 10 n = 13 

mean = 0.543 mean = 0.623 

S.E. = 0.0631 S.E. = 0.0671 

Jan. 1994 April 1995 

n = 12 n = 15 

mean = 0.054 mean = 0.094 

S.E. = 0.0051 S.E. = 0.0091 

Summer 

Sept. 1994 

n = 15 

mean = 0.097 

S.E. = 0.0110 

Sept. 1994 

n = 7 

mean = 0.785 

S.E. = 0.0806 

June 1993 

n = 11 

mean = 0.096 

S.E. = 0.0119 

ANOV A compalIDg 

normalised gut fullness 

F = l.97, 

df = 2, 39 

P = 0.1531 

F = 3.051, 

df = 2, 27 

p=0.0639 

F = 5.952, 

df = 2,35 

p=0.0060 

Multiple range test 

No significant difference 

between seasons 

No significant difference 

between seasons 

Significant difference 

between Jan. and both 

April and June 



Table 6.2 

Species 

Hforskali 

L. inhaerens 

P. saxicola 

A summary of the observations made on the amount of gut contents in 

specimens of Holothuriaforskali, Leptosynapta inhaerens and Pawsonia 

saxicola throughout the year. 

Date 

March (1994) 

May (1995) 

October (1994) 

November (1993) 

Observations 

Anterior intestine always empty 

Anterior intestine often empty; oesophagus, 

posterior intestine and rectum sometimes empty 

Anterior intestine and posterior intestine 

often empty 

Anterior intestine always empty; 

oesophagus often empty 

February (1994 & 1995) All gut regions full of sediment 

May (1995) All gut regions full of sediment 

June (1994) All gut regions full of sediment 

September (1994) 

October (1994) 

November (1994) 

January (1994) 

April (1994) 

June (1994) 

July (1993) 

September (1993) 

All gut regions full of sediment 

All gut regions full of sediment 

All gut regions full of sediment 

All specimens had empty guts 

Some specimens contained material in gut 

All specimens contained material in gut 

Some specimens contained material in gut 

All specimens had empty guts 
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Table 6.3 

speCIes 

Hforskali 

L. inhaerens 

P. saxicola 

Coefficients of variance * for gut fullness ratios in H forskali , L. inhaerens 

and P. saxicola in winter, spring and summer. 

S.D. 

coefficient of 

vanance 

S.D. 

coefficient of 

vanance 

S.D. 

coefficient of 

vanance 

winter 

0.032 

25.12% 

0.199 

36.75% 

0.018 

32.77% 

sprmg 

0.038 

35.43% 

0.242 

38.82% 

0.036 

43 .14% 

summer 

0.043 

43 .72% 

0.231 

27.18% 

0.039 

41.32% 

* Coefficient of variance = standard deviaition.l00 / mean 
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(a) 

0-0.1 0.2 - 0.3 0.4 - 0.5 0.6 - 0.7 0.8 - 0.9 

Dry gut weight / dry body weight 

(b) 
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Dry gut weight / dry body weight 

(c) 
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Dry gut weight / dry body weight 

Histograms illustrating the dry gut weight: dry body weight ratios in 

specimens of Leptosynapta inhaerens from (a) Feb. (n=10), 

(b) April (n=13) and (c) Sept. (n=17). 
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on dissected specimens of L. inhaerens revealed that the gut was always full of sediment (table 

6.2). The coefficients of variance for the gut dry weight body dry weight ratios in specimens of 

L. inhaerens were 36.75% in winter 38.82% in spring and 27.18% in summer (table 6.3). 

Gut dry weight: body dry weight ratios in specimens of P. saxicola appeared to be lower 

in winter (January), than in spring (April) and summer (June) (figs. 6.7). Statistical analysis 

revealed that there was a significant difference in the ratio between the seasons (ANOV A, 

F=5.952, df2, 35, p=0.0060, table 6.1) and a multiple range test (Student-Newman-Kuels) 

confirmed that the ratio in winter (0.054) was significantly lower than in spring (0.094) and 

summer (0.096). Observations on dissected specimens of P. saxicola revealed that the guts are 

empty in the months of December, January and February, whereas in April, June and July 

material was present in the gut (table 6.2). This suggests that P. saxicola ceases feeding prior 

to December and resumes feeding between February and April. The coefficients of variance for 

the gut dry weight:body dry weight ratios in P. saxicola are given in table 6.3 , they were higher 

in spring (43 .14%) and summer (41.32%) than in winter (32.77%). The lower variation in 

winter reflects the fact that the digestive tract was always empty at that time of year. 

6.3.3 Gut length 

Scatter plots ofloglO gut length against 10glO body length, 10glO wet weight, 10glO dry 

weight and 10glO body volume for each species are presented in fig. 6.8 and fig. 6.9. Gut length 

was positively related to each parameter of body size. Spearmans rank correlation coefficients 

were calculated to test these observations and a significant positive correlation occurred 

between gut length and the parameters in each of the species with the exception of body volume 

in H. forskali and body length in P. saxicola (table 6.4). 

As body size varies significantly within and between species a standardised gut length, 

which takes into account body size, was determined; these standardised values were taken as the 

gut length:body length ratio. Statistical analysis revealed that there were significant interspecific 

differences in this ratio (ANOVA, F=6.7, df2, 63, p=0.0023, table 6.5) and a multiple range test 

(Student-Newman-Kuels) indicated that the ratio in L. inhaerens (1.32) was significantly lower 

than that in H. forskali (1. 70) and P. saxicola (1.66). Thus, L. inhaerens has a relatively shorter 

gut than either H. forskali or P. saxicola. 
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Table 6.4 

Species 

H.jorskali 

L. inhaerens 

P. saxicola 

Correlation between gut length and various other body parameters in specimens 

of Holothuriajorskali, Leptosynapta inhaerens and Pawsonia saxicola. 

Variables 

gut length body length 

gut length wet weight 

gut length dry weight 

gut length body volume 

gut length body length 

gut length wet weight 

gut length dry weight 

gut length body volume 

gut length body length 

gut length wet weight 

gut length dry weight 

gut length body volume 

Spearmansrank df 

correlation coefficiant: (n-2) 

0.7230 

0.5730 

0.4619 

0.2796 

0.8581 

0.8652 

0.8513 

0.8607 

0.0443 

0.6873 

0.5953 

0.6186 

13 

28 

28 

28 

31 

34 

45 

34 

16 

43 

42 

40 

Probability 

p=0.0012 ** 

p=0.0005 ** 

p=0.0051 ** 

p=0.0673 

p<O.OOOl ** 

p<O.OOOI ** 

p<O.OOOI ** 

p<O.OOOI ** 

p=0.4307 

p<O.OOOl ** 

p<O.OOOl ** 

p<O.OOOI ** 

* * Denotes significance at the 5% level 
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Table 6.5 

speCIes 

Hforskali 

L. inhaerens 

P. saxicola 

A summary of the statistical analyses comparing gut lengthlbody length ratios in specimens of Holothuriaforskali, 

Leptosynapta inhaerens and Pawsonia saxicola. 

mean gut lengthlbody n 

length ratio (± S.E.) 

1.70 (± 0.034) 15 

1.32 (± 0.067) 33 

1.66 (± 0.133) 18 

ANOV A multiple range test 

L. inhaerens significantly 

F = 6.708, df= 2,63, P = 0.0023 different from both H forskali 

and P. saxicola 



6.3.4 Gut residence times and feeding rates 

H olothuria forskali 

To investigate gut residence time in specimens of H. forskali the time taken from the 

initiation of feeding to the production of faeces was recorded. Six of eight specimens produced 

faeces during the course of the experiment; three produced faeces of a similar colour to that of 

the sediment on which they were feeding, indicating that the material had passed right through 

the gut during the course of the experiment (table 6.6, 6.7). Gut residence time was estimated 

at 10 hours for these three individuals (table 6.6). 

The faeces produced by each specimen of H. forskali were collected and dried to a 

constant weight to estimate egestion rates. Six of the eight specimens produced faeces at some 

time during the course of the experiment (table 6.6) and the faeces produced were collected 

every hour. Egestion rates, calculated as the dry weight of faeces produced per hour per 

individual ranged from 0.178 g h-1 to 2.882 g h-1 with a mean value of 1.09 g h-1 (± 0.159) 

(Appendix ill). 

Egestion rates may vary with body size, therefore, egestion rates per unit dry body 

weight were determined by dividing egestion rate by dry body weight (Appendix Ill) ; these 

values range from 0.006-0.102 g h- 1 g-l dry body weight with a mean value of 0.047 g h-1 g-l dry 

body weight (± 0.006). Egestion rates appeared to increase with dry body weight in H. 

forskali 

(fig. 6.10) and statistical analysis revealed a significant positive linear relationship between 

egestion rate and dry body weight, given by the equation: 

egestion rate = 0.055dry body weight - 0.154 (r2 = 0.2682, p=0.0238) 

In addition, egestion rate and dry body weight were also significantly positively correlated 

(Spearmans Rank correlation coefficient, rs = 0.4239, df 17, p=0.0353). 

Leptosy napta inhaerens 

Gut residence times for each specimen of L. inhaerens were estimated by dividing gut 

length by length of stained sediment in the gut and then multiplying this value by feeding time 

(Massin and Jangoux, 1976). The percentage of the gut filled with stained sediment during the 

course of the two experiments is given in fig. 6.11 ; in both experiments the percentage increases 

with feeding time, although specimens in the second experiment appear to pass material through 

their guts more quickly. Estimates of gut residence time for 10 specimens of L. inhaerens 

ranged from 1.3 to 9.4 hours with a mean of5.1 (± 0.91) hours (Appendix IV). 
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Table 6.6 

time 1 

21.00 

22.00 

23.00 

24.00 

l.00 

2.00 

3.00 

4.00 

5.00 

6.00 

7.00 

8.00 

A summary of faeces production in eight specimens of H. forskali during the 

course of a 12 hour, overnight observation period. 

Specimen No. 

2 3 4 5 6 7 8 

on stained sediment on unstained sediment 

+(n) +(n) +(b) 

+(n) +(b) +(b) 

+(n) +(n) +(b) 

+(n) +(b) 

+(n) +(b) 

+(b) 

+(n) 

+(b) * +(b) * +(n) * 

+(b) * +(b) 

+(n) denotes brown faeces, +(b) denotes blue-stained faeces. 

* denotes faeces of a colour similar to that of the sediment on which the specimen was feeding. 
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Table 6.7 

time 1 

21 .00 + 

22.00 + 

23 .00 

24.00 + 

l.00 + 

2.00 

3.00 + 

4.00 + 

5.00 

6.00 

7.00 

8.00 

A summary of tentacle activity eight specimens of H. forskali during the course 

of a 12 hour overnight observation period; indicating either tentacles extended 

and feeding (+) or tentacles retracted and inactive ( ). 

2 3 

Specimen No. 

4 

on stained sediment 

+ + + 

+ + 

+ 

+ + 

+ 

+ 

+ + 

+ + 

+ + 

+ + 
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+ 

+ 

+ 
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+ 

+ 

+ 

+ 

6 7 8 

on unstained sediment 

+ + + 

+ + + 

+ + 

+ + 
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+ 

+ 

+ + 

+ + 

+ + 
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Figure 6.10 Plot of egestion rate versus dry body weight for specimens of 

Holothuriaforskali (n = 19). 
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Figure 6.11 A bar chart illustrating the percentage of the gut filled with stained sediment 

at half hourly intervals in two sample sets of Leptosynapta inhaerens. 
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Figure 6.12 Plots of percentage gut coloration versus feeding time for two sample 

sets of Leptosynapta inhaerens. Lines of best fit and linear regression equations 

are included. (expt. 1: n=5~ expt. 2: n=6). 
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An alternative method of estimating gut residence time involves plotting the percentage 

of the gut filled with stained sediment against feeding time. This was done using the same data 

and is shown in fig. 6.12. Linear regression equations were then calculated and used to estimate 

the feeding time when the gut would be completely full of stained sediment (table 6.8). This 

treatment of the data gave estimates of6.8 and 3.6 hours respectively which are similar to the 

gut residence time of 5.1 hours estimated by the first method. 

To determine whether estimates of gut residence time were related to body size, plots 

were made against gut length, dry body weight and body length (fig. 6.13). Gut residence time 

was positively correlated with all three parameters (table 6.9). 

Ingestion rates, in terms of dry weight of sediment ingested per unit time were estimated 

for specimens of L. inhaerens by recording the amount of stained sediment contained within the 

gut after known periods offeeding. Dividing the stained sediment dry weight by the feeding 

time gives the ingestion rate in mg h-1
. Ingestion rates for L. inhaerens range from 1.0 to 19.0 

mg h-1 with a mean value of6.6 mg h-1 (± 1.98) (Appendix V). To account for size differences 

between specimens ingestion rates per unit body weight were determined by dividing ingestion 

rate by body dry weight. In the 10 specimens of L. inhaerens ingestion rates per unit body 

weight range from 0.018 to 0.593 g h-1 g-l dry body weight with a mean value of 0.138 g h-1 g-l 

dry body weight (± 0.053) (Appendix V). 

Pawsonia saxicola 

No estimates of gut residence time or feeding rates were obtained for P. saxicola 

because this species could not be induced to feed on either aquadag or the unicellular red algae 

Rhodomonas sp. under laboratory conditions. 
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Table 6.8 Estimates of gut residence time in Leptosynapta inhaerens using linear 

regression analysis. 

Exp. 

I 

2 

x aXIS yaXIs Linear regression r2 

equation 

Estimate of gut 

residence time. 

feeding %age gut y=14.72x 0.9638 p=0.0030 ** 6.8 hours 

time coloration 

feeding %age gut y=27.67x 0.8353 p=0.0108 ** 3.6 hours 

time coloration 

* * Denotes significance at the 5 % level. 
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Figure 6.13 Plots of (a) gut residence time versus gut length, (b) gut residence time 

versus dry body weight and (c) gut residence time versus body length for 

specimens of Leptosynapta inhaerens (n = 10). 
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Table 6.9 Linear regression analysis and correlation coefficients for gut residence time versus gut length, dry weight 

and body length in Leptosynapta inhaerens. 

Variables linear regression 

equation 

r2 probability Spearmans rank df probability 

correlation 

coefficient: rs 

gut residence time gut length y = 0.96x + 0.08 0.7999 p=0.0005 ** 0.8754 8 p=0.0005 ** 

gut residence time dry weight y = 0.03x + 2.79 0.6493 p=0.0049 ** 0.8424 8 p=O.OOll ** 

gut residence time body length y = 0.82x + 1.19 0.8388 p=0.0002 ** 0.8572 8 p=0.0008 ** 

** Denotes significance at 5% level. 



6.4 Discussion 

6.4.1 Tentacle morphology and activity 

H olothuria forskali 

Massin (1982a) and Binyon (1972) generalised that the peltate tentacles of 

aspidochirotids when fully extended sweep the bottom and act as shovels, each tentacle, 

working without a defined order, pushing sand into the mouth. Descriptions of the tentacle 

activity of H. forskali by Bouland et al. (1982) were confirmed in the present study; when 

feeding, the tentacles extend one after the other and then retract following contact with the 

substratum. As the secondary and quaternary branches contract they form a cup, the stem then 

contracts, bends towards the mouth and penetrates into it releasing particles into the pharyngeal 

cavity; the tentacles are then withdrawn from the mouth and extended (Bouland et aI., 1982). A 

similar pattern of tentacle activity was observed by Cameron and Fankboner (1984) for 

Parastichopus californicus (Stimpson). 

Early authors, e.g. Cherbonnier (1954) argued that particles adhere to holothurian 

tentacles as result of mucus secretions. More recently, both mechanical (Roberts, 1979, 

Bouland et aI., 1982; Yingst, 1982) and adhesive (Hammond, 1982b) feeding mechanisms have 

been ascribed to the peltate tentacles of aspidochirotids (Foster, 1994). Roberts (1979) and 

Yingst (1982) argued that peltate tentacles operate mechanically, with little or no adhesive 

involvement. Bouland et al. (1982) suggested that such mechanical entrapment occurs in 

H. forskali; the tentacles trap small particles by wedging them between the buds and papillae as 

they retract. Larger particles can become wedged between adjoining papillae and much larger 

debris, such as :fragments of macro algae or seagrass can be caught by tentacles co-operating 

with each other (Massin, 1980a; Bouland et al., 1982). 

Leptosynapta inhaerens 

The tentacle crown of L. inhaerens consists of 12 digitate tentacles of equal length; each 

has a central trunk :from which 5 pairs oflateral digits and a single terminal digit arises. The tips 

of the digitate tentacles are smooth (Roberts and Bryce, 1982; Hammond, 1982b; pers. obs.). 

McKenzie (1988) observed a number of cup-shaped structures which are thought to be sensory 

arising :from the inner surface of the tentacle trunk. Mucus-secreting goblet cells have also been 

observed on the digitate tentacles (McKenzie, 1988), but none have been observed in either 

dendrochirotid or aspidochirotid species (Bouland et al., 1982; Fankboner, 1978; Smith, 1983; 
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McKenzie, 1987). Their secretions may serve to consolidate the burrow, lubricate passage 

through it and bind adhering particles together to aid in ingestion (McKenzie, 1988). 

L. inhaerens uses its digitate tentacles to burrow through the sediment and push material 

into the mouth. Powell (1977) noted a similar feeding method in the congeneric Leptosynapta 

tenuis (Ayres). There appears to be no special order in which the tentacles are inserted into the 

mouth. Gotto and Gotto (1972) reported no particular order to tentacle insertion in the apodid 

Labidoplax media (Oestergren) but stated that they maintain a constant rhythmical motion 

where a tentacle is inserted into the mouth every 20 seconds. 

Digitate tentacles, such as those of Leptosynapta inhaerens are thought to capture 

particles by adhesion as the outer surfaces of digitate tentacles appear sticky (Powell, 1977; 

Roberts and Bryce, 1982). 

Pawsonia saxicola 

Detailed descriptions of dendritic tentacles can be found in Fish (1967a), Fankboner 

(1978 ; 1981), Smith (1983), Costelloe and Keegan (1984), McKenzie (1987) and Foster 

(1994). Pawsonia saxicola has 10 dendritic tentacles which are not all of equal length, the two 

forked mid-ventral tentacles being much shorter than the other eight tentacles. Other studies 

have also observed two shorter ventral tentacles in dendrochirotids (Fish, 1967a; Hunter-Rowe 

et aI. , 1976; Massin, 1980a, 1982a; Costelloe and Keegan, 1984; McKenzie, 1987). The 

tentacles are finely branched and terminate in nodes containing papillae. 

Feeding in dendrochirotids is described in detail in a number of papers and is reviewed in 

Massin (1982a). It involves passively extending the tentacles into the water column to trap 

suspended particles which are then transferred to the mouth by the contraction of individual 

tentacles. In P. saxicola two smaller tentacles act independently of the larger tentacles 

(Schaller, 1973 cited in Massin, 1982a, pers. obs.), contrary to the observations made by Fish 

(1967), Hunter-Rowe et al. (1976) and Smith (1981) for Leptopentacta (=Cucumaria) elongata 

(Dub en and Koren), Thyone fusus (MUller) and Neopentadactyla mixta (Ostergen) that the 

smaller tentacles clean the larger tentacles after they are withdrawn from the mouth. In Aslia 

lefevrei (Barrois) the ventral tentacles were observed to act both independently and in 

conjunction with the larger tentacles (Costelloe and Keegan, 1984). Schaller (1973 cited in 

Massin, 1982a) suggested that in P. saxicola adjacent tentacles are sometimes inserted 

successively into the mouth. This was not observed in the present study. Individual tentacles 

were never inserted twice in succession and those inserted successively were generally from 

opposite sides of the tentacle crown. Brumbaugh (1965), Schaller (1973 cited in Massin, 1980), 

Hunter-Rowe et al. (1976) and Costelloe and Keegan (1984) noted that dendritic tentacles are 
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almost never inserted twice in succession, often opposite tentacles follow each other into the 

mouth and the two smaller tentacles are often inserted consecutively into the mouth; such 

tentacle activity was observed for P. saxicola in the present study. 

Brumbaugh (1965), Binyon (1972) and Massin (1982a) suggested that some 

dendrochirotids are able to brush the bottom with their tentacles, allowing a combination of 

suspension and deposit feeding. In the present study, P. saxicola was never observed to sweep 

its tentacles over the sediment surface. Fish (1967a), Smith (1983), Costelloe and Keegan 

(1984) and Foster (1994) also failed to observe such tentacle behaviour in Leptopentacta 

elongata, N mixta, A. lefevrei, Roweia stepensoni (John), Roweiafrauenfeldifrauenfeldi 

(Ludwig), Aslia spyridophora (Clark) and Pseudocnella sykion (Lampert), respectively. 

The majority of studies have reported that tentacular adhesion in dendrochirotids is 

exclusively chemical in nature (Brumbaugh, 1965; Fish, 1967a; Massin, 1982a; Hammond, 

1982b; Smith, 1983; Costelloe and Keegan, 1984). Fish (1967a) noted the absence of mucus 

glands on the tentacles of C. elongata and suggested that the mucus comes from glands in the 

pharynx and/or oesophagus, the tentacles being loaded with mucus when they are inserted into 

the digestive tract. However, Brumbaugh (1965), Fankboner (1978) and Smith (1983) all noted 

that only the tentacle tips were adhesive, ruling out the pharyngeal mucus theory (McKenzie, 

1987). It is now accepted that food particles are ensnared by means of specialised adhesive 

areas on the most distal regions of the tentacle branches (Fankboner, 1978; Roberts and Bryce, 

1982; Smith, 1983 ; Costelloe and Keegan, 1984; Foster, 1994) with no direct involvement of 

pharyngeal secretions. 

6.4.2 Gut fullness and feeding rhythms 

Gut weight: body weight ratios give a indication of gut fullness and the extent of 

variation in this ratio in population samples points to whether a species feeds and defecates 

continuously or intermittently. In conveyor-belt feeders the guts of most individuals will almost 

always be full and the gut dry weight: body dry weight ratios will show a narrow range of 

variation. By contrast, in species which feed or defecate intermittently the guts of individuals 

can be anything between full and empty and the gut dry weight: body dry weight ratio will vary 

widely. 

In H. forskali the range of mean gut dry weight:body dry weight ratios is low (0.1 to 

0.13). However, observations made on the amount of material in digestive tracts of dissected 

specimens suggests that this species feeds intermittently, the guts were never full and often 
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completely empty. Specimens in shallow aquaria with natural light-dark cycles were only 

observed to feed at night and the oesophagus and anterior intestines were normally empty in 

specimens collected in the early afternoon (between 2.00pm and 3. OOpm), suggesting that they 

had not fed recently. These results indicate that H. forskali exhibits a diurnal feeding rhythm, 

actively feeding only during the night. 

Diurnal feeding rhythms have been reported for other aspidochirotids e.g. Stichopus 

moebii (Semper) [=Jsostichopus badionotus (Selenka)], Holothuria scabra (Jaeger), Stichopus 

chloronotus (Brandt), Holothuria mexicana (Ludwig), Holothuria thomasi (Pawson and 

Caycedo) and Actinopyga agassizi (Selenka) (Crozier, 1918; Yamanouti, 1939; Hammond, 

1982a; Weidmeyer, 1992; Uthicke, 1994). However, not all aspidochirotid holothurians are 

intermittent feeders; several species have been reported to feed continuously e.g. Holothuria 

tubulosa (Gmelu), Holothuria atra (Jaeger), Holothuria edulis (Lesson) and Holothuriaflavo

maculata (Semper) (Yamanout~ 1939; Trefz, 1958 cited in Massin, 1982a; Massin and 

Jangoux, 1976; Bulteel et al. , 1992; Uthicke, 1994). 

Hammond (1982b) suggested that holothurians exhibiting diurnal feeding rhythms 

respond to light levels. Feeding cycles are not thought to be linked to tidal events as they can be 

maintained in the laboratory in the absence of tidal cycles (Yamanouti, 1939; pers. obs.). 

Crozier (1918) suggested that in the case of 1. badionotus each filling of the gut seems to be a 

discrete event; a strategy of filling the gut, digesting the contents and then emptying the gut 

prior to recommencing feeding may occur in H. forskali. 

In H. forskali there was no significant difference in the gut dry weight:body dry weight 

ratio between winter, spring and summer, suggesting that this species does not vary its feeding 

behaviour throughout the year despite possible variations in food availability. However, some 

species of aspidochirotids e.g. Stichopus japonicus (Selenka) stop feeding during summer 

(Tanaka, 1958). In addition, annual evisceration events which cause a temporary cessation in 

feeding activities are common in aspidochirotids, e.g. Parastichopus parvimensis (Clark) 

(Yingst, 1982). In all the specimens of H. forskali dissected in the present study, the digestive 

tracts were found to be intact, suggesting it retains its gut throughout the year. 

The mean gut dry weight:body dry weight ratios in Leptosynapta inhaerens ranged from 

0.54 to 0.79 (table 6.1) which suggests that there is a large variation in the state of gut fullness. 

However, observations on dissected specimens revealed that the digestive tracts always 

contained sediment, suggesting that this species is a conveyor-belt feeder. The large range of 

gut dry weight:body dry weight ratios probably reflects large variations in dry body weight 

rather than large variations in the amount of material held in the gut. The strategy of burrowing 

deposit feeders, such as L. inhaerens, may be to feed continuously and ingest as much sediment 
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as possible, as suggested for the congeneric L. tenuis by Powell (1977). Conveyor-belt feeding 

also helps to push material along the digestive tract which may be necessary in species lacking 

extensive gut musculature (Hammond, 1982a). Not all apodids feed continuously, for example, 

Hammond (1982b) observed that Euapta lappa (Miiller) feeds exclusively at night. 

There were no significant difference in the gut dry weight:body dry weight ratio between 

winter, spring and summer in specimens of L. inhaerens indicating no seasonality in the feeding 

patterns of this species. 

In the suspension feeder Pawsonia saxicola the mean gut dry weight:body dry weight 

ratios were low and showed a narrow range (0.054 to 0.096). However, dissected specimens 

were never observed to have full guts, suggesting that Pawsonia saxicola does not feed 

continuously throughout the day. Diurnal feeding rhythms have been reported for other 

dendrochirotids e.g. N mixta, T fusus and Aslia africana (Konnecher and Keegan, 1972; 

Hunter-Rowe et aI. , 1976; Sloan, 1979). A number offactors may affect dendrochirotid 

feeding, such as water current, tidal cycles and light levels (Konnecher and Keegan, 1972; 

Hunter-Rowe et aI. , 1976; Sloan, 1979). 

Comparing the gut dry weight:body dry weight ratios in P. saxicola between winter, 

spring and summer indicates that the ratio was significantly lower in winter than either spring or 

summer. Observations on dissected specimens of P. saxicola in winter revealed that between 

December and February the digestive tracts were completely empty, suggesting that P. saxicola 

ceases feeding during winter, possibly in response to low water temperatures, the low 

availability of suspended food material and/or turbulent water conditions at this time of year. 

Cessation of feeding during the winter has previously been reported for a number of other 

dendrochirotid species e.g. Leptopentacta elongata, Cucumaria lubria (Clark), A lefevrei and 

N mixta (Fish, 1967a; Engstorm, 1982; Costelloe and Keegan, 1984; Smith and Keegan, 1984). 

Smith and Keegan (1984) observed that during hibernation, N mixta shows a general 

deterioration in body condition; this was also observed for P. saxicola in the present study, its 

body wall becoming almost transparent during the period of torpor. Seasonal feeding patterns 

are not universal in dendrochirotids, for example, Fish (1967a) observed that Cucumaria lactea 

(Forbes) feeds continuously throughout the year. 

It is not clear what cues may initiate and maintain the feeding torpor observed in 

P. saxicola. Various cues have been suggested for other dendrochirotids; Fish (1967a), 

Hauksson (1979), Costelloe and Keegan (1984) and Smith and Keegan (1984) stated that low 

temperatures initiate seasonal torpor. Smith and Keegan (1984) also interpreted the torpor as a 

flight from seasonal impoverishment of the food reservoir; they argued that feeding processes 

are metabolically demanding and the quality of ambient seston over winter months may be so 
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poor as to negate the return for feeding effort. Jorgensen (1966) noted that diatoms are an 

important food source for suspension feeders and their production frequently diminishes/ceases 

during winter. Therefore, suspension feeders may reduce their metabolic needs by stopping 

feeding in response to depleted diatom numbers (Massin, 1982a). Hunter-Rowe et al. (1976) 

reported that dendrochirotids cease feeding during very strong wave action, possibly to avoid 

damage and! or the result of the failure to maintain an efficient 'net', thus making feeding 

unprofitable. 

Regular monitoring of the gut contents of P. saxicola throughout the year would 

indicate whether the quality of the suspended material ingested varies to the extent where it may 

become unprofitable to maintain feeding activities. 

6.4.3 Gut length 

Interspecific differences in the gut length ofholothurian species of corresponding 

average body size may reflect different feeding strategies (Weidmeyer, 1992); therefore, gut 

length was considered for H. forskali, Leptosynapta inhaerens and P. saxicola in the present 

study. 

Various authors have encountered problems estimating gut length and body size in 

holothurians. For example, Crozier (1918) noted that the gut of1. badionotus rapidly contracts 

on dissection when empty and suggested that estimates of gut length should only be made from 

full specimens. Hammond (1982a), Bulteel et al. (1992) and Foster (1994) noted that body 

length was difficult to measure as the result of the high contractility of the holothurian body 

wall; to counter this problem in the present study specimens were relaxed in a magnesium 

chloride solution in sea water prior to body length measurements. In addition, wet weight and 

dry weight were used to estimate body size, as suggested by Sloan (1979). Foster (1994) used 

drained body volume as an estimate ofholothurian body size, as dry weight overemphasised 

species with increased skeletal material and wet weight overemphasised species with increased 

water content in their body tissue. 

To take into account the large interspecific variations in body size, gut length was 

standardised as the gut length:body length ratio. Body length was chosen as the estimate of 

body size because it is a linear parameter. Foster (1994) also compared gut length between 

holothurian species by establishing a standardised value for gut length, however, he used drained 

body volume as the estimate of body size. In the present study, comparisons between the 

species revealed that the gut length:body length ratio was significantly lower in L. inhaerens 

than either H. forskali or P. saxicola, suggesting that L. inhaerens has a relatively shorter gut 
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than either of the other two species. Differences in gut length between holothurian orders could 

be of a phylogenetic origin, but are more likely to reflect functional adaptations to the types of 

food ingested (Foster, 1994). The short gut ofL. inhaerens may allow it to process large 

quantities of sediment during its feeding and burrowing activities, stripping bacteria from the 

ingested sediment. The relatively longer guts of both H. forskali and P. saxicola may extend 

gut residence times, thus allowing more time for the digestion of refractory components of the 

diet such as cellulose and chitin (see Chapter 5). Foster (1994) also observed relatively long gut 

in the suspension-feeding dendrochirotids R. stepensoni, R. frauenfeldi , Aslia spyridophora and 

Pseudocnella sykion and suggested that the ingested plant material with high levels of cellulose 

requires extended digestion times. 

6.4.4 Gut residence time 

A gut residence time of 5 hours was estimated for L. inhaerens by measuring the rate of 

movement of stained sediment through the digestive tract. Similar methods have been employed 

by Massin and Jangoux (1976) and Weidmeyer (1992) to estimate gut residence times for 

H. tubulosa, H. atra and H. scabra. Massin and Jangoux (1976) noted that this method is only 

applicable to conveyor-belt feeders because it assumes that the movement of material along the 

digestive tract is constant. As H. forskali is not a conveyor-belt feeder an alternative method 

was used to estimate gut residence time; the production of faecal pellets by specimens feeding 

on either natural or methylene blue stained sediment was monitored and an estimate of 10 hours 

was obtained. Hammond (1982a) employed a similar rationale to estimate gut residence times 

for H. mexicana, 1. badionotus and H. arenicola, allowing specimens to feed on either large or 

small particles and recording the time taken for them appear in the faeces. In the present study, 

the suspension feeder Pawsonia saxicola would not ingest markers, such as aquadag or 

unicellular red algae so it was not possible to obtain an estimate of gut residence time. 

In L. inhaerens gut residence time was directly related to body size, indicating that 

larger individuals had relatively longer gut residence times. Such a relationship between gut 

residence time and body size was also noted by Trefz (1958), Massin and Jangoux (1976) and 

Weidmeyer (1992) for H. atra, H. tubulosa and H. scab ra, respectively. Extended gut 

residence times probably reflect the longer digestive tracts oflarger holothurians. The passage 

rate, i.e. rate cm-1 of gut may also be important when considering digestive strategies. 

Numerous studies have previously estimated gut residence times in aspidochirotid and 

apodid holothurians using a variety of methods (table 6.10). There is a large variation in these 

estimates, possibly because of natural differences between individuals and species (Hammond, 
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Table 6.10 A summary of the published data on gut residence times (GRT) in shallow-water 

deposit-feeding holothurians. 

species habitat 

Aspidochirotids 

Holothuria atra (Jaeger) tropical 

Holothuria bivittata (Mitsukiri) tropical 

Holothuria edulis (Lesson) tropical 

Holothuria flavo-maculata (Semper) tropical 

Holothuria scabra (Jaeger) tropical 

Holothuria vitiens (Semper) tropical 

Holothuria mexicana (Ludwig) tropical 

Holothuria arenicola (Semper) tropical 

Holothuria tubulosa (Gmelin) Mediterranean 

Holothuria difjiculis (Semper) tropical 

H olothuri a forskali (Delle Chiaje) temperate 

]sostichopus badionotus (Selenka) tropical 

Stichopus variegatus (Semper) tropical 

Stichopus chloronotus (Brandt) tropical 

Stichopus japonicus (Selenka) tropical 

Apodids 

Leptosynapta inhaerens (Muller) temperate 

Euapta lappa (Muller) tropical 

GRT 

(hours) 

4-6 

10-36 

7.5 

3-5 

5 

3.5 

2-2.5 

5 

3-4 

5 

6 

8 

D- 15 

10 

5-6 

5 

2-3 

> 6 

24 

25-30 

5 

5 

0.5-1 

180 

source 

Yamanouti (1939) 

Trefz (1958 cited in Bonham and Held, 

1963) 

Weidmeyer (1992) 

Yamanouti (1939) 

Yamanouti (1939) 

Yamanouti (1939) 

Yamanouti (1939) 

Weidmeyer (1992) 

Yamanouti (1939) 

Hammond (1982a) 

Hammond (1982a) 

Massin and Jangoux (1976) 

Bakus (1968) 

This study 

Crozier (1918) 

Hammond (1982a) 

Yamanouchi (1929 cited in Yamanouti, 

1939) 

Yamanouti (1939) 

Yamanouchi (1929 cited in Yamanouti, 

1939) 

Tanaka (1958) 

Hammond (1982a) 

This study 

Hammond (1982a) 



1982a), but also because the experimental conditions were very particular to each study (Massin 

and Jangoux, 1976). The estimates of gut residence time for aspidochirotids which are 

comparable appear to vary with latitude, ranging from 5 to 7.5 hours in tropical species 

(Hammond, 1982a; Weidmeyer, 1992), 8 hours for a single Mediterranean species (H. tubulosa; 

Massin and Jangoux, 1976) and 10 hours for the temperate species H. forskali in the present 

study (table 6.10). Feeding rates and digestive speeds may be greater in warmer environments 

and thus, gut residence times are reduced; however, one must also consider interspecific size 

differences as gut residence time may increase with body size in holothurians (Trefz, 1956; 

Massin and Jangoux, 1976; Weidmeyer, 1992). Comparisons between tropical and temperate 

apodid species revealed a similar trend. The tropical species Euapta lappa has an estimated gut 

residence time of 0.5-1 hours (Hammond, 1982a), whereas in the temperate species 

L. inhaerens the estimate is 5 hours. This is in spite of the fact that E. lappa is much larger 

(body length: -45cm; Hammond, 1982b) than L. inhaerens (body length: -5cm; pers. obs.). 

Feral (1989) questioned whether deposit feeders with short gut residence times digest 

only the most labile components while those with a long gut residence time utilise the more 

refractory detritus. In the present study, the gut residence time of 5 hours for the burrowing 

deposit feeder L. inhaerens is half the figure estimated for the surface deposit feeder H. forskali . 

This probably reflects a feeding strategy in L. inhaerens that involves processing as much 

material as possible through its short digestive tract. The extended gut residence times of 

H. forskali may allow more time for the digestion of refractory components of ingested 

sediment. H. forskali is a much larger species than L. inhaerens which would also account for 

the longer gut residence times. 

It would be interesting to discover whether gut residence times are altered in response to 

changes in the quality and quantity of nutrients available, although Hammond (1982a) reported 

that this was not the case in the tropical species H. scabra and H. atra. 

6.4.5 Feeding rates 

Surface and subsurface deposit-feeding holothurians are thought to be among the most 

important sediment reworking benthos in temperate, tropical, shallow-water and deep-sea 

environments (Bonham and Held, 1963; Bakus, 1968; Yingst, 1982). The quantity of sediment 

processed by these holothurians will indicate their impact on the ecology of an area (Yamanouti, 

1939; Massin and Jangoux, 1976) and reflect particular feeding strategies. 

In the present study, egestion rates in actively feeding specimens of H. forskali ranged 

from 0.178-2.883 g/h. Other studies have also monitored faeces production to estimate feeding 
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rates in both captive (Powell, 1977; Yingst, 1982) and in situ individuals (Bonham and Held, 

1963 ; Klinger et ai., 1994). L. inhaerens defecates below the sediment surface and its faeces 

could not be collected to determine egestion rates. Consequently, ingestion rates were 

determined by recording the amount of stained sediment in the digestive tract after known 

periods offeeding. These rates ranged from 0.001-0.019 g/h. De Ridder and Jangoux (1985) 

first applied this rationale to determine feeding rates in the sea urchin Echinocardium cordatum 

(Pennant), Coulon and Jangoux (1993) later used it to estimate feeding rates in H. tubulosa. No 

estimates of feeding rate were obtained for Pawsonia saxicola in the present study because it 

was not possible to induce captive specimens to ingest marked foods. Other studies have also 

reported difficulties inducing suspension-feeding holothurians to feed (Fish, 1967a; Smith and 

Keegan, 1984). 

The literature concerning feeding rates in shallow-water deposit-feeding holothurians is 

variable (table 6.11), reflecting the considerable differences in the methods used. A number of 

factors, including temperature, light intensity, food availability and physiological events affect 

feeding rates in deposit-feeding holothurians (Powell, 1977; Yingst, 1982; Coulon and Jangoux, 

1993) and must be considered when making comparisons between different studies. Powell 

(1977) and Coulon and Jangoux (1993) argued that feeding rates are greater at higher 

temperatures, however, Tanaka (1958) and Yingst (1982) failed to observe a temperature effect 

on reworking rates in Stichopus japonicus and Parastichopus parvimensis, respectively. Daily 

variations in light intensity lead to rhythmical feeding activities in many holothurian species 

(Coulon and Jangoux, 1993; see section 6.4.3). Yingst (1982) suggested that seasonal 

variations in the quantity and quality of sedimented debris may also affect feeding rates. The 

feeding rate may either increase as the organic content of the sediment increases (optimal 

ingestion rates) or decrease (compensatory feeding) (Lopez and Levinton, 1987). Variations in 

feeding rates may also be the result of changes in feeding behaviour in response to spawning 

events, moult cycles or evisceration (Yingst, 1982). 

Assuming that H. forskali feeds nocturnally, for approximately 12 hours of the day its 

daily feeding rates range from 2.14-34.58 g dai l. Comparing these rates with the published 

data (table 6.11) suggests that H. forskali processes less sediment than the majority of the 

aspidochirotids studied, however, most of these species considered are tropical and higher water 

temperatures may induce greater feeding rates (Powell, 1977; Coulon and Jangoux, 1993). 

Some studies express feeding rates in terms of grams of sediment ingested per unit time per unit 

dry body weight to take into account variations in body size (Tanaka, 1958; Weidmeyer, 1992; 

Coulon and Jangoux, 1993). In H. forskali these rates ranged from 0.006-0.102 g h-1 g-l dry 

body weight, again lower than observed in tropical Holothuria species (table 6.12). 
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Table 6.11 A summary of the published data on feeding rates in shallow-water 

deposit-feeding holothurians. 

species habitat 

Aspidochirotids 

Holothuria atra (Jaeger) tropical 

Holothuria bivittata (Mitsukiri) tropical 

Holothuria edulis (Lesson) tropical 

Holothuria jlavo-maculata (Semper) tropical 

Holothuria jloridana (7) tropical 

Holothuria scabra (Jaeger) tropical 

Holothuria vitiens (Semper) tropical 

Holothuria mexicana (Ludwig) tropical 

Holothuria arenicola (Semper) tropical 

Holothuria leucospilota (Brandt) tropical 

Holothuria difficulis (Semper) tropical 

Holothuriaforskali (Delle Chiaje) temperate 

]sostichopus badionotus (Selenka) tropical 

Stichopus variegatus (Semper) tropical 

Stichopus chloronotus (Brandt) tropical 

Stichopus japonicus (Selenka) tropical 

Parastichopus parviensis (Clark) temperate 

Apodids 

Leptosynapta tenuis (Ayres) temperate 

Leptosynapta inhaerens (Muller) temperate 

feeding 

rate 

(g day"l) * 

44.0 

85.6 

200 

144-288 

29.6 

124.3 

58.9 

21.6 

24.0 

72-94 

196.7 

73.0 

4.8 glh 

57.6 

15.7 

S 0.02 glh 

2.14-34.58 

92.0 

93.7 

4.6 

49.7 

22.94 

6.55 

3.9 

4.6 

0.5-1.4 glh 

3.84-9.59 

7.94-15.07 

0.158 

* Feeding rate in grams per day unless otherwise stated. 
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source 

Gardiner (1931 cited in Hammond, 1982a) 

Yamanouti (1939) 

Trefz (1958 cited in Bonham and Held, 1963) 

Bonham and Held (1963) 

Klinger et al. (1994) 

Yamanouti (1939) 

Yamanouti (1939) 

Klinger et al. (1994) 

Yamanouti (1939) 

Mayor (1918 cited in Hammond, 1982b) 

Yamanouti (1939) 

Yamanouti (1939) 

Hammond (1982a) 

Hammond (1982a) 

Klinger et al. (1994) 

Bakus (1968) 

This study 

Crozier (1918) 

Hammond (1982b) 

Baird and Thistle (1986) 

Yamanouchi (1929 cited in Yamanouti, 1939) 

Klinger et al. (1994) 

Klinger et al. (1994) 

Hammond (1982a) 

Baird and Thistle (1986) 

Yingst (1982) 

Myers (1973 cited in Powell, 1977) 

Powell (1977) 

This study 



Table 6.12 Feeding rates in shallow-water deposit feeding holothurians, expressed in terms 

of sediment ingested per unit body weight. 

species habitat feeding rate source 

(g h·l g-l dry body 

weight) 

Aspidochirotids 

Sti ch opus japonicus (Selenka) tropical 0.03-0.046 Tanaka (1958) 

Holothuria scabra (Jaeger) tropical 0.244-0.31 Weidmeyer (1992) 

Holothuria atra (Jaeger) tropical 0.452-0.456 Weidmeyer (1992) 

Holothuria tubulosa (Gmelin) Mediterranean 0.049-0.489 Coulon and Jangoux (1993) 

Holothuria forskali (Delle Chiaje) temperate 0.006-0.102 This study 

Apodids 

Leptosynapta inhaerens (Muller) temperate 0.018-0.593 This study 
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The daily feeding rates for L. inhaerens, assuming that it feeds continuously averaged 

0.158 g dafl ; much lower that the rates reported for the congeneric L. tenuis by Myers (1973) 

and Powell (1977) (table 6.11). 

Comparing the two deposit feeders in the present study, the daily feeding rates for the 

surface feeder H. forskali were at least ten times greater than for the subsurface feeder 

L. inhaerens (table 6.11). However, L. inhaerens had a higher feeding rate per unit body 

weight than H. forskali (table 6.12), suggesting that the difference between the crude feeding 

rates was the result of the much larger size of H. forskali . The high feeding rates per unit body 

weight observed in L. inhaerens supports the earlier suggestion that it is a continuous feeder 

which ingests as much sediment as possible, whereas the lower rates observed in H. forskali 

suggest that this species processes relatively less material, possibly selecting the nutrient-rich 

components of the surface sediment. 

Making the assumption that H. forskali and L. inhaerens maintain their daily feeding 

rates throughout the year, estimated annual sediment reworking rates range from 781-12, 622 g 

year-
1 

per individual for H. forskali and 58 g yea{l for L. inhaerens. If these estimates are 

accurate, they reveal that epibenthic holothurians, such as H. forskali have a large impact on the 

reworking of surface sediments. The impact made by burrowing species such as L. inhaerens is 

considerably less, Hammond (1982a) suggested that such subsurface feeders may only 

significantly rework the sediment in areas where they occur at high densities. A knowledge of 

the densities of both species would enable the impact, in terms of total sediment reworked in a 

given area by holothurians to be estimated. 

6.4.6 Models of deposit-feeder guts 

Chemical reactor theory can be applied to the guts of deposit feeders to determine the 

functional relationships between food quality, gut residence time and digestion reaction kinetics 

(Penry and Jumars, 1986; 1987). This theory incorporates three kinds of chemical reactors: a 

batch reactor where material is processed in discrete batches followed by periods when the 

reactor is empty; a plug-flow reactor (PFR) where there is a continuous flow of material 

through the reactor and a continuous-flow, stirred-tank reactor (CSTR) which has a continuous 

flow of material but also perfect mixing within the reactor. Guts can either be modelled as one 

reactor or several reactors in series (Penry and Jumars, 1986; 1987). Gut volume and 

throughput rates are important operating variables in both PFRs and CSTRs (Penry and Jumars, 

1986) and a knowledge of these parameters enables the model to be applied. 
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Considering the species in the present study, H. forskali has a long, tubular gut and 

extended gut residence times, it feeds intermittently, possibly with a diurnal rhythm and its gut 

ranges from completely empty to almost full. These observations suggest that the gut of 

H. forskali functions as a batch reactor, the ingested sediment being processed in discrete 

batches following feeding. In contrast, L. inhaerens has a short, simple, tubular gut which 

allows relatively high ingestion rates and short gut residence times; it feeds continuously and its 

gut is usually maintained in a full condition. These observations suggest that L. inhaerens has a 

PFR type gut with a continuous flow through of sediment. It is likely that enzymatic digestion 

predominates in such environments (Penry and Jumars, 1990). 

6.4.7 Problems and future work 

The present study demonstrates that deposit-feeding ho10thurians employ different 

feeding strategies but there are still many problems estimating and interpreting factors such as 

gut fullness, gut residence times and feeding rates. For example, there are limitations in using 

gut dry weight:body dry weight ratio as an indicator of gut fullness because it may not be 

suitable for species which show feeding rhythms with a high degree of synchrony and/or 

seasonal variation in the thickness of their body wall. H. forskali shows a narrow range in 

values for the ratio despite being thought of as an intermittent feeder and defaecator. 

Specimens were only sampled at one point of the day and if their feeding rhythms exhibit a high 

degree of synchrony the guts would all be in a similar state of fullness. This problem could be 

countered by monitoring gut fullness in specimens of H. forskali throughout the 24 hour cycle, 

which would confirm whether feeding occurs only at night and also indicate whether specimens 

show feeding synchrony. The suspension feeder, P. saxicola does not feed and defecate 

continuously, yet it shows a low range of gut fullness ratios as a result of masking by winter 

torpor and the fact that the food has a high proportion of organic matter. It would be useful to 

monitor both the quantity and quality of organic matter in the gut contents of P. saxicola and 

the associated water column throughout the year to show the extent of the feeding torpor. This 

would also indicate whether the torpor occurs as a result of decreases in the quantity and/or 

quality of available food. 

There are problems estimating gut residence time and feeding rate in holothurians 

because results obtained from specimens maintained in aquaria are generally very variable 

(Yamanouti, 1939; Tanaka, 1958; Massin and Jangoux, 1976). Feeding rates may be 

underestimated because normal activity is retarded (Yamanouti, 1939; Tanaka, 1958), indeed, 

some species will not feed at all in the laboratory, e.g. H. difJiculis (Bakus, 1968). Ideally, one 
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would follow specimens in the field and collect freshly voided faeces; however, this would be 

difficult for species which inhabit subtidal and subsurface habitats, such as H. forskali and 

L. inhaerens. In the future, crude estimates of gut residence time and feeding rates may be 

confirmed by chemical techniques which involve the incubation of gut contents with fluorogenic 

substrates. 
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Chapter 7 General discussion 

Deposit-feeding holothurians are the dominant megafaunal organisms in many shallow 

water and deep-sea environments (Pawson, 1966; Billett, 1991). Coastal sediments generally 

contain low levels of organic matter which is relatively refractory and provides a nutritional 

problem for shallow-water holothurians, which is exacerbated in the deep-sea because oflower, 

seasonal organic inputs (Rowe et al. , 1991). Nevertheless, the numerical dominance of 

holothurians in nutrient-poor sediments suggests a high degree of success in exploiting these 

environments; the reasons for this success are not fully understood. To investigate this problem, 

feeding and digestive strategies in two temperate shallow-water deposit-feeding holothurians, 

Holothuriaforskali (Delle Chiaje) and Leptosynapta inhaerens (0. F. Muller) and three abyssal 

deposit-feeding holothurians, Oneirophanta mutabilis (Theel), Psychropotes longicauda 

(Theel) and Pseudostichopus sp. were considered. Suspension-feeding holothurians encounter 

similar nutritional problems because the amount of suspended material available in the water 

column varies seasonally and also contains refractory plant components such as cellulose. 

Consequently, feeding and digestive strategies in the temperate, shallow-water suspension

feeding holothurian Pawsonia saxicola (Brady and Robertson) were also considered. This 

enabled comparisons of the strategies employed by suspension- and deposit feeders to exploit 

refractory and variable food sources. 

7.1 Gut structure and function 

The digestive tracts of H. forskali , L. inhaerens and P. saxicola take the form of simple, 

modified tubular ducts which consist of a pharynx, oesophagus, stomach (absent in 

H. forskali) , anterior intestine, posterior intestine, rectum and cloaca; they are described in 

detail in Feral and Massin (1982). The length of the digestive tract is thought to be a functional 

adaptation to the type offood ingested by holothurians, longer guts reflecting lower quality 

diets (Lawrence, 1982; Foster, 1994). H. forskali and P. saxicola have relatively long digestive 

tracts which extend gut residence times and increases the time available for the digestion of 

refractory components. In contrast, L. inhaerens has a relatively short digestive tract which is 

associated with reduced gut residence times and increased feeding rates; the processing oflarge 

quantities of sediment may overcome the restriction of a limited absorptive area in such a short 

digestive tract (Miller et aI. , 1984). 

The gut walls of H. forskali , L. inhaerens and P. saxicola consist offour distinct cell 

layers, the outer peritoneal epithelium, the mesothelium, the connective tissue layer and the 

inner digestive epithelium; they are described in detail in Feral and Massin (1982). The 
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histology of the gut walls appears to be very similar in the three species with most interspecific 

variation occurring within the digestive epithelium. For example, although T-shaped cells were 

predicted to line the extremities of the holothurian gut (Feral and Massin, 1982) they were not 

observed in the rectum of either H. forskali or P. saxicola. Enterocytes line the digestive 

epithelium of the intestines in each species and structural peculiarities (numerous microvilli, 

mitochondria, lysosomes, phagosomes and pinocytotic vesicles) suggest that they are the 

principal sites of digestion and absorption within the digestive tract, as noted by Feral and 

Massin (1982). In addition, the digestive epithelium of the intestines is extensively folded, 

increasing the surface area available for absorption and possibly allowing the gut to be distended 

when full of sediment. 

It has been suggested that commensal subcuticular bacteria occur within the ectodermal 

regions of the holothurian digestive tract (Feral, 1980). Despite careful searching, no such 

bacteria were detected in the gut tissue of H. forskali, L. inhaerens or P. saxicola. The fixation 

techniques may have caused the cuticle lining to be destroyed (Holland and Nealson, 1978), 

resulting in the loss of underlying bacteria. However, a cuticle lining was present in the 

oesophagus of P. saxicola, but no underlying bacteria were observed. Staining gut tissue 

sections with epifluorescent stains such a acridine orange, as undertaken for echinoderm 

epidermal tissue by Kelly et al. (1994), would indicate whether associated gut bacteria are 

present. 

The range of digestive enzymes present in the digestive tract should reflect the types of 

organic compounds utilised in the diet. API ZVM tests reveal that gut tissue of H. forskali , 

L. inhaerens and P. saxicola have high levels of enzyme activity for the hydrolysis of fatty acids, 

esters, glycosidic bonds and peptide bonds in terminal positions, whereas endopeptidase activity 

was absent. Feral (1989) described a similar suite of hydrolytic enzymes in the digestive tract of 

Leptosy napta galleinnei (Herapath). The hydrolytic enzymes showed consistent activity 

throughout the digestive tracts apart from certain carbohydrases which were more active in the 

anterior intestine, as also described for L. galleinnei by Feral (1989). illtrastructural studies 

revealed that granular enterocytes, which are thought to secrete digestive enzymes, were most 

numerous in this region of the digestive tract. 

The enzymes suites of shallow-water deposit- and suspension-feeding holothurians 

appeared very similar. Similar enzymes suites were also detected in gut tissue from the abyssal 

deposit-feeding holothurians Psychropotes longicauda and Pseudostichopus sp .. Massin (1984) 

suggested that abyssal holothurians do not have a specific array of enzymes suited to the 

nutrient-limited conditions of the deep-sea and this appears to be the case for Psychropotes 

longicauda and Pseudostichopus sp. in the present study. 
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Cellulase activity was not detected in gut tissue from any of the shallow-water or abyssal 

holothurians considered. However, cellobiase activity was detected in the shallow-water 

species, suggesting that the products of cellulose digestion are utilised. Previous studies have 

also failed to detect cellulase activity in holothurian gut tissue (for review see Lawrence, 1982). 

Nevertheless, cellulose digestion within the holothurian digestive tract cannot be discounted 

because it may occur through the action of gut bacteria (Plante et al., 1990). 

There is some doubt as to the source of the hydrolytic enzymes in the ho10thurian gut; 

microbial enzyme activity cannot be discounted as bacterial inhibitors were not added to the 

incubation mixtures in the present study. 10bnson et al. (1980) and Clifford et al. (1982) 

suggested a bacterial origin to holothurian digestive enzymes and comparing the enzyme suite of 

gut tissue with that of the ingested sediment would indicate whether this is the case. 

Histochemical techniques could be employed to locate the origin of enzymes identified as being 

produced by the holothurian. In addition, the failure to observe protein digestion in the 

holothurian gut in the present study may be a limitation of the API Z\'M kit, as suggested by 

Feral (1989). Clifford et al. (1982) previously detected protease activity in both H. forskali and 

Pawsonia saxicola and suggested it was of bacterial origin, whereas Jobnson et al. (1980) 

argued that coelomocytes were responsible for protein digestion. It is clear that protein 

digestion within the holothurian gut requires further investigation. 

7.2 Tentacle morphology and feeding rhythms 

Holothurian tentacle morphology appears to be related to feeding mode and is 

comprehensively reviewed in Massin (1982a). The tentacle activity of H. forskali has been 

described in Bouland et al. (1982), its peltate tentacles shovelling and scraping surface sediment 

into the mouth. In contrast, L. inhaerens uses its digitate tentacles to push sediment into the 

mouth during burrowing. Peltate tentacles have an extensive water vascular system which 

allows the tentacles to expand and contract, trapping particles between the tentacle buds 

(Roberts, 1979; Bouland et aI. , 1982), whereas digitate tentacles are thought to capture 

particles by adhesion to sticky areas of the tentacle surface (Powell, 1977; Roberts and Bryce, 

1982). P. saxicola has dendritic tentacles which extend to capture particles suspended in the 

water column; particles are trapped by adhesion to specialised areas on the distal regions of 

tentacles, as described by McKenzie (1987). The high proportions of diatoms and filamentous 

algae in the gut contents reflects this method of food capture. Despite differences in tentacle 

morphology, H. forskali , L. inhaerens and P. saxicola show similar patterns of tentacle activity 

during feeding. 
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Holothurians often exhibit diurnal rhythms in their feeding activity (Hammond, 1982a; 

Weidmeyer, 1992; Uthicke, 1994). In the present study, H. forskali feeds and defaecates 

intermittently and its gut is rarely observed to be full; further observations revealed that 

individuals feed only during the night. This rhythmicity in feeding could be confirmed by 

determining the state of gut fullness in specimens throughout the 24 hour cycle. In contrast, 

L. inhaerens feeds continuously and the gut is always found to be full of sediment, as observed 

for the congeneric L. tenuis by Powell (1977). The gut of P. saxicola was never observed to be 

full, suggesting that it feeds intermittently. H. forskali and L. inhaerens maintain their feeding 

activity throughout the year. However, P. saxicola ceases feeding during the winter months and 

enters a torpid state, as observed for the dendrochirotids L. elongata and N mixta by Fish 

(1967a) and Smith and Keegan (1984), respectively. It would be useful to monitor the quality 

and quantity of seston available throughout the year to determine whether variations in primary 

and secondary productivity induce this feeding torpor in P. saxicola. Wave action and tidal 

activity could also be recorded to determine whether they relate to feeding activity, as suggested 

by Hunter-Rowe et al. (1976) for Thyonefusus. Monitoring oxygen consumption, body 

condition and lipid content would reveal physiological changes occurring during torpor in 

P. saxicola, as previously undertaken for Leptopentacta elongata by Fish (1967a). 

7.3 Gut content analysis and nutrient proftles along the digestive tract 

Interspecific differences in the diets of H. forskali , Leptosynapta inhaerens and 

P. saxicola reflect the various lifestyles and feeding modes. The surface deposit feeder 

H. forskali ingests mainly detritus which accumulates on the sediment surface, whereas the 

subsurface deposit feeder L. inhaerens ingests large amounts of sand particles as a result of its 

burrowing activities. The composition of the gut contents of L. inhaerens is similar to that of 

the adjacent sediment indicating that it is a non-selective deposit feeder, as suggested by 

Sanders et al. (1962). The suspension feeder P. saxicola ingests diatoms, filamentous algae and 

re-suspended detritus, in agreement with the general observations on dendrochirotid gut 

contents by Massin (1982a). The gut contents of P. saxicola contained greater proportions of 

filamentous algae, diatoms and meiofauna than the surrounding sea water suggesting the 

selective ingestion of these food items. 

To investigate further the important food items in holothurian nutrition, fatty acid 

markers could be analysed. Food items such as diatoms and micro-organisms contain specific 

fatty acids which many animals are unable to synthesise (Kharlamenko et aI. , 1995); therefore, 

comparing the fatty acid composition ofholothurian tissue with that of potential food items may 

reveal whether they are sources of organic matter. For example, Allen (1968) noted both 
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branched-chain fatty acids of bacterial origin and odd-numbered fatty acids ofphytoplankton 

origin in the body tissues of H. forskali , suggesting that this species is an omnivore. In addition, 

Svetashev et al. (1991) noted substantial differences in the fatty acid composition of tropical 

and temperate holothurians and suggested differences in their diets; it would be of interest to 

compare the fatty acid composition of shallow-water and abyssal holothurians. A comparison of 

the fatty acid composition of P. saxicola with that of the surface sediment would indicate 

whether this species utilises re-suspended detritus. Fatty acids markers are limited in their 

applications however, because they only give qualitative estimates of the contribution to 

holothurian nutrition by particular food items and do not indicate their quantitative importance. 

Kharlamenko et al. (1995) also suggested that fatty acid markers are useful indicators of 

bacterial associations so that a comparison of the fatty acid composition ofbacteria with 

holothUlian gut tissue may provide an additional technique to indicate whether such bacteria are 

actually present. 

Nutrient profiles along digestive tracts ofholothurians reflect the sites of digestion and 

absorption, as suggested by ultrastructural studies. In addition, interspecific differences in the 

profiles reflect particular feeding strategies. 

With a few exceptions, the trends in nutrient concentrations along the digestive tracts 

were similar in both shallow-water and abyssal deposit-feeding holothurians. Bacterial numbers 

declined in the intestines of H. forskali and L. inhaerens, 0. mutabilis, Psychropotes 

longicauda and Pseudostichopus sp. as a result of digestion. The elevated bacterial numbers 

observed in the rectum/cloaca of the abyssal species Psychropotes longicauda possibly 

represent bacteria that avoid digestion in the intestines and proliferate in the expanded 

rectumlcloaca using the products of digestion. These bacteria may act as a commensal gut 

flora, digesting macromolecules and releasing metabolites which are then absorbed via the 

digestive epithelium (Deming and Colwell, 1982; Ralijaona and Bianchi, 1982). One might 

expect the bacterial concentrations in ingested sediments to be greater in shallow-water 

holothurians than abyssal holothurians; however, the reverse was observed in the present study. 

Higher bacterial concentrations in abyssal holothurians may indicate that bacterial fermentation 

within the digestive tract is more important than in shallow-water holothurians, possibly aiding 

in the breakdown of refractory abyssal sediments. 

In the shallow-water holothurians, ingested organic carbon concentrations were greater 

in H. forskali than either L. inhaerens or Pawsonia saxicola, as a result of greater amounts of 

organic carbon in the surface sediments where H. forskali concentrates its feeding activities. 

Ingested nitrogen concentrations were greater in L. inhaerens, reflecting higher bacterial 

concentrations in the oesophagus of this species. Data for the selection of organic carbon and 
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nitrogen were only available for L. inhaerens and concentrations were greater in the oesophagus 

than the adjacent sediment, suggesting the selection of nutrient-rich components of the 

sediment, as Massin and Jangoux (1976) and Amon and Herndl (1991) observed for 

H. tubulosa. In the abyssal holothurians 0. mutabilis and Psychropotes longicauda organic 

carbon and nitrogen concentrations were also higher in the oesophagus than the adjacent 

sediment, due to the selective ingestion of organic-rich components of the sediment and/or the 

secretion of organic-rich mucus, as also suggested for P. longicauda by Khriponouff and Sibuet 

(1980). Relatively lower organic carbon and nitrogen concentrations in the oesophagus of 

Pseudostichopus sp . reflect its subsurface feeding mode and the ingestion of more refractory 

subsurface sediments. 

Organic carbon concentrations decreased along the digestive tracts of H. forskali and 

L. inhaerens as the result of digestion and absorption in the intestines; enzyme analysis revealed 

that these holothurians have a range of enzymes capable of digesting a variety of organic 

compounds. In the abyssal species 0. mutabilis and Psychropotes longicauda, organic carbon 

concentrations peaked in the anterior intestines possibly as a result of the secretion of digestive 

enzymes. Billett et al. (1988) suggested that such digestive secretions make a more important 

contribution to the organic material in the guts of abyssal holothurians because of the very low 

levels of organic carbon in the ingested sediment. As with the shallow-water species, organic 

carbon concentrations declined in the posterior intestines as a result of absorption. Nitrogen 

concentrations decreased along the digestive tracts of H. forskali, L. inhaerens, 0. mutabilis 

and P. longicauda as a result of absorption. 

The absence of clear trends in organic carbon and nitrogen concentrations along the 

digestive tracts of Pawsonia saxicola and Pseudostichopus sp. may be the result of variability in 

the quality of available sediment obscuring trends produced by digestion and absorption (Billett 

et al., 1991). 

Total nitrogen concentrations in ingested sediment may overestimate the amount of 

nutIitionally available nitrogen, due to abundance of indigestible nitrogenous compounds 

(Mayer et al. , 1995), and it may be more useful to compare amino acid concentrations in 

holothurian tissue with those of the available sediment. However, the presence of individual 

amino acids in the gut contents does not necessarily represent what is available to the 

holothurian (Roberts et aI. , in press) and it may be more appropriate to use proteolytic enzymes 

to measure the enzymatically hydrolysable amino acids available for absorption, as undertaken 

by Mayer et al. (1995) for Parastichopus californicus (Stimpson). 

In the shallow-water holothurians L. inhaerens and Pawsonia saxicola and the abyssal 

holothurians 0. mutabilis, Psychropotes longicauda and Pseudostichopus sp. , bacterial 
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concentrations were higher in the oesophagus than the associated sediment/sea water suggesting 

either the selective ingestion of bacteria or rapid proliferation in the oesophagus. The expanded 

oesophageal regions of the abyssal species would facilitate such proliferation (Moore and 

Rob ert s, 1994), whereas the simple, tubular oesophageal regions of L. inhaerens and Pawsonia 

saxicola would not. Absorption efficiencies for bacteria were high in H. forskali , L. inhaerens, 

0. mutabilis, Psychropotes longicauda and Pseudostichopus sp ., suggesting that a large 

proportion of the ingested bacteria are utilised. However, the bacterial contribution to the total 

organic carbon ingested was estimated to be less than 0.1 % for the shallow-water species and 

less than 0.01 % for the abyssal species. Therefore, bacteria only provide a minor source of 

organic carbon despite being selectively ingested and utilised with a high efficiency. Similar 

conclusions were made concerning the importance of bacteria in the diets of tropical species by 

Hammond (1983) and abyssal species by Deming and Colwell (1982) and Sibuet et al. (1982). 

Although not quantitatively important bacteria may provide both shallow-water and abyssal 

holothurians with essential nutrients (Cammen, 1980; Deming and Colwell, 1982) and/or 

digestive enzymes (Plante et aI. , 1990). 

7.4 Feeding rates, gut residence times and models 

Holothurian feeding rates have previously been estimated for aspidochirotids and 

apodids (Powell, 1977; Yingst, 1982; Coulon and Jangoux, 1993; Klinger et aI. , 1994). ID the 

present study, daily feeding rates for H. forskali were greater than for L. inhaerens, but these 

estimates did not take into account the large size difference between the species. Feeding rates 

per unit body weight were greater for L. inhaerens. In addition, the estimated gut residence of 

5 hours for L. inhaerens was half the estimate of 10 hours for H. forskali . These results suggest 

that L. inhaerens processes relatively large amounts of sediment, with material being held in the 

gut only for short periods. Such a strategy may involve the egestion of ingested material 

containing substantial portions of undigested food and unabsorbed digestion products (Plante et 

al., 1990). In contrast, the extended gut residence times and lower feeding rates of H. forskali 

suggests that it holds material in its digestive tract for extended periods of time, possibly 

allowing access to compounds with relatively slow digestion kinetics. No estimates offeeding 

rate and gut residence time were obtained for Pawsonia saxicola, so comparisons could not be 

made between deposit- and suspension-feeding holothurians. 

Gut residence times were estimated for H. forskali and L. inhaerens by recording the 

ingestion and defecation of stained sediment. Massin and Jangoux (1976) and Weidmeyer 

(1992) used similar methods to estimate gut residence time in H. tubulosa, H. atra and 
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H. scabra. Estimates could be confirmed by monitoring the breakdown of fluorogenic 

substrates within the digestive tract, using the incubation methods described by Boetius and 

Lochte (1994). Assuming a maximum rate of hydrolysis, the difference in substrate 

concentration between the oesophagus and the rectum could be used to determine a minimum 

estimate of gut residence time. This technique could be extended to estimate gut residence 

times in abyssal deposit-feeding holothurians where more conventional methods, such as those 

outlined above are impossible. 

The estimates offeeding rates were made irrespective of the quality of the 

sediment/detritus ingested. However, deposit-feeding holothurians may alter their feeding rates 

in response to differences in sediment quality (Yingst, 1982); feeding rates may either increase 

or decrease as the quality of the sediment increases (Lopez and Levinton, 1987). It would be 

interesting to discover whether H. Jorskali and L. inhaerens show a functional response to the 

quality of deposited material available, as observed for the deposit-feeding acorn worm 

Saccoglossus kowalevskii (Agassiz) by Karrh and Miller (1994). 

Penry and Jumars (1986; 1987) suggest that the guts of deposit feeders can be modelled 

as chemical reactors, either as a single reactor or a number of reactors in series. There are three 

types of reactors: in batch reactors, material is processed in discrete batches followed by periods 

when the reactor is empty, in plug-flow reactors (PFR) there is a continuous flow of material 

and in continuous-flow stirred-tank reactors (CSTR) there is a continuous flow of material, but 

also perfect mixing within the reactor (Penry and Jumars, 1986; 1987). The gut ofH.Jorskali 

can be modelled as a batch reactor, feeding and defecating is intermittent and the ingested 

sediment is processed in discrete batches, separated by periods when its long gut is empty or 

partially empty. In contrast, L. inhaerens has a PFR type gut because it feeds continuously and 

its short gut always contains sediment. 

Moore (1994) and Moore et al. (in press) applied the chemical reactor theory to the guts 

of the abyssal species 0. mutabilis, Psychropotes longicauda and Pseudostichopus sp .. 

0. mutabilis has a simple PFR-type gut which it is maintained in a full condition and there is a 

continuous through-flow of sediment. In contrast, Psychropotes longicauda and 

Pseudostichopus sp. have CSTR-PFR-series guts in which simple tubular regions are combined 

with expanded chambers, promoting mixing and bacterial fermentation (Moore, 1994; Moore et 

aI. , in press). 
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7.S Conclusions 

H. forskali is an epibenthic deposit feeder which ingests detritus and associated micro

organisms at the sediment-water interface; it feeds and defecates intermittently and has extended 

gut residence times to allow for the slow digestion of refractory material. L. inhaerens is an 

intertidal, conveyor-belt feeder; high concentrations of bacteria and nitrogen in its oesophagus 

and low concentrations in the rectum suggest that it strips microbes from the large volumes of 

subsurface sediment it ingests. Short gut residence times suggest that this species does not 

attempt to digest the refractory components of the ingested sediment. Pawsonia saxicola is an 

intertidal suspension feeder whose relatively long digestive tract allows for the possibility of the 

slow digestion of refractory plant cell walls. It also ingests detritus and associated micro

organisms which are re-suspended by wave action. P. saxicola ceases feeding during the 

winter, possibly in response to low food availability and turbulent water conditions. 

Considering the abyssal species, 0. mutabilis is thought to feed at the sediment-water 

interface (Moore and Roberts, 1994) and high absorption efficiencies for bacteria and nitrogen 

suggest that this species strips microbes from ingested sediment. Psychropotes longicauda also 

feeds at the sediment-water interface (Moore and Roberts, 1994), as reflected by the high 

concentrations of organic carbon and nitrogen in its oesophageal contents. Bacteria proliferate 

in the expanded rectum/cloaca of this species, possibly digesting refractory compounds and 

releasing labile compounds which are then utilised by the holothurian. The feeding of 

Pseudostichopus sp. is restricted to below the sediment water interface (Moore and Roberts, 

1994), as indicated by the relatively low organic carbon and nitrogen concentrations in its 

oesophagus. Foregut fermentation has been suggested in such circumstances because the 

energy incorporated in the microbes can be recovered elsewhere in the gut and losses resulting 

from the fermentation of digestible components will be negligible (Alexander, 1993). High 

concentrations of bacteria occur in the expanded oesophagus; however, negative absorption 

efficiencies for organic carbon suggests that microbial fermentation is not employed. 

Estimated annual sediment reworking rates were much higher for H. forskali than 

L. inhaerens, suggesting that such epibenthic, deposit-feeding holothurians have a large impact 

on the reworking of the sediment, whereas the impact made by burrowing deposit feeders is less 

substantial. There do not appear to be any estimates of population density for H. forskali and 

L. inhaerens in the literature; they would be useful to calculate sediment reworking rates per 

unit area. Population densities of the intertidal species L. inhaerens could be estimated fairly 

easily by surveying populations at low tide, whereas estimates for H. forskali would be more 

difficult to obtain because they occur subtidally and are also very mobile. 
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Holothurians provide good models for the investigation of deposit-feeding because they 

exhibit a variety offeeding strategies. In addition, they have a major bioturbatory impact on 

sediments and affect community structure in environments where they occur. The present study 

reveals that gross gut morphology, gut length, tentacle morphology, feeding rhythmicity, 

feeding rates and gut residence time show interspecific differences which suggest different 

feeding strategies. In contrast, tentacle activity, gut ultrastructure and hydrolytic enzyme 

capability appear to be similar in different holothurian orders, irrespective of their various 

feeding strategies. 

Several aspects of this thesis are novel in their application to holothurians. For example, 

only one study (Fera~ 1989) has previously used the API ZVM enzyme detection technique to 

investigate enzyme activities along the digestive tracts of shallow-water holothurians. In 

addition, this thesis includes the first application of the API ZVM technique to the digestive 

tracts of abyssal holothurians. 
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Appendix I 

Gut structure and digestive strategies in three species of abyssal holothurians. 

Ii Moore, B. Manship and D. Roberts. 
School of Biology and Biochemistry, The Queen's University, Belfast. 

ABSTRACT: Bacteruu, total organic carbon (TOC) and total nitrogen (TN) profiles along the guts 
revealed interspecific differences among three abyssal holothurian species: Oneirophanta mutabilis, 
Psychropotes longicauda and Pseudostichopus sp .. These profiles supported interpretations of gut function 
based on anatomical studies. The gut of O. mutabilis exhI"bited minimal anatomical modification, however, 
high bacterial numbers were recorded in the pharynx/oesophagus and posterior intestine regions in 
comparison to the numbers found in the surrounding sediment and other gut regions. TOC was highest in 
the anterior intestine region while TN declined along the gut towards the cloaca. · In P. longicauda the gut is 
more complex with expanded pharynx/oesophagus and rectumlcloacal regions; elevated bacterial numbers 
were recorded in both of these regions and in the anterior intestine, whereas TN and TOC declined towards 
the cloaca. In Pseudostichopus sp., which has an expanded pharynx/oesophagus region, bacterial numbers 
were highest in this region but were very similar in the three other gut regions. TOC and TN remained fairly 
static through the gut; however, the TOC values were very similar to the sediment values whereas TN was 
significantly elevated in the gut. 

1 INTRODUCTION 

Holothurians, along with other echinoderms, 
dominate benthic megafauna in many areas of the 
deep sea (Pawson 1966, Heezen and Hollister 
1971, Hansen 1975, Billett and Hansen 1982, 
Billett 1991, Gage and Tyler 1991). Numerically, 
more than 80% of the total abyssal megafauna can 
be accounted for by holothurians which represent a 
major component of the biomass (Sibuet and 
Lawrence 1981, Sibuet 1984). Their potential 
impact on the abyssal ecosystem is considerable, as 
the majority are deposit feeders and thus 
responsible for a large amount of sediment 
tumover and reworking (bioturbation) during 
feeding, faecal production and locomotion (Massin 
1982 a, b, Billett 1991, Gage and Tyler 1991). 
Bioturbation by bottom invertebrates influences 
the composition and abundance of the rest of the -
benthic community (Sokolova 1987) and has a 
profound effect on the microbial, chemical and 
geological properties in sediments and therefore on 
the nutritional environment of the animals (Lopez 
and Levinton 1987). 

The dominance and large size of holothurians 
and their impact on sediment structure and 
communities (Heezen and Hollister 1971) make 
them key species to study when investigating the 
fate of deposited material on the deep-sea floor. It 
is therefore important to assess their role in 
organic matter (OM) degradation and hence their 
effect on OM budgets ill the deep-sea 
environment. 

While many of the details of the nutrition of 
deep-sea deposit feeders remain under debate 
(Lopez, Taghon, Levinton 1989, Taghon, Greene 
and Bard 1990) it is clear that a mixture of organic 
matter produced elsewhere (for example, 
sedimenting planktonic debris) and organic matter 
produced in situ (bacteria) serves as food (Taghon 
et al. 1990). Various ideas have been put forward 
to explain how abyssal holothurians. subsist on 
temporally variable but predominantly refractory 
food resources. These include: selective ingestion 
of organic rich components of the sediment 
(Khripounoff and Sibuet 1982, Billett et al. 1988, 
Billett 1991) and/or the utilisation of either 
bacteria transient within the gut lumen (Deming 



and Colwell, 1982; Billett, 1991) or commensal 
gut bacteria which are associated with the 
digestive epithelium (Feral, 1980). The latter may 
be associated with specialised feeding and 
digestive strategies and/or gut morphologies to 
process ingested food more efficiently (Penry and 
Jumars 1986, 1987, 1990, Penry 1989). 

Based on the chemical reactions and the 
physical and energetic constraints of digestion, 
Penry and Jumars (1986, 1987) descnoed various 
gut configurations and digestive tactics to 
maximise an animal's rate of energy and nutrient 
gain and modelled these in terms of chemical 
reactors. These are, the batch reactor and two 
steady-state flow reactors (the continuous, plug
flow reactor (PFR) and the continuous-flow, 
stirred tank reactor (CSTR». In a batch reactor, 
all reactants are initially loaded then mixed 
thoroughly and allowed to react. The resultant 
product mixture is then completely . removed. 
Upper-size-limits are imposed on gut volume in 
batch-reactor type guts owing to the effectiveness 
with which enzymes and food particles come into 
contact, which decreases as gut volume increases 
(Peruy and Jumars 1986). A variety of organisms 
are recognised as possessing batch-reactor guts 
including Cnidaria, Ctenophora, Ophiuroidea and 
Asteroidea and some glycerid polychaetes (Penry 
and Jumars 198,6). A plug-flow reactor (PFR) is 
characterised by continuous flow of material 
through the reaction vessel; there is an orderly 
flow pattern and material is mixed radially but 
mixing or diffusion along the . flow path is 
negligible. Examples of animals with guts that 
approximate to plug-flow reactors include geese, 
corophiid amphipods and deposit-feeding 
polychaetes With simple tubular guts (Penry and 
Jumars 1986). Guts which function as simple 
PFRs occur in organisms where enzymatic 
digestion is most important (Penry and Jumars 
1990). Continuous-flow, stirred tank reactors 
(CSTRs) combine both constant flow of material 
through the reactor and complete mixing within it. 
To maximise their energy or nutrient production 
rates, animals with CSTRs should, like animals 
with PFR guts, process food to minimise 
throughput time required for any given conversion. 
As with PFRs, gut volume and throughput rates 
are the important operating variables (Peruy and 
Jumars 1986). These authors recognised no 
animal with a gut that can be modelled entirely as a 
CSTR. However, many animals have a portion of 
the gut which operates as a CSTR, and the entire 
gut can be modelled as a series of reactors (Peruy 

and Jumars 1986, 1987). Fermentor guts, where 
microbially mediated fermentation is an important 
component of food digestion are characterised by 
expanded chambers which allow greater mixing of 
food and bacteria and extended gut residence 
times (Penry and Jumars 1990). Organisms using 
fermentation may be either foregut or hindgut 
fennentors or may show a combination of both. 
The expanded fermentation chambers represent a 
CSTR. 

In a recent study, Moore and Roberts (1994) 
found interspecific variations in tentacle structure 
suggesting different feeding mechanisms. Further 
evidence reflected these interspecific variations, 
with gut content analysis revealing differences in 
the food items ingested which may indicate 
different feeding depths. In addition, the 
chloropigment profiles along the guts also showed 
a greater ability to concentrate organic rich 
material by 0. mutabilis than P. longicauda. 

To further test the applicability of the theories 
outlined above the number of transient bacteria, 
the total organic carbon (TOC) and total nitrogen 
(TN) were determined in the gut contents samples 
taken from different gut regions of three abyssal 
holothurians showing different gut structures. 

2 MATERIALS AND METHODS 

J 
Three species of abyssal holothurians were 
collected using either an otter trawl (Merrett and 
Marshall1981) or an epibenthic sledge (Rice et al. 
1982) during RRS Challenger cruise 79 (May / 
June 1991) and RRS Challenger cruise III (March 
/ April 1994) from sites in the N. E Atlantic (48° 
50'N:16°30'W). Specimens were immediately 
placed in pre-chilled seawater at 4°C and 
processed within 2 hr. 

2.1 Gut Structure 
Specimens of O. mutabilis, P. longicauda and 
Pseudostichopus sp. were dissected and the 
following parameters measured: body weight, gut · 
weight, body length, gut length, and used to 
calculate body weight:gut weight, body length: gut 
length ratios (Moore and Roberts 1994). Body 
wall, gut lining and gut contents samples were 
dried to constant weight at 80°C and weights were 
recorded to allow conversion from wet to dry 
weight measures for these three species. The dry 
weight conversion factors were used to 
standardise the data collected from the three 
species which have different water contents. Gut 
structure was examined and schematic diagrams 



prepared illustrating the major morphological 
differences in gut structure. 

2.2 Total bacteria counts 
Fifteen specimens of each of the three species; O. 
mutabilis, P. longicauda and Pseudostichopus sp., 
were dissected and 1.5ml sub-samples of gut 
contents were collected from four different gut 
regions: pharynx/oesophagus (:P/o), anterior 
intestine (ai), posterior intestine (:Pi) and 
rectum/cloaca (r/c). These gut contents samples 
were placed directly into vials containing 8.5ml of 
pre-chilled 4% formalin in filtered (0.2 !lm 
Nucleopore) deep-sea water and stored in the dark 
at 4°C. 

In the laboratory a further sub-sample was 
taken from sonicated gut contents sample 
suspensions and diluted x100 before filtering 
through 0.2!lID black Nucleopore filters. Samples 
were stained for 3 minutes with 0.01 % aqueous 
Acridine Orange and rinsed with filtered seawater. 
A Nikon Optiphot epifluorescence microscope 
with a final magnification of xlOOO was used to 
count the fluorescing bacteria (Daley and Hobbie 
1975). Each sample was examined and the 
obvious bacteria forms were counted on each 
slide; mean numbers were calculated in the 
different gut regions. 

.r 

2.3 Carbon and Nitrogen analysis 
From the same holothurians used for bacterial 
counts parallel gut contents samples (1.5ml) were 
collected from the different gut regions and deep
frozen at -70°C and stored at -20°C. 

In collaboration with University College 
Galway these samples were analysed using a 
Perkin-Elmer Type 2400 CRN analyser. Total 
organic carbon (TOC) and nitrogen (TN) were 
determined along the gut of three different species 
of holothurians. 

3 RESULTS 

3.1 Gut structure 
Descriptions of gut structure are based largely on 
Ferru and Massin (1982). 

O. mutabilis has a relatively simple tubular gut 
with a few obvious constrictions and colour 
changes associated with the different regions 
(Figure la). In preserved specimens, the pharynx 
(P) is grey in colour and the oesophagus (0) is 
dark redlbrown. Another colour change (grey), 
and the first major gut constriction, signify the 
start of the region classed here as the anterior 

intestine (ai) (Figure la). The anterior intestine 
continues as a simple descending tube to the 
posterior end of the animal and loops round 
forming the ascending tube of the anterior intestine 
which runs to the anterior end of the body and has 
a yellow tinge (Figure la). The anterior intestine 
is a relatively simple tubular structure with a few 
minor constnct:lOllS, usually two can be 
distinguished depending on gut fullness; the 
second constriction is often just before the anterior 
bend and is sometimes associated with a change to 
a grey/white colour. Here, level with the 
oesophageal region, the anterior intestine loops 
round marking the start of the region termed the 
descending posterior intestine (Pi) (grey/white) 
(Figure la). Approximately three quarters of the 
way along the descending intestinal tube it narrows 
distinctly into a region with thicker walls, the 
rectum (r), and terminates in the cloaca (c). 

P. /ongicauda exhl"bits marked compart
mentalisation of the gut compared to that of O. 
mutabilis (Figure 1 b). The gut can be divided into 
the same regions as 0. mutabilis but some 
differences were observed. One such difference 
was that the gut of O. mutabilis was nearly always 
filled with sediment material, whereas the gut of P. 
/ongicauda was found in a variety of states of 
fullness. The pharyngeal region (P) (deep-pink, 
purple) is much larger in P. /ongicauda and is 
distinguishable as a compartment ending at the 
watervascular ring, the prominent oesophageal (0) 
region is red-brown in colour and composed of 
two bulging lobes ending in a slight gut 
constriction (Figure Ib). Following this the gut 
becomes grey in colour marking the start of the 
anterior intestine (ai) which descends to the 
posterior region of the animal where it loops round 
and ascends to the anterior .end. Here, there is 
another constnctlon and a colour change 
(:pink/purple) which marks the start of the 
descending posterior intestine (:Pi) (Figure lb). 
The posterior intestine bulges in different areas 
and after another constriction expands into a large 
rectal compartment which has a yellow tinge for 
approximately one third of its length and then 
changes to a purple colour (Figure 1b). The 
rectum was greatly distended with sediment in 
some specimens. The final gut compartment is the 
large cloacal sac (c) with numerous muscular 
attachments to the body wall (Figure 1 b). 

The gut of Pseudostichopus sp. is somewhat 
intermediate in structure between the guts of O. 
mutabilis and P. longicauda, combining regions of 
relatively simple tubular gut with a few 
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Figure 1. Diagrammatic representations of the guts of (a) O. mutabilis, (b) P.longicauda and (c) 

Pseudostichopus sp., dissected out to show compartmentalisation and other characteristics: ai: anterior 

intestine; c: cloaca; 0: oesophagus; p: pharynx; pi: posterior intestine; r: rect:ulli. 



Table 1. Gut length: body length ratios and standard errors for three species of deep-sea holothurian 
collected at different times of the year. 
SPECIES May 1991 

52701 # 17 

O. mutabilis (n = 74) 
P. longicauda (n = 37) . 
Pseudostichopus (n = 11) 

2.41 ± 0.05 
2.11 ± 0.06 
2.20 + 0.12 

distinct compartments (Figure lc). The first gut 
region from the mouth to the water vascular ring is 
the pharynx and the region between the water 
vascular ring and the first constriction represents 
the oesophagus which was present as an expanded 
chamber in the majority of specimens examined 
(Figure lc). This compartment ended with a 
constriction. The diameter of the intestine 
increases after this constriction which marks the 
start of the descending tube of the anterior 
intestine; this region has obvious constrictions 
which vary with gut fullness (Figure lc). The 
ascending anterior intestine is a relatively simple 
tube which narrows and loops round at the 
anterior end of the body (Figure 1c). The 
descending posterior intestine is also a relatively 
simple tube which runs into the narrower rectum 
which is not very distinct in this species (Figure 
1c). 

3.2 Gut parameters 
Comparison of the gut length : body length ratios 
calculated for specimens collected at different 
times of the year, showed slight seasonal variation 
among the specimens (Table 1). Statistical 
analysis demonstrated a significant species effect 
on the variation between the gut length : body 
length ratios (Classical ANOVA, F = 10.9, df= 2, 
116, P ~ 0.0001). 

3.3 Total counts of transient bacteria 
Bacterial abundances were determined in gut 
contents samples and in ambient sediment 
collected from multiple corer drops within close 
proximity to the sledge and trawls hauls. The 
highest numbers were recorded in the pharynx 
/oesophagus region and there was a 4 to 5 fold 
increase in bacterial numbers from the surface 
sediment to the pharynx/oesophagus in all three 
species (Figure 2). This may suggest selective 
ingestion of bacteria by the holothurians, or rapid 
proliferation of bacteria in this gut region, possibly 
mediated by concentrated nutrient sources (Figure 
2). In all three speci~s the bacterial numbers 

June 1979 
50514 

2.48 ± 0.07 
2.61 ± 0.05 

September 1989 
11908 # 44 

2.36 ± 0.03 
2.23 ±0.04 
1.93+0.17 

November 1977 
9638 # 2 

2.43 ± 0.07 
2.27 ±0.09 

exhibited a decline in the anterior intestine, 
suggesting digestion of bacteria in this region. In 
O. mutabilis bacterial numbers peaked in the 
posterior intestine and decreased again in the 
rectumlcloacal region whereas in P. longicauda 
the increase in bacterial numbers in the posterior 
intestine was maintained towards the 
rectumlcloaca (Figure 2). In Pseudostichopus sp. 
bacterial numbers showed little difference between 
the anterior intestine, posterior intestine and 
rectumlcloaca (Figure 2). 
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Figure 2. Mean bacteria counts (n x 1O~8 ml -1) 
determined in deep-sea sediment samples (n=5, 0-
4cm) and throughout the guts of three species of 
abyssal holothurians, (a) O. mutabilis (n=15), (b) 
P. longicauda (n=15)and (c) Pseudostichopus sp. 
(n=15). 



3.4 Carbon and nitrogen analysis 
The TOC values varied along the gut and the 
profiles exhibited similar trends for O. mutabilis 
and Pseudostichopus sp (Figure 3). With one 
important difference, Le. the differences observed 
between the sediment bacteria values and the gut 
values were statistically significant for O. mutabilis 
(Classical Experimental ANOVA, p = 0.009), 
whereas those for Pseudostichopus sp. showed no 
significant differences (Classical Experimental 
ANOVA, p = 0.416). 

The TOC profile for P. longicauda showed 
significant vanatlon (Classical Experimental 
ANOVA, p = 0.000) along the gut except between 
the pharynx/oesophagus and anterior intestine 
regions. TOC values in the foregut contents of P. 
longicauda were significantly higher than those 
determined in the surrounding sediment samples 
(Figure 3). 
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Figure 3. Mean total organic carbon values (mglg 
dry sediment) determined in deep-sea sediment 
samples (n=:=S , 0-lcm) and throughout the guts of 
three species of abyssal holothurians, (a) O. 
mutabilis (n=lS), (b) P.longicauda.(n=lS) and (c) 
Pseudostichopus sp. (n=1S). 

The TN profiles showed similar trends for all 
three species. The differences observed were 
significant for O. mutabilis (Classical Experimental 
ANOV A, p = 0.000) and P. longicauda (Classical 
Experimental ANOVA, p = 0.000) but no 
significant differences were observed for 
Pseudostichopus sp. (Classical Experimental 
ANOVA, p = 0.074) The TN values decrease 
along the gut from the foregut to the hindgut 
which probably reflects the absorption of 
assimilable nitrogenous compounds (Figure 4). 
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Figure 4. Mean total nitrogen values (mglg dry 
sediment) determined in deep-sea sediment 
samples (n=S, O-lem) and throughout the guts of 
three species of abyssal holothurians, (a) O. 
mutabilis (n=1S), (b) P./ongicauda (n=1S) and (c) 
Pseudostichopus sp. (n=lS). . 

4 DISCUSSION 

Applying the chemical reactor models (penry and 
Jumars 1986, 1987, 1990), the relatively simple 
tubular gut of O. mutabilis may represent a 

-



modified PFR. The main modification is the 
slightly expanded pharynx/oesophagus region. 
When compared to O. mutabilis, P. longicauda 
has a more complex gut which shows marked 
compartmentalisation. Expanded regions occur in 
both pharynx / oesophagus and rectum / cloaca 
regions and the entire gut may represent a series of 
reactors - with a eSTR-PFR-eSTR. The 
expanded rectum / cloaca region was generally 
larger than the pharynx / oesophagus region 
suggesting the dominance of hindgut fermentation 
in P. longicauda. 

The gut of Pseudostichopus sp. is somewhat 
intermediate in structure between that of O. 
mutabilis and P. longicauda, combining the 
expanded oesophageal region with a simple tubular 
region, this structure represents a eSTR-PFR 
series. In this case foregut fermentation may be 
dominant. 

An earlier study revealed interspecific variations 
in feeding strategies based on patterns of gut 
content weights (Moore and Roberts 1994). It 
was hypothesised that the extent of variation 
between individuals in the ratio of gut contents to 
total weight may indicate the range of gut fullness 
in any species and point to its feeding strategy. 
Little variation in gut to total weight ratios was 
observed for O. mutabilis demonstrating that the 
guts of most individuals are in a similar state of 
fullness most of the time, pointing towards 
continuous feeding. A lot of variation in the 
ratios, as observed for P. longicauda and 
Pseudostichopus sp . points to individuals in many 
different states of fullness between full and empty, 
suggesting -intermittent filling and emptying of the 
gut. These strategies fit the suggested chemical 
reactor models with continuous feeding and full 
guts observed in O. mutabilis reflecting a PFR gut 
type and the wider ranges of gut fullness observed 
for P. longicauda and Pseudostichopus sp. 
suggesting intermittent gut filling and emptying 
(Moore and Roberts 1994) characteristic of an 
organism with a more complex gut structure. 
Bacteria~ TOe and 1N profiles along the guts 
revealed interspecific differences among these 
three abyssal holothurian species, which supported 
the interpretation of gut function suggested above. 
Although bacterial numbers in all gut regions of 
the three species studied were higher than those in 
ambient sediments, we recognise the limitations of 
the sediment data which included samples from 0-
4cm. However, these were the only available 
contemporary sediments samples from the study 
area. Future studies should endeavour to use only 

sediment samples from the O-O.Scm horizon which 
is where the holothurians are likely to be feeding. 

The gut of O. mutabilis exh10ited minimal 
anatomical modification and elevated bacterial 
numbers occurred in the pharynx / oesophagus and 
posterior intestine. Toe was highest in the 
anterior intestine whereas 1N declined along the 
gut towards the cloaca. In P. longicauda which 
has expanded pharynx / oesophagus and rectal / 
cloacal regions, elevated bacterial numbers were 
recorded in these regions and in the anterior 
intestine, whereas TOe and 1N declined along the 
gut towards the cloaca. 

In Pseudostichopus sp., which has an expanded 
pharynx / oesophagus region, bacterial numbers 
were highest in this region but showed no 
significant differences between the other three gut 
regions. Toe and 1N remained fairly static 
through the gut. However, mean TOe was similar 
to surrounding sediment values whereas 1N was 
significantly elevated in the pharynx / oesophagus. 

Expanded chambers along a gut represent 
eSTRs which allow mixing of food and microbes 
and promote microbial fermentation. Organisms 
using fermentation may be either foregut or 
hind gut fermentors or show a combination of both. 
Furthermore Alexander's 1991 model predicted 
that foregut fermentors should do better than 
hindgut fermentors on poor foods. 

Therefore the present findings suggest that O. 
mutabilis may be restricted to feed on richer food 
sources due to its PFR digestive system which 
would operate most efficiently when processing 
permeable, less dense organically enriched 
phytodetrital material. Their rapid rate of 
locomotion and feeding at the sediment/water 
interface using rake-like digitate tentacles (Moore 
and Roberts 1994) may represent adaptations for 
rapid exploitation of freshly deposited material 

P. Iongicauda is also observed at the 
sedimentlwater interface, sweeping the surface 
with its large peltate tentacles. The gut structure 
and fullness data suggest intermittent feeding and 
expanded chambers which may promote mixing of 
microbes with food. Hindgut fermentation 
appeared dominant which is characteristic of 
animals feeding on richer food sources. However 
the presence of an expanded foregut offers the 
potential for foregut fermentation when feeding on 
poorer resources. Moreover, the optimum gut for 
poor foods would have the hindgut fermentation 
chamber only a little smaller than the foregut 
chamber (Alexander 1993). The increased 
importance of fermentation may be a reflection of 



the reduced rate of locomotion and morphological 
constraints imposed by the peltate tentacle 
structure (Moore and Roberts 1994) which may be 
better suited for sediment particle handling than 
raking up phytodetritus (Moore 1994). 

Pseudostichopus sp. is often observed slightly 
submerged in the sediment and feeding may be 
restricted to just below the sediment / water 
interface where they may exploit poorer sediment 
resources. This favours a digestive strategy 
predominantly using foregut fermentation. In 
addition the slow rate of movement of 
Pseudostichopus sp. and its pelto-digitate tentacle 
structure (Moore and Roberts 1994) may be 
adaptations which allow the animal an improved 
means of sorting sediment particles. 
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Appendix n Organic carbon and total nitrogen concentrations along the digestive tracts of Oneirophanta mutabilis, 

Psychropotes longicauda and Pseudostichopus sp .. 

Total organic C (mg/g) 

n S 0 A P RlC 

mean 15 22.66 24.23 28.12 20.4 21.09 

0. mutabilis S.E l.552 l.629 l.707 l.683 1.415 

pa 1 1.07 1.24 0.90 0.93 

mean 15 22.66 33.2 33.67 24.75 19.97 

P. longicauda S.E. l.552 2.176 3.593 l.186 l.02 

pa 1 1.47 1.49 1.09 0.88 

mean 15 22.66 2l.32 23.41 20.37 24.52 

Pseudostichopus sp. S.E. 

pa 

l.552 l.001 l.667 l.869 2.036 

1 0.94 1.03 0.90 1.08 

Total N (mg/g) 

n S 0 A P RlC 

15 0.26 2.17 2.17 l.67 l.29 

0.068 0.182 0.24 0.329 0.235 

1 8.35 8.35 6.42 4.96 

15 0.26 4.61 4.28 3.05 2.46 

0.068 0.557 0.61 0.285 0.271 

1 17.73 16.46 11.73 9.46 

15 0.26 l.96 l.85 l.79 l.61 

0.068 0.328 0.394 0.256 0.294 

1 7.54 7.12 6.88 6.19 

pa represents the concentration relative to the concentration found in the ambient surface sediment. 
S, 0 , A, P and RlC denote ambient sediment/sea water, oesophagus, anterior intestine, posterior intestine and rectumlcloaca respectivley. 



Appendix n cont. Bacterial numbers and carbon nitrogen ratios (CIN) along the digestive tracts of Oneirophanta mutabilis, 

Psychropotes longicauda and Pseudostichopus sp .. 

Bacteria nos. (n x 107 ml-I) 

n S 

mean 15 1.47 

0. mutabilis S.E 0.075 

pa 1 

mean 15 l.47 

P. longicauda S.E. 

pa 

0.075 

1 

mean 15 l.47 

Pseudostichopus sp . S.E. 

pa 

0.075 

1 

0 A P RlC 

9.9 6.4 8.5 7.1 

0.645 0.408 0.493 0.426 

6.73 4.35 5. 78 4.83 

9.3 6.1 8.3 8.4 

0.495 0.377 0.423 0.305 

6.33 4.15 5.65 5.71 

10.2 6.8 7.1 6.7 

l.2 0.703 0.722 0.411 

6.94 4.63 4.83 4.56 

n S 

15 114.5 

32.91 

1 

15 114.5 

32.91 

1 

15 114.5 

32.91 

1 

pa represents the concentration relative to the concentration found in the ambient surface sediment. 

0 

1l.9 

l.02 

0.10 

8 

2.09 

0.07 

CIN ratio 

A P RlC 

15.08 15 .36 17.5 

l.49 2.35 2.22 

0.13 0.13 0.15 

8.83 8.81 9.96 

3.17 l.76 2.88 

0.08 0.08 0.09 

14.26 17.9 13.71 18.65 

0.71 

0.12 

l.02 0.64 l.07 

0.16 0.12 0.16 

S, 0 , A, P and R denote ambient sediment/sea water, oesophagus, anterior intestine, posterior intestine and rectumlcloaca respectivley. 



Appendix ID 

specImen time 

2 21.00 

2 22.00 

2 23 .00 

2 l.00 

2 7.00 

2 8.00 

4 21 .00 

4 23 .00 

4 5.00 

4 7.00 

5 24.00 

5 8.00 

6 21 .00 

6 22.00 

6 l.00 

6 3.00 

7 22.00 

8 23 .00 

8 7.00 

mean 

S.E. 

Estimated egestion rates from faeces produced by specimens of 

H. forskali . 

faeces wet faeces dry 

weight (g) weight (g) 

2.003 l.215 

l.649 0.915 

2.902 l.511 

4.116 2.214 

2.624 l.232 

5.094 2.882 

2.211 0.961 

3.332 l.805 

l.392 0.695 

2.178 0.908 

2.864 l.464 

0.585 0.178 

0.522 0.206 

0.928 0.420 

2.374 l.286 

0.841 0.466 

0.862 0.308 

3.208 l.543 

l.277 0.557 

egestion 

rate 

(g h- 1
) 

l.215 

0.915 

l.511 

2.214 

l.232 

2.882 

0.961 

l.805 

0.695 

0.908 

1.464 

0.178 

0.206 

0.420 

l.286 

0.466 

0.308 

l.543 

0.557 

l.093 

0.164 

body dry 

weight (g) 

30.639 

30.639 

30.639 

30.639 

30.639 

30.639 

2l.352 

2l.352 

2l.352 

2l.352 

23 .920 

23 .920 

12.566 

12.566 

12.566 

12.566 

25 .222 

20.070 

20.070 

egestion rate per 

unit body weight 

(g h-1 g-l dry body 

weight) 

0.040 

0.029 

0.049 

0.072 

0.040 

0.094 

0.045 

0.085 

0.033 

0.043 

0.049 

0.006 

0.016 

0.033 

0.102 

0.037 

0.012 

0.077 

0.028 

0.047 

0.006 



Appendix IV Gut residence times for Leptosynapta inhaerens, estimated from the 

ingestion of coloured sediment. 

Feeding 

time 

(hours) 

0.5 

0.5 

1.0 

1.0 

1.0 

1.5 

1.5 

2.0 

2.5 

2.5 

3.0 

mean 

(± S.E.) 

Exp. 

1 

2 

1 

1 

2 

1 

2 

2 

1 

2 

2 

Body 

length 

(cm) 

2.5 

1.8 

6.0 

10.0 

1.4 

8.0 

2.5 

1.6 

5.0 

8.5 

4.5 

4.71 

Gut 

length 

(cm) 

4.1 

3.8 

8.0 

8.5 

2.5 

7.5 

1.6 

1.9 

7.0 

7.0 

5.1 

5.18 

(± 0.924) (± 0.768) 

Coloured 

sediment 

length (cm) 

0.6 

1.5 

1.1 

0.9 

1.3 

1.3 

0.7 

1.2 

2.7 

3.0 

gut empty 

%age 

coloration 

14.6 

39.5 

13.8 

10.6 

52.0 

17.3 

50.0 

63 .2 

38.6 

42.9 

1 Gut residence time is estimated by applying the following equation: 

Gut residence time = (gut length / coloured sediment length) x feeding time 

(Massin and Jangoux, 1976). 

Estimated gut 

residence time 

(hours) 1 

3.4 

1.3 

7.3 

9.4 

1.9 

8.7 

3.0 

3.2 

6.5 

5.8 

5.05 

(± 0.907) 



Appendix V Ingestion rates for L. inhaerens, estimated from the ingestion of coloured 

sediment. 

Feeding 

time 

(hours) 

0.5 

0.5 

1.0 

1.0 

1.0 

1.5 

1.5 

2.0 

2.5 

2.5 

3.0 

mean 

S.E . 

Exp . 

1 

2 

1 

1 

2 

1 

2 

2 

1 

2 

2 

Coloured Ingestion Dry body Ingestion rates per unit 

sediment dry rate (mg h- 1
) weight (mg) body weight (g h- 1 g- l dry 

weight (mg) 

4.0 

8.0 

8.0 

3.0 

2.0 

29.0 

6.0 

4.0 

3.0 

8.0 

8.0 

16.0 

8.0 

3.0 

2.0 

19.0 

4.0 

2.0 

1.0 

3.0 

6.60 

1.98 

60.0 

27.0 

95 .0 

171.0 

28.0 

254.0 

21.0 

16.0 

48.0 

41.0 

46.0 

73.37 

22.46 

body weight) 

0.133 

0.593 

0.084 

0.018 

0.071 

0.075 

0.190 

0.125 

0.021 

0.073 

0.138 

0.053 



Appendix VI 

Buffer: 

Recipes for Sodium cacodylate buffer, glutaraldehyde fixative and 

Polarbed 812 Resin. 

O. lM Sodium cacodylate buffer, pH 7.4: 

10.74g of Sodium cacodylate, 

500 ml of Distilled water, 

few drops ofO.1M HCI, 

15g of Sucrose (3%). 

Fixative: 

4% (w/v) glutaraldehyde in O. lM cacodylate buffer, pH 7.4 (to make 100 ml): 

84 ml ofO.1M Sodium cacodylate buffer, pH 7.4, 

16 ml of25% (w/v) glutaraldehyde. 

Resin: 

Polarbed 812 Epon Resin (to make 100 ml): 

24.06g ofMNA, 

24.96g of DD SA, 

49.96g of Polar bed Resin, 

1.0 ml. ofDMP-30 (1 %). 
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