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Abstract 
 

The egg nutrient composition and utilization during embryonic and larval 

development of the holothuroid Australostichopus mollis are examined in the context of 

maternal investment of the Echinoderms. At the same time, this study assesses the influence 

of different microalgal diets on the nature and quantity of nutrients accumulated by the 

feeding auricularia larvae, leading to the identification of important nutrients for the 

successful completion of metamorphosis and juvenile formation. 

 

Nutrient composition of the egg, mainly represented by structural compounds 

(proteins and phospholipids), reflected well that of echinoderms with planktotrophic 

development, although A. mollis egg nutritional content was slightly lower than that of other 

echinoderms with similar egg size. Triacylglycerol (TAG) was the main energetic lipid 

provided by the mother in the egg to fuel the formation of the feeding larvae. More studies on 

the facultative feeding period (FFP) of A. mollis are required to establish if A. mollis have 

lower metabolic rates than other echinoderms, as appears to be the case of planktotrophic 

ophiuroids. 

   

After the onset of larval first feeding, the microalgal diet did not affect the type of 

lipids accumulated as a nutrient reserve. The microalgal diet did, however, affect the ability 

of the larvae to build energetic reserves. Dunaliella tertiolecta was found to be an unsuitable 

diet for A. mollis, while Chaetoceros muelleri led to increased larval lipid accumulation. In 

preparation for the perimetamorphic period, A. mollis accumulated free fatty acids (FFA) and 

the same maternally-derived energetic lipid, TAG. 

 

Feeding A. mollis auricularia larvae showed that the hyaline spheres (HS), unique 

holothuroid larval structures, played an important nutritional role during the A. mollis 

perimetamorphic period. HS were a good indicator of larval nutritional condition, and served 

as the main storage location for TAG accumulated from the diet. Lipids appeared to be 

transported from the digestive epithelium to the area of formation of the HS in a novel way, 

which involved the mobilization of lipids through the gel-filled blastocoel in specialized lipid 

transporting cells (LTC). TAG in the HS supported the formation of the fully functional 

juvenile.  

I 
 



 

 The information presented in this thesis, which shows the first nutritional data on 

eggs, larvae and juveniles of a planktotrophic holothurian, is not only valuable for studies of 

life-history theory, maternal investment and the field of larval biology, but has significant 

implications for sea cucumber aquaculture.   
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1.1 Echinoderms and their larvae 
 

The echinoderms are a fascinating group of marine invertebrates comprised by 

crinoids (unstalked feather stars and stalked sea lilies), holothuroids (sea cucumbers), 

asteroids (sea stars), ophiuroids (brittle and basket stars) and echinoids (sea urchins and sand 

dollars) (Figure 1.1). Not only are echinoderms the basal members of the Deuterostomia, but 

they show many features that make this phylum unique  ̶  they have evolved a water vascular 

system for feeding and locomotion, have a mesodermally derived endoskeleton, mutable 

connective tissue and secondary radial symmetry in the adult that arises from a bilaterally 

symmetrical larva (Pechenik, 2005). Echinoderms also show a very dynamic history of larval 

evolution that extends back to the early Paleozoic ca. 500 million years ago (Raff & Byrne, 

2006). This evolutionary history has resulted in distinct larval forms and developmental 

patterns in each echinoderm class, making it difficult to elucidate evolutionary origins and 

links between phyla (Lacalli, 2003; Raff & Byrne, 2006) (Figure 1.1).  

 

A recent study by Nakano et al. (2003) on larval developments in a stalked crinoid 

(sea lily), the most basal group of extant echinoderms has, however, shed light on the origin 

of echinoderm larval forms; supporting the theory that the ancestral larval form of the 

echinoderms was a feeding dipleurula larva followed by an non-feeding, barrelled shaped 

doliolaria. More importantly, this study provided evidence to support long-standing theories 

assigning the dipleurula as the basal larval form of the Deuterostomia (Lacalli, 2003; Raff & 

Byrne, 2006). These conclusions could not have been obtained from observations on larval 

development of stalkless crinoids (feather stars) as most species had a secondary loss of the 

dipleurula larva after the Permian extinction and extant species have only a non-feeding 

doliolaria (Balser, 2002; Nakano et al., 2003; Raff & Byrne, 2006).  

 

Secondary loss of the non-feeding doliolaria also occurs in asteroids and echinoids, 

where only a feeding larvae is retained (bipinnaria and echinopluteus, respectively) 

(McEdward et al., 2001; Emlet et al., 2002; Nakano et al., 2003) (Figure 1.1).  In ophiuroids, 

while most species have a feeding larvae (ophiopluteus) there are a few species of ophiuroids 

with type II development which have a feeding larva followed by a non-feeding doliolaria-

type larva (the vitellaria) (Mladenov, 1985; Byrne & Selvakumaraswamy, 2002; Nakano et 

al., 2003).  
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Holothuroids, therefore, are the only echinoderm group that most fully represent the 

ancestral type of larval development: a feeding auricularia followed by a non-feeding 

doliolaria (Sewell & McEuen, 2002; Lacalli, 2003) (Figure 1.1). Studies on larval 

development of holothuroids and ophiuroids with type II of development are likely to reveal 

insights into the adaptational routes and evolution of larvae. More importantly, studies on 

echinoderm groups which preserve this ancestral type of larval development could potentially 

provide valuable insights into the origin of chordates (Lacalli, 2003).  

 

 

Figure 1.1. Phylogenetic relationships within the echinoderms (after Janies, 2001 and Raff & Byrne, 
2005). Representative adults and planktotrophic larva for each echinoderm class. Holothuroids retain 
the ancestral type of development  ̶ a feeding auricularia followed by a non-feeding doliolaria. 
Echinoids show a feeding echinopluteus but have secondarily lost the doliolaria. Ophiuroids and 
asteroids show a feeding ophiopluteus and bipinnaria, respectively, followed by a secondary 
metamorphic stage that evolved after the loss of the doliolaria; vitellaria for ophiuroids (not to be 
confused with the doliolaria-type vitellaria described for type II developers) and brachiolaria for 
asteroids. Crinoids have lost the feeding larvae. 

 
1.2 Echinoderms as marine invertebrate early life-history models  
 

Within marine invertebrates, echinoderms ̶ echinoids and asteroids in particular ̶ 

constitute the basis for comparative studies and current life-history models investigating the 

relationship between egg size, energy content and larval developmental strategies (Vance, 

1973a, 1973b; Caswell, 1981; Jaeckle, 1995; Podolsky & Strathmann, 1996; McEdward, 

1997; Levitan, 2000). However, due to the difficulty of obtaining mature gametes and rearing 
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larvae in the laboratory (Smiley et al., 1991), members of two echinoderm classes; ophiuroids 

and holothuroids, have been highly under-represented in the study of egg nutrient 

composition and utilization through larval development (Sewell & Young, 1997; Sewell & 

Manahan, 2001; Falkner et al., 2006; Falkner, 2007). While echinoids and asteroids possess 

bimodal egg size distributions that clearly separate species with different developmental 

modes (e.g. small eggs show planktotrophic development and larger eggs show lecithotrophic 

development), ophiuroids and holothuroids show a considerable overlap between the two egg 

size mode distributions (Sewell & Young, 1997). This overlap aggregates planktotrophic and 

lecithotrophic species, suggesting that egg size might not be a good predictor of early life-

history traits (Sewell & Young, 1997). Furthermore, studies on ophiuroid larvae show they 

may need fewer maternally-derived nutrient reserves for development, and use maternal 

reserves at a much slower rate than other echinoderms (Falkner et al., 2006; Whitehill & 

Moran, 2012). Further studies on ophiuroid and holothuroid nutrient utilization are required 

to better understand the developmental energetics in marine invertebrates, explore the full 

range of reproductive adaptations and assess the applicability of maternal investment 

hypotheses currently based on studies of limited taxa (Sewell & Manahan, 2001).   

 

1.3 Nutrients for larval development in echinoderms 
 

Lipids and proteins are the main maternally-derived nutrients in marine invertebrate eggs, 

playing both structural and energetic functions (Jaeckle, 1995). Their relative abundance in 

the egg is a good indicator of species developmental mode; planktotrophic, lecithotrophic or 

intermediate types of development (Jaeckle, 1995; Prowse et al., 2008). In the last decade, the 

use of analytical techniques that allow the identification and quantification of specific lipid 

classes present in the egg and rate of utilization through larval development, have enabled a 

broader understanding of species, evolutionary relationships, selective forces, energetics, and 

essential nutrients required for development. Of all the lipid classes, the neutral energetic 

lipid triacylglycerol (TAG) seems to be the main maternally-derived energetic lipid present in 

the eggs of planktotrophic marine invertebrates, fuelling the formation of the feeding larvae 

and playing a vital role during development (Podolsky et al., 1994; Villinski et al., 2002; 

Sewell, 2005; Byrne et al., 2008a; Byrne et al., 2008b; Prowse et al., 2008; Whitehill & 

Moran, 2012). Within the echinoderms, holothuroids are the only taxon for which the nature 

of maternally-derived lipids remains to be determined. Studies on lipid composition of 
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holothuroid eggs would provide evidence to confirm or deny the ancestral nature of TAG as 

the main maternally-derived lipid in the echinoderms.  

 

1.4 Larval feeding 

 

Maternal reserves present in the egg have a key role in larval development. These 

reserves will support the formation of the feeding larvae, which will then start accumulating 

nutrient reserves from the diet in preparation for the non-feeding perimetamorphic period and 

the transition to a juvenile life (Villinski et al., 2002; Sewell, 2005; Meyer et al., 2007; Byrne 

et al., 2008b; Prowse et al., 2008). During the feeding larval period, the nature of the nutrients 

to be utilized for development will shift from being maternally-derived to being tightly linked 

to the diet. This transition has been shown to affect larval nutrient composition both at a lipid 

class level and at the deeper level of lipid fatty acid composition (Podolsky et al., 1994; 

Sewell, 2005; Meyer et al., 2007; Byrne et al., 2008a; Byrne et al., 2008b; Whitehill & 

Moran, 2012). For example, two echinoid species utilize maternal TAG to fuel early larval 

development, but seem to accumulate free fatty acids (FFA) from the larval diet (Sewell, 

2005; Meyer et al., 2007). Another echinoid species has been shown to accumulate TAG 

through the diet (Byrne et al., 2008a; Byrne et al., 2008b). Fatty acids are either incorporated 

without major modifications from the diet, or synthesised from dietary precursors to meet 

specific physiological requirements (e.g. through elongation and desaturation of short-chain 

PUFAs) (Chu & Webb, 1984; Whyte et al., 1989; Schiopu et al., 2006; Liu et al., 2007; 

George et al., 2008; Gago et al., 2009). It is not yet certain if changes in the diet would affect 

the type of lipid class that is accumulated by larvae of a particular species or just their 

quantities; with the latter the most likely scenario if lipid class accumulation has been pre-

established through species evolution. At the same time, although physiological fatty acid 

requirements in marine invertebrate larvae appear to be highly species-specific  ̶  which 

determines the overall suitability of selected larval feeds (Boidron-Metairon, 1995)  ̶  few 

studies have explored fatty acid requirements in echinoderm larvae (e.g. Schiopu et al., 2006; 

George et al., 2008).  
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1.5 Holothuroid ecology, reproduction, fisheries and aquaculture 
 

Sea cucumbers have an important role in benthic communities as recyclers of organic 

material; they ingest microorganisms and detritus from the sediment and release nutrients 

through their waste products and water used in respiration (Coulon & Jangoux, 1993; 

Uthicke, 2001). They also contribute to the oxygenation of the seabed through bioturbation; 

numerous studies show positive effects when they are used in integrative aquaculture (Neori 

et al., 2004; Purcell et al., 2006; Zhou et al., 2006).  

 

Most temperate species spawn during spring and summer following increased sea water 

temperatures, radiation and water mixing, which drives spring phytoplankton blooms and 

thus an increment of food available for planktotrophic larvae and newly settled juveniles 

(Smiley et al., 1991; Preston, 1993; Chao et al., 1995). Spawning events are usually 

synchronized between males and females and are often preceded by an aggregation of 

individuals, which maximizes fertilization rates and minimizes the waste of gametes (Hamel 

& Mercier, 1996; Hamel & Mercier, 1999).  In most cases the spawning period is followed 

by a gonad recovery period during winter (Conand, 1989; Preston, 1993; Chao et al., 1995). 

 

Sea cucumber fisheries underwent a global expansion in the 1980’s to supply a growing 

demand from the Asian market. Due to poor fisheries management and overexploitation of 

traditional fishing grounds, considerable efforts have been made to develop aquaculture of 

valuable species worldwide (Toral-Granda et al., 2008; Purcell et al., 2013). Efforts have 

been further encouraged in recent times as a result of fishery bans due to the collapse of 

breeding stocks in countries such as Costa Rica, Ecuador, Venezuela, Panama, France, 

Tanzania, India, Papua New Guinea, Solomon Islands, Vanuatu and Tonga (Purcell, 2010). 

Research aimed at identifying essential nutrients for development of sea cucumber larvae 

could minimize larval mortality around the critical time of metamorphosis and settlement; 

one of the major bottlenecks in sea cucumber aquaculture production (Chen, 2003; Stenton-

Dozey & Heath, 2009). This would allow faster progress of aquaculture enterprises and 

encourage attempts in restocking decimated wild populations for sustainable fisheries 

(Lovatelli, 2004; Bell et al., 2008a; Bell et al., 2008b; Mercier & Hamel, 2013). 
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1.6 Holothuroid planktotrophic larval development  
 

In ophiuroids, asteroids and echinoids, larval development ends through radical 

metamorphosis; a juvenile rudiment is formed close to the larval stomach and all larval 

structures get histolized and resorbed (Sewell & McEuen, 2002). In this process, the stomach 

seems to act as a nutritive bridge between the larvae and the juvenile (Burke, 1989; Dautov & 

Kashenko, 1995; Reitzel et al., 2004; Byrne et al., 2008a). In contrast, holothurian larvae do 

not form a juvenile rudiment and retain most of the larval structures which, with the 

exception of the intestine, rectum and anus, are reorganized through morphogenic movements 

to become juvenile structures (Smiley, 1986; Smiley et al., 1991; Sewell & McEuen, 2002) 

(Figure 1.2). Instead of forming a larval rudiment, the feeding “auricularia” larvae develop 

unique structures called the “hyaline spheres”. These spheres start forming in the blastocoel 

close to the epithelium of the posterolateral larval lobes and may continue appearing in the 

lateral and anterior lobes as development progresses (Smiley et al., 1991; Sewell & McEuen, 

2002) (Figure 1.2B). The auricularia then greatly reduces its size through the histolysis and 

resorption of feeding structures and becomes a non-feeding, barrel shaped, swimming 

“doliolaria” (Smiley, 1986) (Figure 1.2D). After a number of morphogenic changes, 

including the formation of five primary tentacles and modified behaviour to seek and test the 

substratum, the doliolaria rapidly becomes the newly settled juvenile (pentactula) 

(Strathmann, 1987; Smiley et al., 1991; Sewell & McEuen, 2002) (Figure 1.2E). The hyaline 

spheres in the auricularia have been reported to increase in diameter towards the non-feeding 

doliolaria stage and decrease in size during the pentactula and juvenile stage (Mortensen, 

1937; Burke, 1989; Chen et al., 1991; Dautov & Kashenko, 1995; Dautov, 1997; Sewell & 

McEuen, 2002). At the same time, they presage the successful and rapid completion of 

metamorphosis (Sui 1989 in Dautov and Kashenko (1995)), a shorter larval duration, and 

increased juvenile survival (Chen et al., 1991). These observations led to the speculation that 

the hyaline spheres might serve nutritional functions (Dautov & Kashenko, 1995; Dautov, 

1997). 
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Figure 1.2. Representation of  A. mollis larval development (modified from Archer, 1996). (A) early 
auricularia (B) late auricularia (C) late auricularia commencing metamorphosis (D) doliolaria (E) 
early juvenile. CB, ciliary band; M, mouth; O, oesophagus; A, axohydrocoel; LS, left somatocoel; RS, 
right somatocoel; I, intestine; A, anus; S, stomach; HS, hyaline sphere; PT, primary tentacles; PP, 
podial pit. Drawings not to scale. 

 

1.7 The study species 
 

In New Zealand, Australostichopus mollis (Hutton 1872) (Figure 1.3) is a planktotrophic 

sea cucumber currently under “exploratory fishery” status in New Zealand’s quota 

management system (Stenton-Dozey & Heath, 2009; Zamora & Jeffs, 2013). A. mollis 

inhabits shallow subtidal areas along the New Zealand coast and southern Australia and 

Tasmania (Pawson, 1970). Gametogenesis starts during late winter-early spring (August-

September) and spawning peaks during mid-summer (January-February) (Sewell, 1992), with 

spawning events being linked to the lunar cycle (Archer, 1996; Morgan, 2009b).  

 

 
Figure 1.3. Live specimen of the holothuroid A. mollis in its natural habitat. 
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Larval development for the species takes 3 to 4 weeks under appropriate feeding 

conditions. The embryo develops into a feeding early auricularia with a non-developed left 

somatocoel and un-elongated axohydrocoel (3 days post-fertilization) (Figure 1.2A). It then 

develops into a mid-auricularia in which the left somatocoel extends less than half way the 

length of the stomach and the axohydrocoel remains un-elongated. The next stage is a late 

auricularia which presents a left somatocoel that develops more than half way the length of 

the stomach, an elongated axohydrocoel, and up to 10 hyaline spheres which are likely to 

have started developing on day 18 (12 to 20 days post-fertilization) (Figure 1.2B). The larvae 

then turns into a non-feeding doliolaria (22 days post-fertilization) (Figure 1.2D) and finally 

into the pentactula or newly settled juvenile (23-25 days post-fertilization) (Archer, 1996; 

Morgan, 2008a; Morgan, 2008b) (Figure 1.2E).  

The transition from the auricularia to the doliolaria is a period of very high mortality 

(Morgan, 2008a; Morgan, 2009a), and has challenged  efforts of New Zealand researchers to 

establish aquaculture of A. mollis, considered to be a good species for polyculture under 

green-lipped mussel farms (Archer, 1996; Slater & Carton, 2007; Stenton-Dozey & Heath, 

2009; Zamora & Jeffs, 2013). 

 

1.8 Research objectives and thesis structure 
 
1.8.1 Overall Objective 
 

The main objective of this thesis is to characterize the nutrient composition of the 

eggs and the dynamics of nutrient utilization, acquisition and storage during embryonic and 

larval development of the sea cucumber Australostichopus mollis, with particular focus on: 

(a) nutrient composition of the egg compared with other echinoderms, (b) determining which 

maternally-derived nutrients are critical for the formation of the feeding larvae, (c) which 

nutrients acquired through the diet are critical for larval development and are they affected by 

diet, (d) how larvae store these nutrients as reserves for the non-feeding stages before 

juvenile feeding, and (d) what is the role of the hyaline spheres in the storage of nutritional 

reserves. 
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1.8.2 Thesis structure 
 

This thesis consists of three main chapters which detail several experiments presented 

chronologically from early to late larval development of A. mollis. The chapters integrate 

results obtained from protein analysis, thin layer chromatography flame ionization detection 

(TLC/FID), traditional TLC, microscopic techniques, utilization of specific fluorescent vital 

stains and fatty acid analysis techniques.  

 
Chapter two 
 

Lipid and protein composition, distribution and utilization from the egg until 4 days of 

larval development are examined to understand nutrient requirements during early 

development of the auricularia larvae. I followed the utilization of lipids and proteins and 

examined the effect of food availability during these early stages, comparing these results 

with available information in ophiuroids, echinoids and asteroids. At the same time, I 

analysed the cellular composition of the digestive system of ten day old A. mollis larvae 

under fed and unfed conditions. Through TLC, the glycolipid and phospholipid composition 

of A. mollis eggs was characterized in detail and compared to the composition of eggs from 

the planktotrophic New Zealand echinoid Evechinus chloroticus.  

 
Chapter three 
 

The effect of different microalgal diets on protein and lipid content and hyaline sphere 

formation are assessed during development of A. mollis larvae. In particular: (a) which 

nutrients acquired through the diet are critical during larval development? (b) Does diet affect 

the nature of lipids stored through development? (c) How does diet affect the formation of the 

hyaline spheres?  

 
Chapter four 
  

This chapter assesses the role of the hyaline spheres as nutritional storage units by 

studying the composition and following the accumulation, utilization and redistribution of 

lipids during the metamorphic transformation from the late auricularia to doliolaria and 

juvenile. Observations are compared to a rudiment-forming echinoderm species, the 

planktotrophic sea urchin Evechinus chloroticus.  
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Chapter five 
 

This chapter offers a summary of the findings of this PhD thesis and outlines the 

contributions to the field of early-life-history of echinoderms and to the potential 

enhancement of sea cucumber aquaculture. In particular, this chapter indicates how this thesis 

allows further understanding of nutritional aspects through larval development of holothuroid 

larvae after combining the utilization of biochemical analysis and microscopic techniques 

through development and metamorphosis of A. mollis. This chapter gives particular emphasis 

to the advantages of incorporating live microscopic techniques to larval nutritional studies, 

and suggest new lines of research that could be explored in the future. 
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2 Egg lipid and protein content and utilization during early 
development  
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2.1 Introduction 
 

The Phylum Echinodermata, and in particular the asteroids and echinoids, are the best 

studied phyla with respect to reproductive strategy, life-history theory and maternal 

investment (Jaeckle, 1995). Currently, echinoderms provide the quantitative data upon which 

many reproductive strategy hypotheses and per-offspring maternal investment models are 

based (McEdward & Miner, 2006). As they are abundant, are found in all habitats, show all 

reproductive strategies and have given rise to different developmental modes within short 

evolutionary times, this has allowed comparison of closely related species with different life-

histories (Byrne et al., 1999; Byrne & Cerra, 2000; Prowse et al., 2008). There is, however, 

the need to test if these models are still applicable when species from underrepresented taxa 

are included, namely ophiuroids and holothuroids (Sewell & Manahan, 2001). Studies on egg 

size distribution (Sewell & Young, 1997), egg lipid composition (Falkner et al., 2006) and 

utilization during larval development (Whitehill & Moran, 2012) indicate that they might 

possess different energetic strategies from those of echinoids and asteroids.  

 

Ophiuroids and holothuroids have been underrepresented in studies of life-history 

theory mainly due to the difficulty of obtaining ripe gametes. As in most animals (Karaseva 

& Khotimchenko, 1995; Mita et al., 2007) oocytes grow inside the gonad arrested in the first 

meiotic prophase, surrounded by the follicular envelope. These immature oocytes (primary 

oocytes) are stored until environmental cues occurring during the breeding season trigger 

hormonal action and drive the resumption of meiosis, ovulation and spawning (Kanatani & 

Shirai, 1970; Maruyama, 1980, 1985; Smiley et al., 1991). Echinoids are an exception to the 

rule; they continuously produce mature eggs during the breeding season and spawning can be 

easily induced through KCl injection, which drives gonad muscular contractions (Cochran & 

Engelmann, 1976; Walker et al., 2001; Voronina et al., 2003). One of the oocyte maturation 

hormonal mediators in asteroids, the “maturation-inducing substance” (MIS) has been 

identified as 1-methyladenine (1-MA) (Kanatani et al., 1969), thus making gamete maturation 

possible under laboratory conditions. These hormonal mediators have not been precisely 

identified for ophiuroids and holothuroids, although recent studies have isolated and 

produced potential holothuroid oocyte maturation inductors (Kato et al., 2009; Leonet et al., 

2009). More widely utilized techniques for the obtention of mature gametes in laboratory 

conditions mainly rely on the emulation of species-specific environmental spawning cues and 
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stress induction, which in recent years have been more thoroughly understood and practiced 

(Agudo, 1996; Mercier & Hamel, 2013). Only in recent years have more studies in nutrient 

composition and utilization of ophiuroid eggs and larvae been made available through 

spawning induction (Falkner et al., 2006; Falkner, 2007; Whitehill & Moran, 2012).  

 

Egg size in marine invertebrates is generally considered to be a reasonable predictor 

of maternal investment (number of eggs and energy deposited in each egg), developmental 

mode, and to a lesser extent may indicate the relative importance of lipid and protein in terms 

of the biochemical composition (Jaeckle, 1995; George et al., 1997; Byrne et al., 2003). The 

smaller and more numerous eggs of planktotrophic species usually contain more protein than 

lipid, and more structural lipids than energetic lipids to be used as pre-synthesized structural 

materials for the formation of feeding larval structures (Sewell, 2005; Falkner et al., 2006; 

Byrne et al., 2008a; Prowse et al., 2008).  In contrast, the fewer and larger eggs of 

lecithotrophs usually contain more lipid than protein, and more energetic lipids than 

structural lipids to be utilized for fuelling development without feeding through 

metamorphosis up to the juvenile phase (Jaeckle, 1995; Byrne et al., 2003; Falkner et al., 

2006; Byrne et al., 2008a; Prowse et al., 2008). This general dichotomy does not seem to be 

applicable for ophiuroids and holothuroids, where there is a less marked gap separating egg 

modes and developmental types (Sewell & Young, 1997; Falkner et al., 2006). On the study 

of the relationship between egg size and nutrient composition in echinoderms, recent research 

indicates that selection could act separately over egg size and egg biochemical composition, 

showing that in planktotrophic species bigger eggs do not necessarily have a higher energy 

content than smaller eggs (Moran et al., 2013). 

 

Here, through lipid class quantification using the Iatroscan thin layer 

chromatography/flame ionization detection (TLC/FID), protein analysis and microscope 

analyses, I provide information on egg lipid and protein composition, distribution and 

utilization during early development in the planktotrophic holothuroid Australostichopus 

mollis in New Zealand. This sea cucumber species has a relatively large egg size for a 

planktotrophic species (Sewell & Young, 1997); egg diameters ranging between 110 µm to 

185 µm (Sewell, 1992; Archer, 1996; Morgan, 2009a) makes it an ideal species in which to 

study how nutrient content relates with egg size compared with other planktotrophic 

echinoderms. Furthermore, I follow the utilization of lipids and proteins during the first days 

of embryonic and larval development after first feeding, examine the effect of food 
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availability during these early stages, and compare the obtained information with related 

studies on ophiuroids, echinoids and asteroids. Moreover, I employ traditional thin layer 

chromatography (TLC) and spray reagents as a complimentary technique to TLC/FID to 

obtain qualitative within-lipid class information on lipids present in A. mollis eggs, 

information which is more difficult to obtain through TLC/FID. In particular, I analyse 

different phospholipid types and glycolipids present in A. mollis eggs. Glycolipids are 

believed to be contained in the AMPL peak obtained through TLC/FID (Sewell, 2005) and 

appear to play important bioactive roles in marine invertebrates (Vaskovsky et al., 1970; 

Kochetkov & Smirnova, 1987). Furthermore, TLC lipid analysis of A. mollis eggs is 

compared to eggs of the planktotrophic New Zealand echinoid Evechinus chloroticus to test 

for holothurian-specific glycolipids. 

 

2.2 Material and methods  
 

2.2.1 Egg/larval culture and sample collection 
 

In February 2012, adult A. mollis and E. chloroticus were collected from the rocky 

subtidal region around Ti Point, east coast of New Zealand (36º 19’20.39” S; 174º47’28.7” E) 

using SCUBA between 4-15 metres deep. The time of collection coincided with both species  

reproductive season, which runs from October to March (Sewell, 1992; Brewin et al., 2000). 

Fifty sea cucumbers were collected to obtain an even sex ratio of individuals (Sewell, 1992). 

At the same time, twenty sea urchins were obtained.  

 

Individuals were transported in sealed sea water barrels containing ice packs to the 

marine laboratory at The University of Auckland, where they were acclimatized for a few 

days in static 1 µm filtered sea water (FSW) tanks. The sea cucumbers were placed in two 

static tanks of dimensions H 30 cm, L 80 cm, W 55 cm (25 individuals per tank). Tanks were 

set up with intertwined pieces (45 x 50 cm) of plastic garden mesh with 2 cm2 openings and 

filled up to 20 cm height with FSW. The mesh was utilized to provide increased crawling 

surface for the animals, thus lowering the occurrence of common skin infections (per. obs.). 

Sea cucumbers were not fed and water changes were performed daily for at least the first 

three days to allow the emptying of gut contents and clean handling of the brood stock.  
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Fertilized eggs were obtained from sea urchins and sea cucumbers. Sea cucumber 

eggs were reared up to the first week of development. For this, sea urchins were injected with 

2 ml of 0.55 M KCl and were placed over separate 200 ml beakers filled with 1 µl FSW. 

Eggs from five female urchins were pooled together, fertilized with a diluted suspension of 

sperm from four male urchins and washed with 1 µm FSW. Replicate samples containing 

1000 sea urchin eggs for TLC analysis (n = 5) were collected as outlined below for sea 

cucumber samples.  

 

Due to the difficulty of making sea cucumbers spawn in isolation, two 20 L sea 

cucumber spawning tanks containing air stones and nine sea cucumbers each were set up 

around the main moon phases (Archer, 1996; Morgan, 2009b): new moon, first quarter, last 

quarter and full moon. At each moon phase, spawning was induced using a combination of 

temperature and microalgae shock (Agudo, 1996). Temperature shock consisted of reducing 

the temperature of spawning tanks containing the sea cucumbers by placing the tanks in the 

fridge (4ºC) until water temperature decreased by 10ºC, and then letting the tanks return to 

room temperature naturally (19º ± 2ºC) over four hours. Microalgae shock consisted of 

adding 0.5 L of a concentrated mixture of Chaetoceros muelleri, Dunaliella tertiolecta and 

Isochrysis galbana (CSIRO, Australia) to spawning tanks one hour after the tanks were 

removed from the fridge. After spawning induction, the specific time of spawning was highly 

unpredictable ̶ tanks were closely monitored for the next 12 hours so egg and early 

development samples could be obtained. If spawning induction was unsuccessful, sea 

cucumbers were returned to re-acclimatize in the main static tanks with the other sea 

cucumbers. At the next moon phase, 18 individuals were obtained from the static tanks and 

induced to spawn again as outlined above. After one of the spawning inductions on the 17th of 

February 2012 at 11.00am (first quarter moon) individuals in tanks one and two spawned 

simultaneously at 11.00pm. The creamy coloured fertilized eggs, potentially derived from 

multiple females, were still in suspension due to aeration in the spawning tanks. Eggs were 

carefully siphoned out using a plastic hose (0.5 cm diameter) to avoid obtaining eggs and 

debris that had settled on the bottom. Fertilized eggs were concentrated using a 75 µm mesh 

filter and gently washed with 1 µm FSW. Half of the fertilized eggs from each tank were 

processed and stored separately at -80ºC for protein and lipid analysis, while the other half 

was retained for ongoing embryo and larval cultures.  
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For egg sample collection, eggs were placed in a 50 ml Falcon tube on ice and the 

concentration was estimated by counting the number of eggs present in a known volume of 

suspension (n = 6). Replicates of ~200 eggs per spawning tank were placed in 1.5 ml 

Eppendorf tubes (n = 16-20, half for protein and half for lipid analysis), centrifuged briefly 

(3000 RPM for 10 s) and excess sea water removed with a drawn Pasteur pipette. Samples 

were stored at -80ºC until protein and lipid analysis. Mean egg diameter (d) (n = 30) for each 

spawning tank, estimated without including the swelling of the fertilization membrane in the 

measurements, was estimated from digital images obtained under a Leica DMR upright 

microscope attached to a Nikon 500 digital sight cooled colour camera and images analysed 

with AnalySIS® 5 (Life Science). Egg volume was estimated as (V= 4
3
 𝜋𝜋 r3).  

 

After washing with 1 µm FSW, the remaining half of the fertilized egg suspension 

was transferred to 4 L plastic rearing tanks containing 1 µm FSW (n = 4 per spawning tank). 

These 4 L rearing tanks represented technical replicates derived from the same source of 

biological material, the spawning tanks. Larval rearing tanks were aerated using plastic 

tubing fitted with an air flow regulator and glass Pasteur pipette. Tanks were stocked at an 

initial density of 5-10 eggs/embryos ml-1 and gradually decreased to 0.5 larvae ml-1 by the 

time of first feeding (2 days post-fertilization). Rearing tanks were held under constant light 

(12:12 h light:dark cycle) and constant temperature conditions (19 ± 0.5ºC).   

 

Embryo/larval cultures were cleaned every two days using a clean plastic hose. The 

water containing the larvae was gently siphoned out from the dirty tank to a clean one, 

avoiding transfer of debris that had settled on the bottom. Once in a clean tank, 70% of the 

water containing the larvae was removed through reverse filtration (75 µm filter) and 

replaced by fresh 1 µm FSW, thus preventing bacterial and algal growth. Used tanks, hoses 

and filters were cleaned using high-pressure hot water from the tap and left to dry at room 

temperature.  

 

In previous experiments, A. mollis embryo and larval cultures were shown to be 

extremely susceptible to culture crashes. To be able to obtain all developmental stages from a 

single spawning event it was necessary to maintain low embryo/larval concentrations in the 

tanks and avoid disturbance as much as possible. The only sampling procedure that allowed 

the above was sampling at each stage alternating between the technical replicate containers. 
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For early stages of development, sampling alternated between 4 replicate containers derived 

from the two spawning tanks (i.e. 4 and 19 h from spawning tank 1; 14 and 38 h from 

spawning tank 2), where samples of ~200 embryos (n = 16-20, half for protein and half for 

lipid analysis) were collected through development at 16-32 cells (4 h), blastula (14 h), early 

gastrula (19 h) and late gastrula (38 h).  

 

Larval feeding experiments began when the larvae showed a fully developed gut (48 

h). For this, three microalgae species; Isochrysis galbana, Dunaliella tertiolecta and 

Chaetoceros muelleri (CSIRO Australia), were used to feed the sea cucumber cultures.  

Microalgae were maintained at room temperature (~21ºC) in filtered autoclaved sea water 

under constant full spectrum illumination, mixed through aeration and supplemented with 20 

ml/L of Guilliard’s F/2 marine water enrichment solution containing silica (Sigma-Aldrich). 

Before being fed to the larvae, microalgae were concentrated by gentle centrifugation (3000 

RPM for 1 min) to reduce the amount of culture media transferred to the larval culture tanks.  

 

Remaining individuals from the embryo cultures belonging to both spawning tanks 

were re-distributed into four larval tanks and cultures were assigned to two diet treatments: 

fed or starved (n = 2 each). For the fed treatment, a 1:1:1 ratio of the three microalgae species 

was collected during the log growth phase. A final concentration of 3000 microalgae cells per 

ml was delivered to each larval culture twice daily, ensuring that the larvae showed 

microalgae inside the gut but not at such high concentrations that it impeded larval 

swimming. After first feeding, samples of ~ 200 early auricularia (65 h and 90 h of 

development) from fed and starved treatments (n = 16-20 each, half for protein and half for 

lipid analysis) were collected. Sample collection was carried out using counts from the 

embryo/larval suspension as described for the eggs. After sampling, remaining larvae in the 

tanks were kept in culture until day 10 of development for microscopic analysis. 

 

2.2.2 Lipid analysis  (Iatroscan TLC/FID) 
 

Lipids from frozen egg, embryo and larval samples were extracted following the  

chloroform/methanol extraction method of Holland and Gabbott (1971) as modified by 

Sewell (2005), with the minor difference that I used methanol and chloroform from the 

LiChrosolv® Hypergrade for LC-MS  range (Merck Millipore) and a lower concentration of 

ketone standard to estimate lipid recovery (10 µl of 500 µg ml-1). The isolated chloroform 
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phase containing lipids was kept at -20°C for a maximum period of 2 days until lipid class 

identification and quantification using the Iatroscan Mark Vnew Thin Layer 

Chromatography/Flame Ionization Detection system (TLC/FID) and silica gel S-III 

Chromarods. Stored samples were dried down under instrument-grade N2 gas and re-

dissolved in 10 µl chloroform using a positive displacement pipette (Gilson, Microman). 

Cleaning of the Chromarod rack was performed according to Sewell (2005). To spot and 

keep the lipid mixture in a narrow band at the origin of the Chromarods, a clean rack of 10 

Chromarods was placed on top of a 175 x 125 cm heat plate  (Chiltern Scientific) and the full 

10 µl of sample was directly spotted on to one Chromarod using a fixed-volume Drummond 

microdispenser and glass bores (Parrish, 1987). The V-vial was then rinsed with another 10 

µl of chloroform and spotted again on to the same Chromarod to ensure that the entire lipid 

extract was transferred. Eight Chromarods were used to spot samples, one was used as a 

blank to monitor possible contamination of developing solvents, and the last Chromarod was 

spotted with a dilution of a composite of highly purified lipid standards (99%) to detect 

possible peak position shifts due to external conditions.  

 

Lipids within samples spotted on the Chromarods were chromatographically 

separated after development inside tanks containing a mixture of solvents of differing 

polarities (hexane, diethyl ether and formic acid mixtures) in a two-stage development 

process (Parrish, 1987, 1999). Firstly, the rack was placed in a glass tank fitted with filter 

paper (Whatman No. 1) previously left to develop a saturated atmosphere (10 min) with a 

solution of hexane-diethyl ether-formic acid (98.95:1:0.05, by vol.). Lipids were left to 

migrate up the rods for 24 min; the rack was then placed inside a constant humidity chamber 

containing a saturated solution of CaCl2 (Delmas et al., 1984; Parrish, 1987) for 5 min and 

immersed again in the same tank for 19 min. The rack was dried for 5 min inside the 

Iatroscan and partially scanned burning from the solvent front until after the ketone peak. 

This partial scan lasted for 30 s with an air flow of 2000 ml min-1 and hydrogen set to 160 ml 

min-1. The rack was then placed again in a constant humidity chamber for 5 min and placed 

inside a second tank containing a more polar mixture of hexane-diethyl ether-formic acid 

(79:20:1, by vol) for 35 min, left to dry inside the Iatroscan for 5 min and scanned on a full 

scan all the way to the origin using the same Iatroscan settings outlined above. Lipids were 

detected through hydrogen flame ionization detection, the whole process resulting in two 

chromatograms per Chromarod. Data was collected by a SESChromstar PC-board and the 
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chromatograms were recorded and quantified using SES-Chromstar version 4.10 (SES 

Analysesysteme). 

 

Lipid class quantification was based on quadratic regressions from multilevel lipid 

calibration curves using lipid standards as in Sewell (2005). Standards represented the 

energetic neutral energetic lipids: aliphatic hydrocarbon (AH), wax ester (WE), methyl ester 

(ME), triacylglycerol (TAG), free fatty acids (FFA) and diacylglycerol (DAG); as well as the 

structural neutral lipid cholesterol (ST) and the structural polar lipids acetone mobile polar 

lipid (AMPL) and phospholipids (PL). Total lipid content, as well as total energetic lipid and 

total structural lipid content, were obtained by summing the total amount of respective lipid 

classes contained in the samples. 

 

2.2.3 Protein analysis 
 

Jaeckle and Manahan (1989) modification of the Bradford’s protein assay was used to 

obtain an estimate of the total protein content (µg) of egg, embryos and larvae. Samples were 

tip-sonicated on ice for four 2 s bursts in 200 µl Milli-Q water (Soniprep 150, MSE®). 

Samples were concentrated by a first precipitation with 100 µl 15% TCA and centrifugation 

(20,000 RPM for 20 min at 4°C), followed by a second precipitation with 200 µl 5% TCA, 

vortexed and centrifuged. The protein-containing pellet was re-dissolved in 500 µl 1 N 

NaOH, vortexed and heated at 56ºC for 30 min. It was then neutralized with 300 µl 1.67 M 

HCl and 200 µl  of a 1:4 filtered dilution of Bio-Rad Protein Assay dye reagent concentrate in 

Milli-Q water following manufacturer’s instructions. Total soluble protein was determined by 

measuring sample absorbance at 595 nm using a Synergy HT multi-detection microplate 

reader (Bio-TEK®) and KC4TM Microplate data analysis software (Bio-TEK®), then 

interpolating sample absorbances in a standard curve made from serial dilutions of bovine 

serum albumin. The average of two measures was calculated for each sample replicate. 

 

2.2.4 Statistical analysis  
 

Data on lipid class and protein composition of A. mollis eggs between spawning tanks 

was analysed through 1-way analysis of variance (ANOVA). Variations in the amount of 

protein and lipid class through embryonic and larval development of unfed A. mollis larvae 

was analysed through 1-way ANOVA. Variation in patters of lipid class and protein 
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utilization after first feeding were analysed through  a 2-way ANOVA (factors: larval age, 

diet), along with the analysis of larval lipid class and protein composition between fed and 

unfed treatments on the final day of the experiment (90 h larvae) through a 1-way ANOVA. 

For all statistical analyses I used JMP 10 (SAS). Assumptions of homogeneity of variances 

and normality were checked prior to analysis using Levene’s test, a Shapiro-Wilk’s test and 

residual plot analysis. Post-hoc comparisons of means were performed using Tukey-Kramer 

at α= 0.05. When assumptions of homogeneous variances were not met, I utilized Welch’s 

robust ANOVA followed by Tukey-Kramer unplanned multiple comparisons of harmonic 

means. 

 

2.2.5 Lipid analysis (TLC) 
 

            Detailed lipid profiles for polar lipids were prepared from A. mollis and E. chloroticus 

eggs by TLC. Preliminary lipid analysis of A. mollis eggs through TLC/FID indicated the 

presence of acetone mobile polar lipids (AMPL). Since glycolipids are believed to be 

contained in the AMPL peak obtained through TLC/FID (Sewell, 2005), glycolipids in 

egg/embryo samples were separated through TLC and subjected to a glycolipid spray reagent. 

Phospholipids were also separated and characterized by utilizing phospholipid spray reagents.    

 

Lipid extracts were prepared using the Bligh and Dyer (1959) lipid extraction method 

with solvents from LiChrosolv® Hypergrade for LC-MS  range (Merck Millipore). 300 µl of 

Milli-Q water was first added to a frozen ~100 µl sample pellet containing 1000 individuals. 

The sample was tip ultra-sonicated on ice, transferred to a 4 ml glass vial (Grace) and 1 ml of 

methanol and 500 µl of chloroform added, then vortexed for one minute and centrifuged at 

3500 RPM for 10 min. The contents were transferred to a second vial, avoiding transfer of the 

protein pellet. 500 µl chloroform and 500 µl Milli-Q water were then added, the vial vortexed 

for one min, centrifuged the sample at 3500 RPM for 10 min and transferred the lower 

chloroform layer containing lipids to a 2 ml gas chromatography (GC) vial (Grace), dried the 

lipids under a stream of instrument-grade N2, re-dissolved in 100 µl of chloroform and 

transferred it to a 250 µl GC insert (Grace). 

 

Three µl aliquots of the concentrated sample were applied with glass capillaries as 

narrow bands (2 mm) to pre-activated (100ºC for 10 min) aluminium-backed TLC plates 

(Reveleris, Grace) alongside lipid extracts from well-known lipid sources (Rouser et al., 
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1967; Mangold, 1988) and single lipid standards. A lipid extract from spinach leaves 

(glycolipid standard) was prepared following Bergelson (1980). A mixture of 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC) in chloroform (1 mg/ml) was 

utilized as phospholipid standard.  

 

To verify if glycolipids were a main component of the acetone mobile polar lipid 

(AMPL) peak obtained through TLC/FID (Parrish, 1987; Sewell, 2005), lipid extracts were 

left to migrate in an acetone solvent system as outlined below. Acetone is an efficient solvent 

for the separation of glycolipids from phospholipids, the latter being immotile in acetone 

(Delmas et al., 1984; Parrish, 1987). Lipids spotted on the TLC plate were left to migrate in 

acetone until just before the solvent front reached the end of the TLC plate. The plate was left 

to dry for 5 min and was then subjected to anthrone reaction reagent; 10% (by vol.) sulphuric 

acid in water were-sprayed followed by spray of 5% (by vol.) anthrone in toluene and a re-

spray with 10% (by vol.) sulphuric acid in water (Russell, 1966; Roughan & Batt, 1968; Van 

Gent et al., 1973; Katoch, 2011). The plate was heated in an oven at 100ºC for 5-10 min until 

the pink/blue glycolipid bands appeared. The plate was immediately scanned in an Aficio MP 

C400 (RICOH). To resolve different glycolipid types in egg/embryo/larval samples, lipid 

extracts were spotted onto a new pre-activated plate and left to migrate in a polar solvent 

system, consisting of a mixture of chloroform-methanol-water (70:30:4, by vol.). After the 

plate dried, it was subjected to the anthrone reaction and scanned as described above. The 

glycolipid solvent system used here was slightly less polar than the one used by Vaskovsky et 

al. (1970); nevertheless, the afore mentioned study was used as a reference to interpret the 

results. 

 

Phospholipids in egg/embryo/larval samples were separated in a more polar solvent 

system containing a mixture of chloroform-ethyl acetate-acetone-isopropanol-ethanol-

methanol-water-acetic acid (30:6:6:6:16:28:6:2, by vol.)  (Weerheim et al., 2002). 

Phospholipids containing amine groups (e.g. phosphatidylethanolamine, PE and 

phosphatidylserine, PS) were detected after cold air drying and spraying 0.5% (by vol.) 

ninhydrin in acetone and heat drying until pink spots developed, followed by the detection of 

all phospholipids by molybdate spray reagent (Vaskovsky et al., 1975; MacKenzie et al., 

2009). 
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2.2.6 Microscopy  
 

For the observation of the lipid distribution and utilization during sea cucumber early 

development, samples were obtained at the egg, blastula and ten days of larval development 

under fed and unfed conditions. Egg samples were processed for paraffin histology by fixing 

the sample in Bouin's fluid for one day, transferred through a graded ethanol series (70%, 

95%, 100%, p-xylene), followed by Histosec®(Merck) embedding, 3 changes of Histosec®, 

sectioning (6 µm thick) and staining with periodic-acid Shiff's (PAS) method which stains 

echinoderm yolk (Byrne et al., 1999; Byrne et al., 2003). Egg, blastula and ten-day old larvae 

under fed and unfed conditions were processed for the elaboration of semi-thin resin sections 

for microscopic observation along with egg ultra-thin sections for transmission electron 

microscopy (TEM). Samples were fixed at 4ºC for two hours in 3% glutaraldehyde in 0.2 M 

cacodylate buffer containing 30 mg/ml NaCl followed by serial rinses with the buffer 

containing reduced amounts of NaCl (30 mg/ml, 15 mg/ml, 5 mg/ml, no NaCl respectively), 

two hours post-fixation in 1% osmium tetroxide in 0.2 M cacodylate buffer at 4°C and a final 

wash in 0.2 M cacodylate buffer. Samples were then dehydrated in a series of graded ethanols 

and embedded in epoxy resin (Byrne et al., 1999; Byrne & Cerra, 2000; Byrne et al., 2008a).  

 

Semi-thin sections (2 µm) were prepared on a Leica EM UC6 ultra-microtome, dried 

onto factory coated glass slides (Superfrost® Plus, Menzel-Gläser) and stained using a 

polychromatic staining method consisting of methylene blue-azure II and basic fuchsine. 

Through this method, cytoplasm stains blue, nuclei stain darker blue, collagen, mucus and 

elastin are pink to red and fat or intracellular lipid droplets are grey to green (D'Amico, 

2005). Semi-thin sections were observed on a Leica DMR upright microscope, photographed 

using a Nikon 500 digital sight cooled colour camera and images analysed with AnalySIS® 5 

(Life Science).  

 

For TEM, ultrathin sections (80 nm) were prepared on a Leica EM UC6 ultra-

microtome, placed on a copper grid and stained with 2% uranyl acetate for 20 min and 2% 

lead citrate for 4 min. Sections were observed on a Tecnai 12 (FEI) transmission electron 

microscope, photographed with an Ultrascan® 1000 (Gatan) camera and images processed 

with ImageJ 1.46r. 
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2.3 Results 
 

2.3.1 Egg protein and lipid composition 
 

Eggs of A. mollis were neutrally to negatively buoyant, measured 160.22 µm (± 0.8 

SE, N = 60) in diameter and showed no size difference between both spawning tanks. Eggs 

contained a total of 33.57 ng lipid (± 3.66 SE) and 88.63 ng of protein (±7.05 SE), which 

accounted for 27.3% and 72.7% of the analysed egg nutrient components respectively. When 

standardized to egg volume (2.15 nl), this corresponded to 15.65 ng nl-1 lipid and 41.33 ng nl-

1 protein; a slightly lower lipid and protein content than that of eggs from other 

planktotrophic echinoderms with similar egg size (Figure 2.1).  

 

A. mollis eggs contained seven lipid classes; four neutral lipids with energy storage 

functions aliphatic hydrocarbon (AH), triacylglycerol (TAG), free fatty acids (FFA) and 

diacylglycerol (DAG), the neutral lipid with structural functions sterol (ST), and the polar 

and structural acetone mobile polar lipid (AMPL) and phospholipid (PL) (Table 2-1). 

Preliminary fatty acid analysis showed that A. mollis eggs contain high abundance of palmitic 

acid (16:0), palmitoleic acid (16:1 n-7), arachidonic acid (20:4 n-6, ARA) and 

eicosapentaenoic acid (20:5 n-3, EPA) (Appendix I).  

 

Structural lipids dominated the overall composition of the egg (Table 2-1), with PL 

the most abundant (88.60% of structural lipids). Energetic lipids represented 28.23% (± 0.92 

SE) of the egg, with TAG being the most abundant (63.66% of energetic lipids) (Table 2-1). 

There were no significant differences between spawning tanks 1 and 2: in protein (t = -1.83, 

df = 17, ns), total lipid, structural lipid, PL, AMPL, ST, energetic lipid, TG, FFA and DAG (t 

= 0.06, 0.27, -0.74, 1.34, -1.32, 0.51, 1.45, -1.30, 0.42 respectively; df = 11.2, 11.0, 17, 9.28, 

17, 17, 11.3, 17, 17, all ns). However, there was a marginally significant difference between 

spawning tanks in the minor energetic lipid AH (t = 2.38, df = 9.7, P = 0.0395), with 

spawning tank 1 having on average twice the amount (2.02 ± 0.3 SE) of tank 2 (1.10 ± 0.3 

SE). 
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Figure 2.1. Lipid and protein content of echinoderm eggs related to egg volume. Egg lipid content 
regression equation y = 1.169x + 5.345, R2 = 0.96; Egg protein content regression equation y = 1.012x 
+ 4.806, R² = 0.96. Data from Sewell and Manahan (2001) expanded with data from Falkner et al. 
(2006), Prowse et al. (2008), McAlister and Moran (2012), Moran et al. (2013) and this study. Empty 
symbols indicate planktotrophic development, grey-filled symbols indicate lecithotrophic 
development and, black-filled symbols indicate brooding lecithotrophic development. Shapes in 
legend indicate echinoderm classes. Egg volumes are expressed in µl units to facilitate graphic 
comparison with previous work from the above mentioned authors.  
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Table 2-1. A. mollis egg total lipid and lipid class composition determined through TLC/FID.  Mean ± 
SD of 20 independent samples of 200 fertilized eggs. 

 

Measurement 
Amount per egg  

(ng) % of total lipid 
Total lipid 33.57 ± 3.66 100 
Energetic lipids 9.52 ± 0.99 28.23 ± 0.92 

AH 1.54 ± 0.21 5.05 ± 0.58 
TAG 6.06 ± 0.76 17.89 ± 1.29 
FFA 1.51 ± 0.21 4.86 ± 0.60 
DAG 0.12 ± 0.09 0.43 ± 0.30 

Structural lipids 24.05 ± 2.73 71.77 ± 0.92 
ST 0.92 ± 0.10 2.75 ± 0.25 
AMPL 1.77 ± 0.73 3.89 ± 0.99 
PL 21.31 ± 2.07 65.12 ± 1.18 

 

 

 

2.3.2 Egg and embryo microscopy 
 

Paraffin sections of fertilized A. mollis eggs showed an even and intense PAS+ 

reaction and no evident lipid droplets (Figure 2.2). Plastic sections showed large yolk 

granules, connective or mucous vesicles and small lipid droplets (Figure 2.3). Towards the 

periphery and also scattered inside the fertilized egg it was possible to observe optically 

empty vesicles (Figure 2.3), which stayed at the embryo periphery during the early gastrula 

stage (Figure 2.4). Through TEM, fertilized eggs showed multiple organelles; yolk granules 

were electron dense appearing grey to black, were-distributed relatively evenly through the 

egg and were well delimited. Lipid droplets were more infrequent, smaller and were more 

diffuse due to the lack of a delimiting membrane. Optically empty vesicles could also be 

observed; those towards the periphery of the egg possibly corresponded to empty cortical 

granules (Figure 2.5). 
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Figure 2.2. Paraffin section of fertilized A.mollis egg stained with periodic acid–Schiff. Y, yolk 
granules; N, dividing nucleolus; F, fertilization envelope. Scale: 25 µm.  

 

Figure 2.3. Plastic section of fertilized A. mollis egg stained with methylene blue-azure II and basic 
fuchsine (D'Amico, 2005). Cytoplasmic material stains blue, collagen and mucous stain pink and lipid 
droplets stain grey to green. Y, yolk granule; Co, connective or mucous vesicles; V, empty vesicles; 
L, lipid droplet; C, cortical granule. Scale bar: 25 µm. 
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Figure 2.4. Plastic section of A. mollis gastrula stained with methylene blue-azure II and basic 
fuchsine (D'Amico, 2005). E, epidermal columnar cell; M, mesenchyme cell; A, archenteron; V, 
empty vesicles; B, blastocoel. Scale bar: 50 µm.  
 
 

 

Figure 2.5. TEM of A. mollis recently fertilized egg. Y, yolk granules; L, lipid droplets; C, empty 
cortical granules; F, fertilization membrane; V, empty vesicles. Scale: 5 µm.  
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2.3.3 Egg lipid analysis (TLC) 
 

Glycolipids are an important component of the AMPL peak from the eggs of both 

echinoderms; more polar glycolipids are abundant in E. chloroticus eggs and less polar 

glycolipids in A. mollis eggs (Figure 2.6). The glycolipid composition in these echinoderm 

eggs was entirely different (Figure 2.6). E. chloroticus showed two bands with decreasing 

polarity located in the area close to the plate origin, most likely corresponding to 

gangliosides. These two glycolipid bands were followed by two bands of decreasing polarity 

which migrated nearly parallel to sulphoquinovosyl-diacylglycerol (SQDG) from the lipid 

standard; there were probably two different types of sulfolipids given the pink staining 

reaction to anthrone (Figure 2.7). These four bands were followed by another band of sugar-

containing lipid slightly more polar than digalactosyl-diacylglycerol (DGDG) from the 

spinach glycolipid standard, which could correspond to globosides or the less polar 

cerebrosides. In comparison, the first sugar-containing lipid band in A. mollis appeared in the 

lower to mid-region of the plate, thus possibly corresponding to gangliosides or globosides 

(Figure 2.7). This band was followed by one thick band, most likely derived from three 

overlapping bands, below the monogalactosyl-diacylglycerol (MGDG) mark, and a single 

less polar lipid band which co-eluted with MGDG; these last four bands probably 

corresponding to the cerebrosides. It must be noted that non- glycolipid triterpene glycosides 

commonly present in holothuroids have similar migration patterns to cerebrosides or even 

gangliosides, and also stain positive to anthrone reagent (Vaskovsky et al., 1970; Fuchs et al., 

2011). 

 

Phospholipid composition of E. chloroticus and A. mollis eggs was very similar 

(Figure 2.8). Bands for both species followed the same migration patterns; less polar lipids 

stained pink for amine-containing phospholipid groups after ninhydrin reagent and co-eluted 

with phosphatidylethanolamine (PE) from the standard, and the more polar lipids co-eluted 

with phosphatidylcholine (PC) (Figure 2.8), showing that main phospholipid types in A. 

mollis and E. chloroticus are PE and PC. 
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Figure 2.6. TLC plate developed in acetone solvent system followed by anthrone spray reaction. Egg 
lipid extracts of the sea urchin E. chloroticus (Ec) and sea cucumber A. mollis (Am) alongside spinach 
lipid extract (S) used as glycolipid standard. G, glycolipids in the standard. Arrows indicate 
glycolipids present in egg samples. Labels baseline corresponds to the origin. Less polar lipids move 
further away from the origin.  

 

Figure 2.7. TLC plate developed in glycolipid solvent system chloroform-methanol-water (70:30:4, 
by vol.) followed by anthrone spray reaction. Egg lipid extracts of the sea urchin E. chloroticus (Ec) 
and sea cucumber A. mollis (Am) alongside spinach lipid extract (S) used as glycolipid standard. 
MGDG, monogalactosyl-diacylglycerol; DGDG, digalactosyl-diacylglycerol; SQDG, 
sulphoquinovosyl-diacylglycerol. Arrows indicate glycolipids present in egg samples. Labels baseline 
corresponds to the origin. Less polar lipids move further away from the origin.  
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Figure 2.8. TLC plate developed in Weerheim’s phospholipid solvent system chloroform - ethyl 
acetate- acetone- isopropanol – ethanol – methanol - water- acetic acid (30:6:6:6:16:28:6:2, by vol.) 
followed by ninhydrin spray reaction (A) and molybdate spray reaction (B). Lipid extracts from eggs 
of the sea urchin E. chloroticus (Ec) and sea cucumber A. mollis (Am) alongside 
phosphatidylethanolamine (PE) and phosphatidylcholine (PC) phospholipid standards. Labels baseline 
corresponds to the origin. Less polar lipids move further away from the origin.  
 
 
2.3.4 Lipid and protein utilization   
 

Development of the embryos and unfed larvae of A. mollis up to 90 h showed a 

significant decrease in the neutral lipid TAG (Welch’s ANOVA, F(6,59.6) = 61.10, P < 

0.0001), which started after the early gastrula stage (19 h) and was particularly utilized 

between 65 h and 90 h early auricularia  (Figure 2.9B). By the early auricularia stage (90 h), 

only 30.3% of the initial TAG present in the egg remained in the unfed group. PL remained 

fairly stable except for a peak observed at the 16-32 cell stage (Welch’s ANOVA, F(6,58.4) = 

2.69, P = 0.0227) (Figure 2.11C). The aforementioned changes in lipid content resulted in an 

overall significant decrease in energetic lipids (Welch’s ANOVA, F(6,59.6) = 33.97, P < 

0.0001) (Figure 2.9E), structural lipids (Welch’s ANOVA, F(6,58.5) = 2.99, P = 0.0127) 
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(Figure 2.11D) and total lipids (Welch’s ANOVA, F(6,58.4) = 6.84, P = 0.0001) (Figure 

2.11E). Proteins remained constant during unfed embryonic and larval development (Figure 

2.10). 

 

 

Figure 2.9. Neutral energetic lipid composition through development of embryos and larvae of A. 
mollis. Squares indicate pre-feeding development. Circles indicate feeding larval development. Filled 
circles represent the fed treatment and empty circles represent the unfed treatment. Letters below bars 
indicate unfed treatment post-hoc test results. Letters above bars indicate single-factor effect of larval 
age over lipid content after time of first feeding. Points that do not share the same letter indicate 
significant differences. Bars indicate standard error. 
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After the larvae had a fully developed gut and fed/unfed treatments commenced,  

larval age showed a significant main effect for TAG (ANOVA, F(1,66)  = 99.01,  P < 0.0001) 

(Figure 2.9B), ST (ANOVA, F(1,66)  = 4.4, P = 0.04) (Figure 2.11A), energetic (ANOVA, 

F(1,66)  = 55.76, P < 0.0001) (Figure 2.9E) and total lipids (ANOVA, F(1,66)  = 14.52, P = 

0.0003) (Figure 2.11E). All of them decreased from the 65 h to the 90 h auricularia. There 

were no significant differences between the fed and unfed treatments in individual lipid 

classes of the 90 h auricularia larvae on the last day of the experiment (Figures 2.9, 2.11). 

There was a significant interaction between fed/unfed treatments and larval age for protein 

content (2-way ANOVA, F(1,66) = 38.33, P < 0.0001), with fed and unfed larval treatments 

following different patterns of protein metabolism (Figure 2.10). By the 90 h early 

auricularia, unfed larvae showed a significantly lower protein content than the fed larvae 

(Welch’s t(7.6) = 27.94, P < .0001) (Figure 2.10). 

 

 

Figure 2.10. Protein composition through development of embryos and larvae of A. mollis. Squares 
indicate pre-feeding development. Circles indicate feeding larval development. Filled circles represent 
the fed treatment and empty circles represent unfed treatment. Letters below bars indicate unfed 
treatment post-hoc test results. Letters above bars indicate single-factor effect of diet at 90 h of 
development. Points that do not share the same letter indicate significant differences. Bars indicate 
standard error.  
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Figure 2.11. Neutral structural, polar structural and total lipid composition through development of 
embryos and larvae of A. mollis. Squares indicate pre-feeding development. Circles indicate feeding 
larval development. Filled circles represent the fed treatment and empty circles represent the unfed 
treatment. Letters below bars indicate unfed treatment post-hoc test results. Letters above bars 
indicate single-factor effect of larval age over lipid content after time of first feeding. Points that do 
not share the same letter indicate significant differences. Bars indicate standard error.  
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2.3.5 Larval microscopy 
 

Microscopic examination of the digestive system of ten-day old fed and unfed 

auricularia larvae showed that there were differences in their cellular arrangement and 

appearance. Fed larvae had a stomach epithelium consisting of columnar epithelial cells 

which appeared to have substantial lipid deposits that stained green or as optically empty 

spaces in plastic sections (Figure 2.12A). Near the stomach lumen of fed larvae it was 

possible to observe numerous cellular ciliary projections (Figure 2.12A). Stomach epithelial 

cells in unfed larvae were cuboidal and about half the size of those found in the stomach 

epithelium of fed larvae; they did not show evident lipid deposits, ciliary projections toward 

the stomach lumen were not evident, and a mucous layer lining the inner stomach epithelium 

was evident (Figure 2.12B).  

 

Figure 2.12. Longitudinal section through the digestive tract of fed (A) and unfed (B) ten-day old A. 
mollis auricularia larvae. M, mouth; O, oesophagus; S, stomach lumen; Bl, blastocoel; Mc, 
mesenchyme cell; Ld, lipid deposit; Sc, stomach epithelial cell; C, ciliary projections; Mu, mucus 
layer. Scale bar: 50 µm.  
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2.4 Discussion  
 

Biochemical analysis of eggs from the planktotrophic holothurian A. mollis showed that 

TAG was the main maternally-derived energetic lipid, and the overall nutrient composition of 

the egg, mainly represented by structural compounds, reflected well that of echinoderm eggs 

with this ancestral type of development (Jaeckle, 1995; George et al., 1997). Structurally, the 

egg showed typical features of planktotrophic species, with conspicuous yolk protein droplets 

and reduced lipid stores (Byrne et al., 1999; Byrne & Cerra, 2000; Byrne et al., 2003; Falkner 

et al., 2013). Egg lipid and protein content grouped this species with other planktotrophic 

species with mid-sized eggs, although nutritional content was slightly lower. Through 

development, as observed in other echinoderms, maternally-derived TAG fuelled the 

formation of the auricularia larval body and feeding structures (Podolsky et al., 1994; 

Villinski et al., 2002; Sewell, 2005; Byrne et al., 2008a; Byrne et al., 2008b; Prowse et al., 

2008; Whitehill & Moran, 2012). TAG utilization was similar in fed and unfed larvae, 

showing on average 67% TAG reduction towards day four from initial egg TAG levels. 

Unexpectedly, proteins rather than lipids were the first nutritional component to increase after 

feeding commenced. 

 

High variability in egg size has been reported in echinoderms at an individual level, 

through the spawning season, and within and between populations (George, 1999; Sewell & 

Manahan, 2001). In the present study, sea cucumbers were collected from the sampling site 

as that utilized by Sewell (1992), Archer (1996) and Morgan (2009a) for their A. mollis 

studies. Through the analysis of histological sections, Sewell (1992) reported A. mollis egg 

sizes ranging from 113-125 µm, with observed oocytes in sections up to 180 µm in diameter. 

A second study of fertilized oocytes obtained after sea cucumber spawning in the wild 

suggested egg diameters of around 185µm (Archer, 1996), and a third study, which estimated 

egg diameters from biopsies, reported values in the range of 130 µm (Morgan, 2009a). Here, 

eggs considered for size estimations were the product of induced batch spawning, and thus 

probably correspond to eggs in the biggest size range for those particular females. At ca 180 

µm, eggs obtained in the present study are closer to the naturally hydrated egg diameters 

reported by Archer (1996).  
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The present investigation shows the first nutritional data on eggs of a planktotrophic 

holothurian. Previous studies on holothurian egg nutritional content were based on a brooding 

species (Sewell & Manahan, 2001). Given the importance of maternal nutrition to egg quality 

(George, 1990; Bertram & Strathmann, 1998), the detritivorous diet of A. mollis adults might 

lead to the production of eggs with a lower nutritional content. Compared to Patiriella 

regularis (Prowse et al., 2008), an omnivorous asteroid with reportedly similar egg sizes to A. 

mollis, sea cucumber eggs contained similar amounts of phospholipid but lower amounts of 

both lipid and protein. Data from a planktotrophic holothurian strongly agree with recent 

studies suggesting that nutrient composition does not necessarily scale with egg size, and that 

bigger eggs from planktotrophic species do not necessarily contain more nutrients that 

smaller planktotrophic eggs (Moran et al., 2013). This study supports the notion that 

evolution of egg size and energy content could be independently responding to selective 

pressures, such as the increase of fertilization success (Moran et al., 2013). 

 

Glycolipid and phospholipid analysis of A. mollis eggs compared with E. chloroticus 

showed low phospholipid diversity, with both species containing two of the three most 

common phospholipids encountered in nature and echinoderms, PE and PC (Vaskovsky & 

Kostetsky, 1969; Scrimgeour & Harwood, 2012). In contrast, glycolipids, which were shown 

to be an important component of the AMPL peak and decreased from the egg towards the 

later stages of development, were diverse. Like the SQDG and gangliosides encountered in E. 

chloroticus eggs, which have been shown in other sea urchin species to stimulate 

spermatozoa respiration [Isono, Mohri and Nagai, 1967 in Kochetkov and Smirnova (1987)], 

act as cell surface antigens, participate in growth control and have protective functions 

against cytotoxic compounds [Buznikov, Zvezdina, Prokazova, Manukhin and Bergelson, 

1975; Prokazova, Mikhailov, Kocharov, Malchenko, Zvezdina, Buznikov and Bergelson 

1981 in Kochetkov and Smirnova (1987)], cerebroside-like molecules or triterpene 

glycosides encountered in A. mollis could be playing important metabolic, anti-bacterial or 

antifungal roles during holothurian early development (Vaskovsky et al., 1970; Yokota, 2005; 

Fuchs et al., 2011). Glycolipids could be important indicators of developmental stages and 

stress-response processes occurring during development, and are suggested as a focus for 

future research.  
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FFA and DAG have not usually been detected in other studies of biochemical 

composition of echinoderm eggs using the TLC/FID system (Sewell, 2005; Falkner, 2007; 

Meyer et al., 2007; Byrne et al., 2008a; Byrne et al., 2008b; Prowse et al., 2008). DAG is 

found at trace levels in plant and animal living tissues as cellular messengers and key 

intermediaries in the biosynthesis of TAG from phospholipids (Harwood, 2012; Christie, 

2014). FFA at low levels are present in living systems during the formation of new lipids, for 

their use in energy production and as cellular messengers particularly when bound to protein 

carriers (Christie, 2014). When encountered at high levels they are an indicator of  possible 

sample degradation (Christie, 2014). In the present study, egg samples were collected 

immediately after spawning occurred, kept on ice during processing for a maximum period of 

one hour and immediately stored at -80ºC; thus sample degradation seems an unlikely 

explanation for the presence of FFA. Through traditional TLC analysis, Villinski et al. (2002) 

detected low levels of FFA in the eggs of  six echinoid and five asteroid species; FFA 

accumulation has shown to be important in echinoids at the rudiment-stage of development 

(Sewell, 2005; Meyer et al., 2007). The use of low sample concentrations might be the reason 

why DAG and FFA were observed in the samples; peak separation through TLC/FID, 

especially the separation of TAG from FFA, becomes increasingly difficult with increased 

sample concentration (Parrish, 1987).  

 

Echinoderm embryos are able to sense nutrient availability in the surrounding 

environment, which has been shown to influence phenotypic plasticity even before first 

feeding (Miner, 2007; Adams et al., 2011). Phenotypic plasticity is also greatly influenced by 

food availability during larval development (George, 1999; Sewell et al., 2004; Byrne et al., 

2008b; Morgan, 2008b; Sun & Li, 2014).  George (1999) reported that differences in shape of 

fed and unfed asteroid larvae became evident after 10-14 days post-fertilization, and by 

comparing phenotypic plasticity in A. mollis larvae, Morgan (2008b) did not find significant 

morphological differences in early auricularia under low and high food regimes. However, in 

the planktotrophic sea cucumber Apostichopus japonicus, a species with slightly faster larval 

developmental times than A. mollis [reaching metamorphic competency 16 days post-

fertilization (Ito & Kitamura, 1997; Matsuura et al., 2009)], larvae exposed to different 

periods of starvation showed significant morphological differences between fed and starved 

treatments after day six post-fertilization. Stomach size and not overall larval size was the 

best indicator of larval condition (Sun & Li, 2012, 2014). In the present study, striking 

differences in the stomach cellular configuration were seen in fed and unfed ten-day old A. 
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mollis larvae; this might be expected given that the stomach is the major nutrient storage 

organ in echinoderms (Chia & Burke, 1978). In their study, Sun and Li (2014) found that, 

although not statistically significant, fed four-day old larvae already showed longer and 

narrower stomachs than unfed larvae, which might explain why in the present study, fed early 

auricularia larvae (90 h) showed higher protein content than unfed larvae. However, if this 

were the case, I would have also expected an increase in observed phospholipid content along 

with protein content increase in fed larvae, as observed in echinoid larvae by Meyer et al. 

(2007). The increased protein content in 90 h fed early auricularia larvae might indicate 

larvae are secreting digestive enzymes to process microalgal food rather than reflecting larval 

growth.  

 

The present study, by providing the first nutritional data from a planktotrophic 

holothurian, suggests that TAG may be the ancestral energy storage lipid in all echinoderm 

classes (Villinski et al., 2002; Sewell, 2005; Falkner et al., 2006; Falkner, 2007; Meyer et al., 

2007; Byrne et al., 2008b; Prowse et al., 2009; Whitehill & Moran, 2012). Although A. mollis 

shows typical egg features from a planktotrophic species, eggs possess a slightly lower 

nutritional content than other echinoderms of a similar egg size. Although it would be 

premature, with a single data point, to give conclusions on how this result could explain the 

lack of a clear separation of developmental modes with egg size in holothuroids (Sewell & 

Young, 1997), future studies should aim at linking nutritional content, egg volume and 

duration of TAG maternal reserves, to identify if egg size could evolve independently from 

egg nutritional content as suggested by Moran et al. (2013). More studies on glycolipid 

content and their variation during development could determine their usefulness as indicators 

of the onset of important developmental processes and response to environmental stressors. 
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3 Lipid and protein utilization through larval development 
under different microalgae diets 
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3.1 Introduction 
 

Lipids and proteins play essential energetic and structural roles during larval 

development of free spawning echinoderms, and represent close to 70% of the organic 

components and 80% of the energy contained in the egg (Jaeckle, 1995). In planktotrophic 

species, embryogenesis and development of the feeding larvae are sustained by neutral lipids 

present in the egg, which fuel the mobilization and production of protein and structural lipids 

to constitute larval tissues (Jaeckle, 1995; George et al., 1997; McEdward & Miner, 2006). 

Maternal reserves have a key role in development  until the larvae can start acquiring 

nutrients from exogenous diet and store them in preparation for the non-feeding 

perimetamorphic period and the transition to a juvenile life (Podolsky et al., 1994; Villinski et 

al., 2002; Sewell, 2005; Meyer et al., 2007; Byrne et al., 2008b; Prowse et al., 2008).  

 

The facultative feeding period (FFP) corresponds to the period of time in which the 

larvae is able to feed but does not necessarily need to do so, given that it can still rely on 

maternally-derived nutrient reserves for growth and development (McEdward, 1997; Meyer 

et al., 2007; Byrne et al., 2008b). The length of the FFP is species-specific and is expected to 

be longer in planktotrophs with larger eggs, given that they would contain more nutrient 

reserves (Jaeckle, 1995). Implications of a longer FFP include increased successful larval 

development and decreased developmental times (McEdward, 1997). Towards the end of the 

FFP, the nature of the nutrients to be utilized and stored for development will shift from 

being maternally-derived to being tightly linked to that of the diet (Podolsky et al., 1994; 

Sewell, 2005; Meyer et al., 2007; Byrne et al., 2008a; Byrne et al., 2008b; Whitehill & 

Moran, 2012). In echinoderms, these nutrients will be largely stored in the larval stomach 

epithelium (Reitzel et al., 2004; Byrne et al., 2008a). 

 

Lipids and their component fatty acids, saturated fatty acids (SAFAs), mono 

unsaturated fatty acids (MUFAs) and short- and long-chain polyunsaturated fatty acids 

(PUFAs), are either incorporated without major modifications from the diet, or synthesised 

from dietary precursors to meet specific physiological requirements (e.g. through elongation 

and desaturation of short-chain PUFAs) (Chu & Webb, 1984; Whyte et al., 1989; Schiopu et 

al., 2006; George et al., 2008; Gago et al., 2009). Lipid and fatty acid composition of 

microalgae is highly species-specific (Volkman et al., 1989; Schiopu et al., 2006; George et 
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al., 2008) and highly dependent on environmental conditions (Pernet et al., 2003; Liang et al., 

2006). Larval physiological requirements also appear to be highly species-specific, with 

certain diets (mixed/single species of phytoplankton) optimal for a particular species, but not 

for others (Schiopu et al., 2006; George et al., 2008).  

 

Holothuroids are one of the least studied taxa within the echinoderms in terms of 

maternally- and dietary-derived nutrient utilization and accumulation in the larvae. 

Information within this field is important for two main reasons: (1) the high value and market 

demand for sea cucumber products, which has driven a continued cycle of  poor fisheries 

management and overexploitation, followed by aquaculture ventures (Toral-Granda et al., 

2008; Purcell et al., 2013); and (2) larval developmental features which have evolved 

uniquely in holothuroids (Mortensen, 1937, 1938; Burke, 1989; Smiley et al., 1991; Sewell & 

McEuen, 2002). 

 

During late larval development of holothuroids and during metamorphosis, there are 

two major morphogenic differences to those in asteroids, echinoids and ophiuroids: (1) the 

hyaline spheres, unique to holothurians, develop in the tip of the larval lobes (Mortensen, 

1937; Smiley, 1986; Smiley et al., 1991; Sewell & McEuen, 2002); and (2) instead of 

resorbing larval structures at metamorphosis, holothurian larvae re-arrange what will become 

juvenile structures (Burke, 1989; Sewell & McEuen, 2002). Previous studies indicate that the 

presence of hyaline spheres presages the successful and rapid completion of metamorphosis 

(Sui 1989 in Dautov and Kashenko (1995)), a shorter larval duration and increased juvenile 

survival (Chen et al., 1991; Smiley et al., 1991). This led to speculation that they might serve 

nutritional functions (Dautov & Kashenko, 1995; Dautov, 1997). Preliminary experiments 

undertaken during the course of this research showed that hyaline spheres readily stain with 

the lipophilic fluorescent stain Nile Red, fluorescing bright yellow for neutral lipids under 

blue light excitation.  

 

Australostichopus mollis is a commercially important planktotrophic sea cucumber 

species that inhabits shallow subtidal areas along the New Zealand coast and in southern 

Australia and Tasmania (Sewell, 1990; Zamora & Jeffs, 2013). Larval development for the 

species takes from three to four weeks under appropriate feeding conditions. Initially, the 

embryo develops into a feeding early auricularia with a non-developed left somatocoel and 

un-elongated axohydrocoel (three days post-fertilization). The larvae then develop into a mid-
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auricularia, in which the left somatocoel extends less than half way the length of the stomach 

and the axohydrocoel remains un-elongated. Larval development proceeds with the late 

auricularia in which the left somatocoel develops more than half way the length of the 

stomach, the axohydrocoel elongates, and up to 10 hyaline spheres are likely to start 

developing by day 18 (12 to 20 days post-fertilization). The late auricularia develops into a 

non-feeding doliolaria and the pentactula or newly settled juvenile (Archer, 1996; Morgan, 

2008b). The transition from the auricularia to the doliolaria and into the pentactula has shown 

to be a period of very high mortality (Morgan, 2008a; Morgan, 2009a) and has challenged  

efforts of New Zealand researchers to establish aquaculture of A. mollis (Archer, 1996; Slater 

& Carton, 2007; Stenton-Dozey & Heath, 2009). 

 

Since lipids and proteins are main components of echinoderm larvae (Jaeckle, 1995) 

and hyaline spheres appear to be good indicators of sea cucumber larval condition and future 

metamorphic success (Smiley et al., 1991), this research assesses the effect of diet on protein 

and lipid content and hyaline sphere formation during development of A. mollis larvae. As 

feed, I utilized two microalgae species reported to support good larval growth in echinoderms 

that have different lipid content profiles; Chaetoceros muelleri and Dunaliella tertiolecta 

(Pechenik, 1987; Zhukova & Aizdaicher, 1995; Schiopu & George, 2004). Specifically, I 

examine (a) which nutrients acquired through the diet are critical during larval development, 

(b) how long the facultative feeding period in A. mollis is, (c) whether diet affects the nature 

of lipids stored through development, and (d) how diet affects the formation of the hyaline 

spheres. 

 

3.2 Material and methods  
 

3.2.1 Embryo/larval culture and sample collection 
 

In November 2012, adult A. mollis were collected from the rocky subtidal region 

around Ti Point, east coast of New Zealand (36º 19’20.39” S; 174º47’28.7” E) using SCUBA 

between 4-15 metres deep. The time of collection coincided the species reproductive season, 

which runs from October to March (Sewell, 1992). Fifty sea cucumbers were collected to 

obtain an even sex ratio of individuals (Sewell, 1992). Individuals were transported in sealed 

sea water barrels containing ice packs to the marine laboratory at The University of 
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Auckland, where they acclimatized for a few days in two static tanks filled with 1 µm filtered 

sea water (FSW). 

 

Twenty five individuals were placed in each static tank of dimensions H 30 cm, L 80 

cm, W 55 cm, which were set up with intertwined pieces (45 x 50 cm) of plastic garden mesh 

with 2 cm2 openings and filled to 20 cm height with FSW. The mesh was utilized to provide 

increased crawling surface for the animals, thus lowering the occurrence of common skin 

infections (per. obs.). Sea cucumbers were not fed and water changes were performed daily 

for at least the first three days to allow the emptying of gut contents and clean handling of the 

brood stock.  

 

Due to the difficulty of making sea cucumbers spawn in isolation, two 20 L sea 

cucumber spawning tanks containing nine sea cucumbers each and air stones were set up 

around the main moon phases (Archer, 1996; Morgan, 2009b): new moon, first quarter, last 

quarter and full moon. At each moon phase, spawning was induced using a combination of 

temperature and microalgae shock (Agudo, 1996). Temperature shock consisted of reducing 

the temperature of spawning tanks containing the sea cucumbers by placing them in the 

fridge (4ºC) until water temperature decreased by 10ºC, and then letting the tanks return to 

room temperature naturally (19º ± 2ºC) over four hours. Microalgae shock consisted of 

adding 0.5 L of a concentrated mixture of Chaetoceros muelleri, Dunaliella tertiolecta and 

Isochrysis galbana (CSIRO, Australia) to spawning tanks one hour after the tanks were 

removed from the fridge. If spawning induction was unsuccessful, sea cucumbers were 

returned to re-acclimatize in the main static tanks with the other sea cucumbers. At the next 

moon phase, 18 individuals were obtained from the static tanks and induced to spawn again 

as outlined above. After one of the spawning inductions on the 20th of November 2012 at 

1.00pm, gastrulae were found in both spawning tanks the next day at 9.00am (third quarter 

moon).  

 

Gastrulas in the spawning tanks were carefully siphoned out using a plastic hose (0.5 

cm diameter), avoiding obtaining debris that had settled on the bottom. Gastrulas from both 

spawning tanks were pooled together, mixed, concentrated using a 75 µm mesh filter and 

gently washed with 1 µm FSW. Gastrula samples were obtained as outlined below and four 

4L plastic rearing tanks containing 1 µm FSW (n = 9) were set with gentle aeration using 

plastic tubing fitted with an air flow regulator and glass Pasteur pipette. These 4 L rearing 
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tanks represented technical replicates derived from the same source of biological material, the 

spawning tanks. Tanks were stocked at an initial density of 5-10 embryos ml-1 and gradually 

decreased to 0.5 larvae ml-1 by the time of first feeding (2 days post-fertilization). Rearing 

tanks were held under constant light (12:12 h light:dark cycle) and temperature conditions 

(19 ± 0.5ºC).  

 

Two microalgae species; Dunaliella tertiolecta and Chaetoceros muelleri (CSIRO 

Australia), were used to feed the sea cucumber larval cultures.  Microalgae were maintained 

at room temperature (~21ºC) in 1 µm filtered autoclaved sea water under constant full 

spectrum illumination, mixed through aeration and supplemented with 20 ml/L of Guilliard’s 

F/2 marine water enrichment solution containing silica (Sigma-Aldrich). Before being fed to 

the larvae, microalgae were concentrated by gentle centrifugation (3000 RPM for 1 min) to 

reduce the amount of culture media transferred to the larval culture tanks. 

  

Embryo/larval cultures were cleaned every two days using a clean plastic hose. The 

water containing the larvae was gently siphoned out from the dirty to a clean tank, avoiding 

transfer of debris that had settled on the bottom. Once in a clean tank, 70% of the water 

containing the larvae was removed through reverse filtration (75 µm filter) and replaced by 

fresh 1 µm FSW, thus keeping the larvae in a clean tank and preventing bacterial and algal 

growth. Used tanks, hoses and filters were cleaned using high-pressure hot water from the tap 

and left to dry at room temperature.  

 

Larval feeding experiments began when the larvae showed a fully developed gut 

(between 24-48 h). At this time, cultures were re-distributed and assigned to one of four diet 

treatments (n = 2 per treatment): unfed, monodiet of Chaetoceros muelleri, monodiet of 

Dunaliella tertiolecta and a mixed diet consisting of Chaetoceros muelleri and Dunaliella 

tertiolecta (1:1). All microalgae were collected and delivered to the larvae at log growth 

phase. A final concentration of 3000 microalgae cells per ml was delivered to each larval 

culture twice daily, ensuring that the larvae showed microalgae inside the gut, but not at such 

high concentrations that it impeded larval swimming. 

 

In previous experiments, A. mollis embryo and larval cultures were shown to be 

extremely susceptible to culture crashes. To be able to obtain all developmental stages from a 

single spawning event it was necessary to maintain low embryo/larval concentrations in the 
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tanks and avoid disturbance as much as possible. The only sampling procedure that allowed 

the above was sampling at each stage alternating between the above mentioned technical 

replicate containers. After first feeding, samples were obtained alternating between replicate 

tanks per treatment at each sampling time.   

 

Embryos/larvae were placed in a 50 ml Falcon tube on ice and the concentration 

estimated by counting the numbers of embryos/larvae present in a known volume of 

suspension (n = 6).  Replicates of ~200 embryos/larvae (n = 3-4 for protein, n = 7-10 for lipid 

analysis, per treatment, per sampling point) were placed in 1.5 ml Eppendorf tubes, 

centrifuged briefly (3000 RPM for 10 s) and excess sea water removed with a drawn Pasteur 

pipette. Samples were stored at -80ºC until protein and lipid analysis.  

 

Embryos/larvae were obtained at the early gastrula stage (~19 h) and every four days 

until 20-day old auricularia as outlined above. On day 20, auricularia larvae would have been 

expected to develop hyaline spheres (Archer, 1996), with the formation of these spheres 

ultimately dependant on larval condition (Morgan, 2009a).   

 

3.2.2 Lipid analysis  (TLC/FID) 
 

Lipids from embryo and larval samples were extracted following the 

chloroform/methanol extraction method of Holland and Gabbott (1971) as modified by 

Sewell (2005), with the minor difference methanol and chloroform were used from the 

LiChrosolv® Hypergrade for LC-MS  range (Merck Millipore) and a lower concentration of 

ketone standard to estimate lipid recovery (10 µl of 500 µg ml-1). The isolated chloroform 

phase containing lipids was kept at -20°C for a maximum period of two days until lipid class 

identification and quantification using the Iatroscan MK 6s Thin Layer 

Chromatography/Flame Ionization Detection system (TLC/FID) and silica gel S-III 

Chromarods. Stored samples were dried down under instrument-grade N2 gas and re-

dissolved in 10 µl chloroform using a positive displacement pipette (Gilson, Microman). 

Cleaning of the Chromarod rack was performed according to Sewell (2005). To spot and 

keep the lipid mixture in a narrow band at the origin of the Chromarods, the clean rack of 10 

Chromarods was placed on top of a 175 x 125 cm heat plate (Chiltern Scientific) and the full 

10 µl of sample was directly spotted on to one Chromarod using a fixed-volume Drummond 

microdispenser and glass bores (Parrish, 1987). The V-vial was then rinsed with another 10 
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µl of chloroform and this volume spotted onto the same Chromarod to ensure that the entire 

lipid extract was transferred. Eight Chromarods were used to spot samples, one was used as a 

blank to monitor possible contamination of developing solvents and the last Chromarod was 

spotted with a dilution of a composite of highly purified lipid standards (99%) to detect 

possible peak position shifts due to external conditions.  

 

Lipids within samples spotted on the Chromarods were chromatographically 

separated after development inside tanks containing a mixture of solvents of differing 

polarities (hexane, diethyl ether and formic acid mixtures) in a two-stage development 

process (Parrish, 1987, 1999). Firstly, the rack was placed in a glass tank fitted with filter 

paper (Whatman No. 1) previously left to develop a saturated atmosphere (10 min) with a 

solution of hexane-diethyl ether-formic acid (98.95:1:0.05, by vol.). Lipids were left to 

migrate up the rods for 24 min. The rack was then placed for 5 min inside a constant 

humidity chamber containing a saturated solution of CaCl2 (Delmas et al., 1984; Parrish, 

1987) and immersed again in the same tank for 19 min, dried for 5 min inside the Iatroscan 

and partially scanned, burning from the solvent front until after the ketone peak. This partial 

scan lasted for 30 s with an air flow of 2000 ml min-1 and hydrogen set to 160 ml min-1. The 

rack was then placed again in a constant humidity chamber for 5 min and then placed inside a 

second tank containing a more polar mixture of hexane-diethyl ether-formic acid (79:20:1, by 

vol) for 35 min, left to dry inside the Iatroscan for 5 min and scanned on a full scan all the 

way to the origin in 30 s with an oxygen flow of 2000 ml min-1 and hydrogen set to 160 ml 

min-1. Lipids were detected through hydrogen flame ionization detection, the whole process 

resulting in 2 chromatograms per Chromarod. The Iatroscan data was collected by Ulys 2 

USB acquisition device (Datalys®) and chromatograms were recorded and measured using 

AZUR5.0 software developed by Datalys®. 

 

Lipid class quantification was based on quadratic regressions from multilevel lipid 

calibration curves using lipid standards as in Sewell (2005). Standards represented the 

energetic neutral energetic lipids: aliphatic hydrocarbon (AH), wax ester (WE), methyl ester 

(ME), triacylglycerol (TAG), free fatty acids (FFA) and diacylglycerol (DAG), as well as the 

structural neutral lipid cholesterol (ST) and the structural polar lipids acetone mobile polar 

lipid (AMPL) and phospholipids (PL). Total lipid content, as well as total energetic lipid and 

total structural lipid content, were obtained by summing the total amount of respective lipid 

classes contained in the samples. 
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3.2.3 Protein analysis 
 

Jaeckle and Manahan (1989) modification of the Bradford protein assay was used to 

obtain an estimate of the total protein content (µg) of embryos and larvae. Samples were tip-

sonicated on ice for four 2 s bursts in 200 µl Milli-Q water (Soniprep 150, MSE®), 

concentrated by a first precipitation with 100 µl 15% TCA and centrifugation (20,000 RPM 

for 20 min at 4°C), followed by a second precipitation with 200 µl 5% TCA, vortex and 

centrifugation. The protein-containing pellet was re-dissolved in 500 µl 1N NaOH, vortexed, 

heated at 56ºC for 30 min, and neutralized with 300 µl 1.67 M HCl and 200 µl of a 1:4 

filtered dilution of Bio-Rad Protein Assay dye reagent concentrate in Milli-Q water following 

the manufacturer’s instructions. Total soluble protein was determined by measuring sample 

absorbance at 595 nm using a Synergy HT multi-detection microplate reader (Bio-TEK®) and 

KC4TM Microplate data analysis software (Bio-TEK®), then interpolating sample absorbances 

to a standard curve made from serial dilutions of bovine serum albumin. The average of two 

measures was calculated for each sample replicate. 

 

3.2.4 Microscopy 
 

For the observation of live larvae under fluorescence microscopy, a transparent 

Perspex slide (non-fluorescent plastic) was designed into which 18 circular wells (200 µm 

deep x 2 mm diameter) were drilled to contain the larvae and keep them relatively immotile. 

After staining and to minimize localized movements, individuals were placed in the wells, 

covered with a cover slip (2.2 x 2.2 cm) and placed for seven consecutive 5 s time periods at -

20ºC, avoiding freezing.  

 

On day 18 of auricularia larval development, the time at which larvae should have 

started developing hyaline spheres under favourable larval developmental conditions 

(Morgan, 2008b), A. mollis larvae from the D. tertiolecta, mixed and C. muelleri diet 

treatments were collected from the larval tanks, placed in separate Falcon tubes, concentrated 

through gentle centrifugation (3000 RPM for 1 min) and stained with Nile Red (Sigma) for 

observation of the hyaline spheres. Staining with Nile Red has been shown in preliminary 

studies to allow easy observation of the hyaline spheres, even when they are small in size. 

Replicates of approximately 30 to 60 larvae (n = 5) from each diet treatment were observed 

under fluorescence microscopy and the presence/absence of hyaline spheres was recorded 
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along with the number of hyaline spheres that had developed in the larvae (maximum number 

of 10 in A. mollis larvae). 

 

Nile Red (Sigma) is a lipophilic stain insoluble in water which fluoresces depending 

on the lipid relative hydrophobicity; fluorescence ranges from bright yellow/orange (when 

bound to neutral lipids) to red/orange (when bound to more polar compounds) (Fowler & 

Greenspan, 1985). The specific increase in polarity required to cause the turning point from 

yellow to red fluorescence is not well established. Nile Red stock solution consisted of a 

1:1000 dilution of Nile Red in acetone (0.5 mg in 0.5 ml) which was kept in the dark at 4ºC. 

One part of the stock solution was added to 500 parts of autoclaved 1 µm FSW containing 

larvae (~40 larvae ml-1). Samples were incubated for one hour at 4ºC in a 1.5 ml Eppendorf 

tube in the dark and occasionally gently shaken.  Samples were rinsed in autoclaved FSW 

before observation. 

 

Larvae were observed under a fluorescence microscope (Leica DMR upright) fitted 

with a long-pass filter I3 (Ex 450-490 nm, D 510, Em > 515 nm) and photographed using a 

Nikon 500 digital sight cooled colour camera and images analysed with AnalySIS® 5 (Life 

Science). Unstained larvae were used as controls for all observations.  

 

3.2.5 Statistical analysis 
 

Data on lipid and protein utilization of A. mollis embryos and larvae was analysed for 

three developmental periods. Firstly, the utilization of lipids and proteins in the transition 

from the embryo to the larva were investigated through a t-test comparing the mean lipid and 

protein content of the early gastrula with the combined lipid and protein mean of four-day old 

auricularia larvae under different diet treatments. Secondly, the utilization of lipids and 

proteins from the four-day old to the 16-day old auricularia larvae fed different diets were 

analysed through 2-way ANOVA with interaction (factors: larval stage, diet). Thirdly, the 

effect of diet on lipid and protein content in 20-day old larvae was examined through a 1-way 

ANOVA. Differences in means among treatments through time were tested at a significance 

level of 5% using JMP 10 (SAS). Assumptions of homogeneity of variances and normality 

were checked prior to analysis using Levene’s test, Shapiro-Wilk’s test and residual plot 

analysis. When assumptions of homogeneous variances were not met, Welch’s robust t-test 
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and Welch’s robust ANOVA were used, followed by Tukey-Kramer unplanned multiple 

comparisons of harmonic means. In the case of two factor ANOVA with interaction 

 

Homogeneity of variance assumption was not met for the 2- way ANOVA with 

interaction on lipid content mentioned above (factors: larval stage, diet). This was a likely 

effect of the very low lipid content found in unfed larvae. Although in this case it would have 

been appropriate to use Welch’s robust ANOVA which protects against heterogeneity of 

variance, this analysis technique does not show interaction effects. Given it was of interest to 

study interaction effects of larval age and diet over lipid content, a classic 2- way ANOVA 

with interaction was performed, despite the lack of homogeneity of variance, based on the 

fact that ANOVA is a robust data analysis technique (Quinn & Keough, 2002). 

 

For larvae stained with Nile Red, due to data showing a non-normal distribution; the 

effect of diet over the formation of hyaline spheres in auricularia larvae was assessed through 

Kruskal-Wallis non-parametric test followed by Tukey-Kramer unplanned multiple 

comparisons of harmonic means.   

 

3.3 Results 
 

3.3.1 Lipid and protein analysis 
 

Lipids present through development of Australostichopus mollis included the neutral 

lipids aliphatic hydrocarbon (AH), triacylglycerol (TAG), free fatty acids (FFA), 

diacylglycerol (DAG), free sterols (ST) and the polar lipids, acetone mobile polar lipid 

(AMPL) and phospholipid (PL). During the transition from embryo to the four day-old 

auricularia larvae, there was a significant utilization of TAG (Welch’s t(7.6)= 10.22, P < 

0.0001) (Figure 3.1B), which more than halved original TAG levels. This significant decrease 

in TAG was reflected in overall energetic lipid composition, which also decreased from the 

gastrula stage to the four-day old auricularia larvae (t(45)= 5.39, P < 0.0001 (Figure 3.1E). In 

the transition between the gastrula and the feeding auricularia, there were no significant 

changes in any of the other lipid classes (Figures 3.1A,C-D and 3.2A-E) or protein content 

(Figure 3.3).   
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Between day four and 16 of auricularia development, larval age had a significant main 

effect over AH content, which increased from day four until day eight and decreased during 

further development (Table 3-1, Figure 3.1A). There was a significant interaction of diet and 

larval age for TAG, PL, total structural lipids and total lipids, the latter two strongly 

influenced by variations in PL, the main component of structural and total lipids (Table 3-1, 

Figures 3.1B and 3.2C-E). Differences in the patterns of utilization of TAG were largely 

driven by the unfed and D. tertiolecta treatment; in the unfed treatment maternal TAG 

reserves were depleted by day eight and larvae did not develop passed the early auricularia 

stage, while, even when larvae kept developing, maternal and dietary TAG was exhausted by 

day 16 in larvae fed D. tertiolecta (Figure 3.1B). Both D. tertiolecta and mixed diet 

consisting of D. tertiolecta and C. muelleri (1:1) supported high TAG levels until day twelve, 

but on day 16, larvae fed D. tertiolecta depleted their TAG stores, while larvae fed a mixed 

diet contained half the amount of TAG compared to that of larvae fed a C. muelleri monodiet 

(Figure 3.1B). Although larvae fed the C. muelleri monodiet contained the highest TAG 

content on day 16, it was still possible to observe TAG utilization between days twelve and 

16 (Table 3-1, Figure 3.1B).  

 

Similar differing patterns of lipid composition through development depending on the 

diet was observed for PL, although this time mostly driven by the unfed, mixed and C. 

muelleri diet treatments (Table 3-1, Figure 3.2C). PL content decreased in unfed larvae 

between eight and twelve days of development, remaining stable and the lowest of all 

treatments towards day 16 (Figure 3.2C). Larvae fed D. tertiolecta showed an increase in PL 

content between days four and eight, which remained constant until day 16, while larvae fed 

a mixed diet and C. muelleri monodiet markedly increased their PL content between days 

twelve and 16 (Figure 3.2C). There were significant main effects of diet and larval age over 

energetic lipid content; the effects of larval age were mainly driven by AH composition 

patterns through development, while the marginal effect of diet, which indicated a higher 

energy content in larvae fed C. muelleri than the other diet treatments, reflected the variations 

in TAG well (Table 3-1, Figure 3.1A,B,E).  

 

Additionally, protein content was significantly affected by diet and larval age; from 

day four to 16 larvae fed a C. muelleri monodiet had slightly lower protein content than 

larvae fed a mixed and D. tertiolecta monodiet. Although protein content in unfed larvae 

remained low until day twelve there was an unexpected peak on day 16, which caused the 
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similarity in protein content observed between C. muelleri and the unfed treatment (Table 3-

1, Figure 3.3). Overall, larvae fed a mixed, D. tertiolecta and C. muelleri diet had higher 

protein content than the unfed treatment, and for the fed treatments, protein content increased 

from day four until day 16 (Table 3-1, Figure 3.3). 

 

On day 20, a time during which hyaline spheres should have developed under 

favorable conditions for larval development, there was a significant main effect of diet for 

TAG, DAG, total energetic, PL, total structural and total lipid content (Figures 3.1B,D,E and 

3.2C-E). While unfed larvae and larvae fed D. tertiolecta monodiet used all of their TAG 

stores by days eight and 16 respectively, larvae fed a mixed diet still had some stores 

remaining (Figure 3.1B). In turn, larvae fed a C. muelleri monodiet were able to double the 

amount of TAG from day 16 to day 20. By day 20, TAG content of larvae fed C. muelleri 

was more than twelve times higher than TAG content of larvae fed the other diets (Welch’s 

ANOVA, F(3,12) = 50.58, P < 0.0001) (Figure 3.1B). Larvae fed different diet treatments did 

not show statistically significant differences in DAG content through development until day 

16, but by day 20, larvae fed C. muelleri showed significantly higher DAG content than 

unfed larvae (ANOVA, F(3,24) = 8.12, P < 0.0007) (Figure 3.1D). Total energetic lipids in the 

larvae remained constant in unfed larvae and larvae fed mixed and D. tertiolecta diets 

between day 16 and 20 (Figure 3.1E). In contrast, larvae fed C. muelleri increased their total 

energetic lipid content, which on day 20 was significantly higher than total energetic lipid 

content in all of the other diet treatments (ANOVA, F(3,24) = 8.98, P < 0.0004) (Figure 3.1E).  

PL remained constant in unfed 20-day old larvae compared with PL levels observed on day 

16, while PL decreased slightly in larvae fed D. tertiolecta and mixed diets (Figure 3.2C). 

Larvae fed C. muelleri increased their PL content on day 20 compared with day 16; this 

content was significantly higher than in larvae under all of the other diet treatments 

(ANOVA, F(3,24) = 21.80, P < 0.0001) (Figure 3.2C). 

 

The same pattern observed in larval PL composition between days 16 and 20 was 

observed for total structural lipids and total lipids, given PL was the main lipid component in 

the larvae. By day 20, structural lipids were significantly higher in larvae fed C. muelleri than 

in larvae under all other diet treatments (ANOVA, F(3,24) = 21.54, P < 0.0001); the same 

pattern was seen in total lipids (ANOVA, F(3,24) = 25.02, P < 0.0001) (Figure 3.2D,E). 

Protein content in 20-day old auricularia larvae was significantly different between diet 

treatments. Larvae fed C. muelleri had a significantly higher amount of protein than unfed 
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larvae and larvae fed D. tertiolecta, while protein content of larvae fed C. muelleri was 

similar to that of larvae fed a mixed diet (Welch’s ANOVA, F(3,8.29) = 8.54, P = 0.0065) 

(Figure 3.3). 

 

Figure 3.1. Neutral energetic lipid composition through development of embryos and larvae of A. 
mollis. Filled squares indicate pre-feeding development. Figures in legend box indicate larval 
development under different diet treatments. Letters below bars indicate t-test results on lipid 
composition between the gastrula and the combined mean of four-day old auricularia larvae under 
different diet treatments. Letters above bars indicate 1-way ANOVA results of lipid composition in 
20-day old larvae under different diet treatments. Points that do not share the same letter indicate 
significant differences. Bars indicate standard error. 
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Figure 3.2. Neutral structural, polar structural and total lipid composition through development of 
embryos and larvae of A. mollis. Filled squares indicate pre-feeding development. Figures in legend 
box indicate larval development under different diet treatments. Letters below bars indicate t-test 
results on lipid composition between the gastrula and the combined mean of four-day old auricularia 
larvae under different diet treatments. Letters above bars indicate 1-way ANOVA results of lipid 
composition in 20-day old larvae under different diet treatments. Points that do not share the same 
letter indicate significant differences. Bars indicate standard error.  
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Table 3-1. Summary of statistical analyses performed on lipid content of A. mollis larvae between 
four and 16 days of development (A, larval age: 4, 8, 12, 16 days) under different diet treatments (D, 
diet: C, C. muelleri; D, D. tertiolecta; M, mixed; U, unfed). ANOVA statistic (F), mean square (MS) 
and p-value (P) are shown for lipid types using Diet (D) and Larval age (A) as factors. Significant 
results (P < 0.05) given by Tukey multiple comparison test are shown in bold. 
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Figure 3.3. Protein composition through development of embryos and larvae of A. mollis. Filled 
squares indicate pre-feeding development. Figures in legend box indicate larval development under 
different diet treatments. Letters below bars indicate t-test results on protein composition between the 
gastrula and the combined mean of four-day old auricularia larvae under different diet treatments. 
Letters above bars indicate 1-way ANOVA results of protein composition in 20-day old larvae under 
different diet treatments. Points that do not share the same letter indicate significant differences. Bars 
indicate standard error. 
 
3.3.2 Live fluorescence microscopy 
 

Through Nile Red staining, hyaline spheres (HS) in the live larvae fluoresced bright 

yellow, and it was possible to observe what seemed to correspond to granular masses (GM) in 

the posterolateral larval lobes, similar to those previously described by Semon (1888) and 

Mortensen (1937). These GM formed before the appearance of the HS, and when they started 

appearing, the HS developed above the GM (Figure 3.4).  

 

By day 18 of larval development, the percentage of auricularia larvae that had 

developed hyaline spheres differed between diet treatments (χ2 (2, N = 15) = 11.22, P = 

0.004); larvae fed C. muelleri showed a higher presence of hyaline spheres than those fed 

mixed and D. tertiolecta diets (Figure 3.5). By day 18, larvae on a D. tertiolecta monodiet 

only developed two HS in the posterior larval lobes (± 0.5 SD) (Figure 3.6A), while larvae 
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fed the mixed diet treatment showed an average of 6.94 (± 0.8 SD) HS per larvae (Figure 

3.6B). Larvae fed C. muelleri showed an average of 8 (± 1.7 SD) (Figure 3.6C). 

 

 
Figure 3.4. A. mollis late auricularia larva (20 d) stained with Nile Red under blue light excitation. 
FL, frontal lobe; LL, lateral lobe; PL, posterolateral lobe; GM, granular mass; HS, hyaline sphere; BS, 
blastocoelic spherule; M, mouth; O, oesophagus; S, stomach; I, intestine. Scale bar: 200 µm.    

 

 
Figure 3.5. Percentage of 18-day old A. mollis auricularia larvae with hyaline spheres under different 
diet treatments. Letters above bars indicate post-hoc test results between diets. Bars indicate standard 
error. 
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In larvae fed C. muelleri, HS formed in the posterolateral, lateral and frontal larval 

lobes (Figure 3.6C). Through Nile Red staining it was possible to observe differences on lipid 

accumulation in the stomach epithelium of larvae under different diet treatments; this 

accumulation was much lower in larvae fed D. tertiolecta than in larvae fed a mixed diet, and 

especially lower than larvae fed C. muelleri, whose stomachs fluoresced bright yellow/green 

(Figure 3.6A-C). Larvae fed C. muelleri were larger than the larvae fed D. tertiolecta and a 

mixed diet, and seemed to contain higher numbers of what appeared to be red fluorescing 

blastocoelic spherules (BS) suspended in the larval blastocoel (Figures 3.4 and 3.6C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 
 
 
Figure 3.6. Representative images of 18-day old A. mollis auricularia larvae fed (A) D. tertiolecta 
monodiet (B) mixed diet (C) C. muelleri monodiet. Larvae were stained with Nile Red and observed 
under blue light excitation. Scale bar: 500 µm. 
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3.4 Discussion 
 

Maternally-derived TAG was the main lipid fuelling the formation of A. mollis 

feeding larvae, and this same lipid type was re-accumulated by the larvae through exogenous 

feeding. In unfed conditions, maternal TAG reserves lasted until after the larvae were able to 

feed (day two), remained four days post-fertilizationand were depleted by day eight, 

suggesting that the facultative feeding period (FFP) for A. mollis larvae likely lasts between 

four to eight days-post-fertilization. Through development, the type of diet administered 

caused a reduced utilization of TAG; it had a very strong influence on larval growth and on 

the biochemical composition of A. mollis larvae. Although diet did not affect the type of 

energetic lipid accumulated by the larvae, it certainly did affect the amounts the larvae were 

able to accumulate through feeding. Diet also affected the formation of HS towards later 

development, with auricularia larvae fed C. muelleri forming significantly more hyaline 

spheres than larvae fed other diets. Given that hyaline spheres fluoresced yellow for neutral 

lipids after Nile Red staining, and TAG was the only neutral lipid in 20-day old larvae fed C. 

muelleri (which contained significantly higher amounts of TAG compared with larvae fed 

other diets), it is likely that the HS are accumulating TAG and thus fulfil a nutritional role in 

late auricularia larvae approaching metamorphosis.  

 

In planktotrophic species, egg size is a good predictor of the FFP (Miner et al., 2005), 

and can therefore predict the degree of larval dependence on exogenous food and the larval 

ability to develop without feeding (McEdward, 1997). However, it is always necessary to 

back up these assumptions with information on egg biochemical composition (Byrne et al., 

2008b). Implications of the FFP include higher survival rates in nutrient-poor conditions, 

faster developmental times and successful metamorphosis under favourable nutritive 

conditions, especially for species with a longer FFP (McEdward, 1997; Reitzel et al., 2005). 

FFP is estimated to last until growth ceases in unfed larvae, or the time when maternally-

derived reserves in the egg are exhausted (Miner et al., 2005; Byrne et al., 2008b), and is 

better expressed as the proportion of larval development spent facultatively feeding (PDFF) 

so that comparisons between species are more consistent (Miner et al., 2005).  

 

Although in A. mollis the duration of the FFP cannot be precisely determined, it is 

conservatively suggested that it is between the fourth and fifth day of larval development 
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(108 h). In A. mollis the mid-metamorphic doliolaria stage is attained on day 22 (Archer, 

1996). With and estimated time of 21 days to metamorphosis (504 h), this would give a PDFF 

of 0.21. Although there are no studies on FFP of larval forms more similar to holothuroids 

(i.e. asteroids), A. mollis PDFF is similar to PDFFs observed for irregular echinoids (Miner et 

al., 2005) with egg sizes similar to A. mollis (160 µm) (Chapter 2). However, the observation 

of low lipid content in  A. mollis eggs given its egg size raises the question whether this sea 

cucumber species might use maternal energetic reserves at a slower rate and thus have a 

lower metabolic rate, as suggested and observed for ophiuroids (Falkner et al., 2006; 

Whitehill & Moran, 2012). Further studies focused on accurately estimating the FFP in A. 

mollis and linking this information to measures of metabolic rate are essential to determine if 

there are alternate strategies of nutrient utilization during early development in different 

classes of echinoderms.  

 

The reduced utilization of TAG in fed larvae compared with unfed treatments has also 

been observed in echinoids during early larval development (Sewell, 2005; Byrne et al., 

2008b). Although it is not known if this reduced TAG utilization derives from a delayed 

utilization of maternal reserves or lipid accumulation from the diet, it probably constitutes a 

buffer strategy for uncertain future feeding conditions (Byrne et al., 2008b). Although slower 

than in unfed treatments, TAG continued to be utilized in fed larvae, especially between days 

12 and 16. Here, through microscopic observation and biochemical analysis, a D. tertiolecta 

monodiet has been shown to be inadequate to support larval growth and provide A. mollis 

larvae with sufficient nutritive material to be accumulated as energetic reserves. Although the 

mixed diet was shown to be better than D. tertiolecta alone, it did not lead to the re-

accumulation of energetic lipids as observed in larvae fed C. muelleri. Whether this is 

because the mixed diet is nutritionally sub-optimal for A. mollis development or other factors 

might influence the uptake of nutrients from the mixed diet, such as reduced ingestion rates 

(Schiopu et al., 2006), remains to be studied. 

 

Microalgal diets affect larval growth and development of marine invertebrates, where 

certain microalgae species have shown to be suitable to support growth of a particular larval 

species but not others (Pechenik, 1987; Boidron-Metairon, 1995; Kelly et al., 2000; Jimmy et 

al., 2003; Cárcamo et al., 2005; Azad et al., 2011). This is of particular importance when 

larval experience has shown to have flow-on effect onto the juvenile and adult (Phillips, 

2004; Pechenik, 2006). Microalgae fatty acid profiles fulfilling particular larval needs have 
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shown to be a decisive factor in establishing the suitability of particular microalgal diet 

(Schiopu et al., 2006; George et al., 2008; Carboni et al., 2012). While C. muelleri seems to 

be a good diet for A. mollis, future studies could aim at finding a more nutritionally complete 

mixed microalgal diet, given they have been reported to sustain better larval growth in 

holothuroids (Mercier & Hamel, 2013), where the utilization of an optimum ratio of different 

sized particles could increase ingestion rates (Schiopu et al., 2006). Information on nutritional 

requirements and lipid and fatty acid composition of A. mollis larvae provided in the present 

study could serve for the design of artificial sea cucumber diets, becoming increasingly 

popular in recent years given their cost-effectiveness (George et al., 2008; Gago et al., 2009). 

 

There is no evidence to date suggesting that echinoderm larvae are able to accumulate 

different types of energetic lipids depending on the larval diets. However, different neutral 

lipids have shown to accumulate through feeding in echinoids; Strongylocentrotus purpuratus 

and Evechinus chloroticus have been shown to accumulate FFA under Rhodomonas sp. and 

D. tertiolecta  diets respectively (Sewell, 2005; Meyer et al., 2007), while Tripneustes 

gratilla accumulates the same maternally-derived energetic lipid, TAG, when fed C. muelleri 

(Byrne et al., 2008a; Byrne et al., 2008b). In the present study, A. mollis larvae fed D. 

tertiolecta and C. muelleri accumulated the same type of energetic lipid, but differed in the 

amount of lipid the larvae were able to accumulate. D. tertiolecta failed to provide the 

necessary nutrients A. mollis larvae required for TAG build-up. Preliminary fatty acid 

analysis (Index I) revealed that A. mollis larvae accumulated high levels of long chain PUFAs 

like arachidonic acid (20:4 n-6, ARA) and eicosapentaenoic acid (20:5 n-3, EPA), which 

were present at low levels in the diet, suggesting A. mollis larvae may be able to elongate and 

desaturate short chain PUFAs as observed in echinoid larvae (Schiopu et al., 2006; George et 

al., 2008). C. muelleri was very low in the short-chain PUFA precursor α-linolenic acid (18:3 

n-3, ALA) but was high in eicosapentaenoic acid (EPA). High content of EPA in A. mollis 

larvae fed C. muelleri suggests that larvae may take up EPA directly from the diet, which 

might explain why A. mollis larvae grew so well under a C. muelleri monodiet.  

 

As observed in other echinoderms (George et al., 1997; Sewell, 2005; Meyer et al., 

2007; Prowse et al., 2008), phospholipids and proteins, the precursors of larval structures 

(Jaeckle, 1995), remained constant during early larval development and in the unfed 

treatment. When unfed, the larvae did not develop past the early auricularia stage. 
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Phospholipids and proteins readily increased in larvae reared under favourable feeding 

conditions, reflecting their enhanced growth which was also observed through microscopy. 

 

As in most planktotrophic echinoderm larvae (Podolsky et al., 1994; Sewell, 2005; 

Byrne et al., 2008a; Prowse et al., 2008; Whitehill & Moran, 2012), TAG plays an essential 

role fuelling early larval development and determining the FFP in A. mollis larvae. This 

information is of high importance given the possibility of brood stock conditioning (Gago et 

al., 2009) for the spawning of high quality eggs, where larval development would be 

accelerated and survival rates increased. More studies addressing whether TAG gets 

accumulated through larval feeding in more holothuroid species and establishing species-

specific fatty acid composition would constitute a major step in choosing microalgal and 

microencapsulated diets which increase larval survival during the high mortality 

perimetamorphic period. 

 

HS, previously suggested to play various roles during larval development, do seem to 

play a primarily nutritional role and reflect larval nutritive condition. The Nile Red staining 

method provides a fast, easy and accurate procedure to evaluate larval condition in sea 

cucumber aquaculture. However, unanswered questions remain regarding the HS.  For 

example, can we directly confirm that the HS contain TAG? If so, is TAG taken straight from 

the diet or is it synthesized de novo? Are the HS required for successful metamorphosis or 

they are just a surplus from the diet? Finally, how are the lipids transported to the hyaline 

spheres?   

 

In conclusion, TAG was essential for A. mollis larval development, and its 

accumulation was tightly linked to the formation of the HS. The latter constitutes very 

important information that will lead to a deeper understanding of larval development in 

holothuroids, as well as allowing the improvement of procedures and diets employed in sea 

cucumber aquaculture.  The present research suggests that the accumulation of a specific 

energetic lipid class in preparation for metamorphosis might be species-specific and 

evolutionarily determined, where diet might play a determinant role in providing the 

nutritional precursors necessary for the larvae to accumulate specific energetic lipids.  
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4 Lipid utilization and distribution during late larval  
development and metamorphosis  
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4.1 Introduction 
 

During early life of marine invertebrates with planktotrophic larvae, maternal 

nutritional reserves in the egg are utilized to synthesise larval feeding structures (Jaeckle, 

1995). The feeding larvae then have the task of accumulating enough energy reserves from 

planktonic food to be able to successfully complete the non-feeding perimetamorphic period 

until the juvenile re-develops its digestive system and can start feeding on its own, process 

that can take weeks, where mortality rates can surpass 90% (Thorson, 1950; McEdward, 

1997; Reitzel et al., 2004; Sewell, 2005; Byrne et al., 2008a; Prowse et al., 2008).  

 

Representatives of the phylum Echinodermata have been the most studied marine 

invertebrate in terms of reproductive energetics and larval nutrition, forming the basis for 

current models on invertebrate reproduction and life-history theory. However, within the 

echinoderms there is a scarcity of information on holothurian larval biology (Sewell & 

McEuen, 2002), primarily due to the difficulty of obtaining mature gametes and rearing sea 

cucumber larvae in the laboratory (Smiley et al., 1991). As holothuroids are usually 

conspicuous and important members of all marine ecosystems (Smirnov et al., 2000; 

Pechenik, 2005), have an important role in benthic communities (Coulon & Jangoux, 1993; 

Uthicke, 2001; Neori et al., 2004; Purcell et al., 2006; Zhou et al., 2006), are of great 

commercial interest (Conand & Byrne, 1993; Conand, 2004; Lovatelli, 2004; Toral-Granda et 

al., 2008; Purcell, 2010; Purcell et al., 2013) and have a unique larval development (Smiley, 

1986; Smiley et al., 1991; Sewell & McEuen, 2002), understanding the nutritional 

requirements during larval development in this class is critical to having a more 

comprehensive appreciation of the nutritional requirements in the phylum Echinodermata.   

 

The planktotrophic larva of holothurians – the “auricularia” – is unique to the phylum 

Echinodermata and more closely resembles the bipinnaria larvae of asteroids, but differs in 

that holothurian planktotrophic larvae develop a larval skeleton composed of ossicles 

(Mortensen, 1938) and have a single, continuous ciliary band with short lateral projections 

(Strathmann, 1987; Smiley et al., 1991; Sewell & McEuen, 2002). During metamorphosis the 

auricularia larva greatly reduces its size through the histolysis of feeding structures and 

becomes a non-feeding, barrel shaped, swimming doliolaria (Smiley, 1986). After a number 

of morphogenic changes, including the formation of its five primary tentacles and modifying 
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its behaviour to seek and test the substratum, it rapidly becomes the newly settled juvenile or 

pentactula (Smiley et al., 1991).  

 

In the late auricularia of some holothurian species, distinct structures which are 

unique to the Class Holothuroidea – the “hyaline spheres” – form in the blastocoel close to 

the epithelium of the larval lobes.  These spheres increase in diameter towards the non-

feeding doliolaria stage and finally decrease in size during the juvenile stage (Mortensen, 

1937; Burke, 1989; Chen et al., 1991; Dautov & Kashenko, 1995; Dautov, 1997; Sewell & 

McEuen, 2002). Previous studies have noted that hyaline sphere appearance is accelerated 

with increasing temperature (Dautov, 1997). They do not seem to be a prerequisite for 

metamorphosis (Smiley, 1986; Dautov & Kashenko, 1995; Dautov, 1997), yet their 

increasing number appear to indicate a well fed condition; they are more common in late 

auricularia fed with a mixed diet (Smiley, 1986; Chen et al., 1991; Smiley et al., 1991), and 

they presage the successful and fast completion of metamorphosis (Sui 1989 in Dautov and 

Kashenko (1995)), a shorter larval duration and increased juvenile survival (Chen et al., 

1991). The previous observations indicate the hyaline spheres might have an important 

nutritional role in the larvae (Smiley et al., 1991), but this has not yet been demonstrated. 

 

In planktotrophic echinoderms of the classes Ophiuroidea, Asteroidea and 

Echinoidea, a juvenile rudiment is formed close to the stomach during late larval 

development and, at least in echinoids, the stomach appears to be the main nutrient storage 

organ (Reitzel et al., 2004; Byrne et al., 2008a). In these three classes, metamorphosis results 

in the complete histolysis and resorption of all larval structures, followed by juvenile 

development and settlement. In contrast to this radical type of metamorphosis, holothurian 

larvae do not form a juvenile rudiment, and retain most of the larval structures, which with 

the exception of the intestine, rectum and anus, are reorganized through morphogenic 

movements to become juvenile structures (Smiley, 1986; Smiley et al., 1991; Sewell & 

McEuen, 2002).  

 

Australostichopus mollis is a commercially important planktotrophic sea cucumber 

species that inhabits shallow subtidal areas along the New Zealand coast and in southern 

Australia and Tasmania (Sewell, 1990; Zamora & Jeffs, 2013). Larval development for the 

species takes three to four weeks under appropriate feeding conditions; the late auricularia 

develops up to ten hyaline spheres (twelve to 20 days post-fertilization) and metamorphoses 
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into a non-feeding doliolaria and newly settled juvenile (Archer, 1996; Morgan, 2008b). The 

perimetamorphic period has been shown to be of high mortality (Morgan, 2008a; Morgan, 

2009a), challenging efforts of New Zealand researchers to establish aquaculture of A. mollis 

(Archer, 1996; Slater & Carton, 2007; Stenton-Dozey & Heath, 2009; Zamora & Jeffs, 2013). 

 

Here, using a suite of biochemical lipid analysis and imaging techniques; thin layer 

chromatography/flame ionization detection (TLC/FID), traditional thin layer chromatography 

(TLC) and fluorescence, confocal and transmission electron microscopy, I assess (1) the role 

of the hyaline spheres as nutritional storage units, and  (2) the accumulation, utilization, and 

redistribution of lipids during the metamorphic transformation from the late auricularia to the 

juvenile of the holothurian A. mollis. To compare to the lipid accumulation patterns observed 

in the rudiment-forming echinoderm classes I used the planktotrophic sea urchin Evechinus 

chloroticus. In this way, this study provides new insights into nutritional requirements of 

planktotrophic holothurian larvae. 

 

4.2 Material and methods  
 

4.2.1 Larval culture and sample collection 
 

In January 2014, adult A. mollis and E. chloroticus were collected from the rocky 

subtidal region around Ti Point, east coast of New Zealand (36º 19’20.39” S; 174º47’28.7” E) 

using SCUBA between 4-15 metres deep. The time of collection coincided with both species  

reproductive season, which runs from October to March (Sewell, 1992; Brewin et al., 2000). 

Fifty sea cucumbers were collected to obtain an even sex ratio of individuals (Sewell, 1992). 

At the same time, twenty five sea urchins were obtained. Animals were placed in three 30 L 

sealed sea water barrels containing ice packs and transported to the marine laboratory at The 

University of Auckland, where they were maintained in tanks filled with 1 µm filtered sea 

water (FSW).  

 

Sea cucumbers were left to acclimatize for a few days in two static tanks (25 

individuals per tank, dimensions H 30 cm, L 80 cm, W 55 cm) containing 1 µm FSW in a 

19ºC room. During this time, sea cucumbers were not fed and water changes were performed 

daily for the first three days in the static tanks to allow the emptying of gut contents and clean 

handling of the brood stock. The tanks were set with intertwined pieces (45 x 50 cm) of 
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plastic garden mesh with 2 cm2 openings to provide increased crawling surface, thus lowering 

the occurrence of common skin infections (per. obs.).  

 

Two sea cucumber spawning tanks (20 L tanks containing 9 sea cucumbers each) set 

with air stones were set up around the main moon phases (Archer, 1996; Morgan, 2009b); 

new moon, first quarter, last quarter and full moon. At each moon phase, spawning was 

induced using a conjunction of temperature and microalgae shock (Agudo, 1996). 

Temperature shock consisted of reducing the temperature of spawning tanks by 10ºC  by 

placing the spawning tanks into a 4ºC fridge and letting them return to room temperature 

naturally (19º ± 2ºC),  which normally took four hours.  Microalgae shock consisted of 

adding 0.5 L of a concentrated mixture of Chaetoceros muelleri, Dunaliella tertiolecta and 

Isochrysis galbana (CSIRO, Australia) to spawning tanks one hour after the tanks were 

removed from the fridge. If spawning induction was unsuccessful, sea cucumbers were 

returned to re-acclimatize in the main static tanks with the other sea cucumbers. At the next 

moon phase, 18 individuals were obtained from the static tanks and induced to spawn again 

as outlined above. After one of the spawning inductions on the 9th of January 2014 at 

10.00am (third quarter moon), gastrulae were found in one of the spawning tanks on the 11 of 

January at 11.00am.  

 

Suspended gastrulas were carefully siphoned out using a plastic hose (0.5 cm 

diameter), avoiding obtaining debris settled on the bottom. Gastrulas were concentrated using 

a 75 µm mesh filter, gently washed with 1 µm FSW and placed in rearing tanks as outlined 

below. The rearing tanks represented technical replicates derived from the same source of 

biological material, the spawning tank. 

 

Adult sea urchins were placed in a static 1 µm FSW tank (25 individuals per tank, 

dimensions H 30 cm, L 80 cm, W 55 cm) and left to acclimatize for two days. E. chloroticus 

spawning was induced by injecting 15 individuals with 2 ml of 0.55 M KCl into the coelomic 

cavity and placing them over separate 200 ml beakers filled with 1 µm FSW. Eggs from 5 

females were pooled together, fertilized with a dilute suspension of sperm from four males, 

and rinsed with 1 µm FSW.  

 

Four L rearing tanks (n = 9) filled with 1 µm FSW were set up separately for each 

species at an initial density of 5-10 eggs/embryos ml-1 and gradually decreased to 0.5 larvae 
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ml-1 after the time of first feeding. Cultures were set up with gentle aeration using plastic 

tubing fitted with an air flow regulator and glass Pasteur pipette under constant light (12:12 h 

light:dark cycle) and temperature conditions (19 ± 2ºC).   

 

Stock and feeding cultures of three microalgae species; Isochrysis galbana, 

Dunaliella tertiolecta and Chaetoceros muelleri (CSIRO Australia), were maintained to feed 

the larvae. Microalgal cultures, supplemented with 20 ml/L of Guilliard’s F/2 marine water 

enrichment solution containing silica (Sigma-Aldrich), were kept at ~21ºC in autoclaved 

FSW under constant full spectrum illumination and mixed through aeration. Before being fed 

to the larvae, microalgae were concentrated by gentle centrifugation (3000 RPM for one 

minute) to reduce the amount of culture media transferred to the larval culture tanks.  

 

Larval feeding began when the larvae showed a fully developed gut (between 24-48 

h) with a 1:1:1 ratio of the three microalgae species collected during the log growth phase. A 

final concentration of 3000 microalgae cells per ml was delivered to each larval culture twice 

daily, ensuring that the larvae showed microalgae inside the gut but not at such high 

concentrations that it impeded larval swimming. 

 

Embryo/larval cultures were cleaned every two days; using a clean plastic hose, the 

water containing the larvae was gently siphoned from the dirty to a clean tank avoiding 

transfer of debris that had settled on the bottom. Once in a clean tank, 70% of the water 

containing the larvae was removed through reverse filtration (75 µm filter) and replaced by 

fresh FSW. Used tanks, hoses and filters were cleaned using high-pressure hot water from the 

tap and left to dry at room temperature.  

 

In previous experiments, A. mollis embryo and larval cultures were shown to be 

extremely susceptible to culture crashes. To be able to obtain all developmental stages from a 

single spawning event it was necessary to maintain low embryo/larval concentrations in the 

tanks and avoid disturbance as much as possible. The only sampling procedure that allowed 

the above was sampling at each stage alternating between the technical replicate containers. 

 

A. mollis samples were obtained at auricularia pre- hyaline spheres (HS) (14 d), late 

auricularia with HS (20 d), doliolaria (22 d) and pentactula/juvenile (24-27 d) stages for 

imaging and TLC/FID analysis. Extra 20 d samples were collected for additional TLC 

68 
 



 

analysis. While 20 and 22 d samples were collected alternating between replicate tanks, due 

to the rapid metamorphic transition between the late auricularia and the juvenile (24 h), 

doliolaria and juvenile samples were collected as they became available from any of the four 

replicate tanks. E. chloroticus larval samples were collected at the eight-arm rudiment-stage 

(21 d) for imaging and TLC analysis.  

 

For TLC/FID and TLC analysis, larvae were placed in a 50 ml falcon tube on ice and 

larval concentration was estimated by counting the number of larvae present in a known 

volume of larval suspension (n = 6). Replicates of approximately 1000 individuals of both 

species were collected for TLC analysis (n = 4), while replicates containing 200 auricularia 

pre-HS (14 d), 200 late auricularia with HS (20 d), 200 doliolaria (22 d) and 60 juveniles (27 

d) were collected for TLC/FID analysis (n = 7 ea.). Samples were placed in 1.5 ml Eppendorf 

tubes, centrifuged briefly (3000 RPM for 10 s), excess sea water removed with a drawn 

Pasteur pipette, and kept at -80ºC until analysis. 

 

4.2.2 Microscopy  
 

4.2.2.1 Live microscopy 

 

For the observation of live larvae under fluorescence microscopy, a transparent 

Perspex slide (non-fluorescent plastic) was designed into which 18 circular wells (200 µm 

deep x 2 mm diameter) were drilled to contain the larvae and keep them relatively immotile. 

After staining and to minimize localized movements, individuals were placed in the wells, 

covered with a cover slip (2.2 x 2.2 cm) and placed for seven consecutive 5 s time periods at -

20ºC, avoiding freezing.  

 

For fluorescence microscopy, three lipid dyes and one nuclear dye were utilized; Nile 

Red (Sigma), LipidTOX™ Green neutral lipid staining (Life Technologies), LipidTOX™ 

Red phospholipid stain (Life Technologies) and Hoechst 33342 nuclear stain (Life 

Technologies). 

 

Nile Red (Sigma) is a lipophilic stain insoluble in water which fluoresces depending 

on the relative hydrophobicity of the lipid from bright yellow/orange (when bound to neutral 

lipids) to red/orange (when bound to more polar compounds) (Fowler & Greenspan, 1985). 
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The specific increase in polarity required to cause the turning point from yellow to red 

fluorescence is not well established. Nile Red stock solution consisted of a 1:1000 dilution of 

Nile Red in acetone (0.5 mg in 0.5 ml) which was kept in the dark at 4ºC. One part of the 

stock solution was added to 500 parts of autoclaved FSW containing larvae (~40 larvae ml-1). 

Samples were incubated for one hour at 4ºC in a 1.5 ml Eppendorf tube in the dark and 

occasionally gently shaken.  Samples were rinsed in autoclaved FSW before observation. 

 

LipidTOX™ Red phospholipid stain (Life Technologies) binds to phospholipids after 

an incubation period of at least 24 hours. Two µl of 1000X LipidTOXTM Red 

phospholipidosis detection reagent were added to 1 ml of larval suspension in autoclaved 

FSW (~40 larvae ml-1), left to incubate at room temperature in a closed Eppendorf tube 

protected from the light for 48 h and rinsed following 3 gentle centrifugation (2000 RPM for 

1 minute) and autoclaved FSW re-suspension steps.  

 

LipidTOX™ Green neutral lipid stain (Life Technologies) binds to neutral lipids after 

a relatively short incubation time. 2 µl of 1000X LipidTOX™ Green neutral lipid stain was 

added to 1 ml of the larval suspension (~40 larvae ml-1) and left to incubate for 30 min with 

no washes required after staining. 

 

Hoechst 33342 nuclear stain readily binds to the cell nucleus after a short incubation 

time. 1 µl of 1000X Hoechst 33342 dye was added to 1 ml of larval suspension (~40 larvae 

ml-1) in autoclaved FSW inside a 1.5 ml Eppendorf tube. The sample was left to incubate for 

30 min at room temperature protected from light, subsequently rinsed with autoclaved FSW 

followed by three gentle centrifugation (2000 RPM, 1 min) and FSW re-suspension steps. 

 

Due to the particular response and specificity of the utilized lipid dyes, staining 

procedures were performed in the following order using two complimentary methods for 

staining and observing the distribution of lipids in live larvae and juveniles of A. mollis and 

E. chloroticus: (1) Staining with Hoechst 33342 nuclear stain (Life Technologies) followed 

by Nile Red (Sigma), placing the sample in the Perspex well slide and visualization in a 

fluorescence microscope (Leica DMR upright) fitted with two long-pass filters; I3 (Ex 450-

490 nm, D 510, Em > 515 nm) and A (Ex 340-380 nm, D400, Em>425 nm) and 

photographed using a Nikon 500 digital sight-cooled colour camera. (2) LipidTOX™ Red 

phospholipid staining (Life Technologies) followed by Hoechst 33342 nuclear staining (Life 
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Technologies) and LipidTOX™ Green neutral lipid staining (Life Technologies), placing the 

sample in the Perspex well slide and visualization in a Andor revolution XD confocal 

microscope set with a iXonEM (AndorTM) camera attached to a Nikon Eclipse-Ti inverted 

microscope.  Three laser channels were used: blue (Ex 405 nm, Em 465±15 nm), green (Ex 

488 nm, Em 525±20 nm) and red (Ex 561 nm, Em 617±36.5 nm). Images were processed 

using Imaris 7 (Bitplane) software. Unstained larvae were used as controls for all 

observations. 

 

4.2.2.2 Fixed microscopy 

 

Samples of sea cucumber larvae were fixed at 4ºC for two hours in 3% glutaraldehyde 

in 0.2 M cacodylate buffer containing 30 mg/ml NaCl. Fixation was followed by serial rinses 

with the buffer containing reduced amounts of NaCl (30 mg/ml, 15 mg/ml, 5 mg/ml, no NaCl 

respectively), two hours postfixation in 1% osmium tetroxide in 0.2 M cacodylate buffer at 

4°C and a final wash in 0.2 M cacodylate buffer. Samples were then dehydrated in a series of 

graded ethanols and embedded in epoxy resin (Byrne et al., 1999; Byrne & Cerra, 2000; 

Byrne et al., 2008a).  

 

Semi-thin plastic sections (2 µm) were prepared on a Leica EM UC6 ultra-microtome, 

dried onto factory-coated glass slides (Superfrost® Plus, Menzel-Gläser) and stained using a 

polychromatic staining method consisting of Methylene blue-azure II and basic fuchsine 

(D'Amico, 2005). Through this method, cytoplasm stains blue, nuclei stain darker blue, 

collagen, mucus and elastin are pink to red and fat or intracellular lipid droplets are grey to 

green  (D'Amico, 2005). Semi-thin sections were viewed in a Leica DMR upright microscope 

and photographed and images analysed with AnalySIS® 5 (Life Science).  

 

For transmission electron microscopy (TEM), ultrathin sections (80 nm) were 

prepared on a Leica EM UC6 ultra-microtome, placed on a copper grid and stained with 2% 

uranyl acetate for 20 min and 2% lead citrate for 4 min.  Sections were observed on a Tecnai 

12 (FEI) transmission electron microscope, photographed with an Ultrascan® 1000 (Gatan) 

camera, and images processed using ImageJ 1.46r. 
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4.2.2.3 Enzyme treatment     
 

To examine in more detail the role of particular cells in nutrient transport during A. 

mollis development, a method was designed to concentrate all cell types present in the larvae, 

undamaged and in a small volume, to process them for transmission electron microscopy 

(TEM). 

 

A. mollis larvae were concentrated through gentle centrifugation (3000 RPM for 1 

min), embedded in O.C.T compound (Tissue-Tek®), frozen in liquid nitrogen and sectioned 

(6 µm) in a Leica CM 1850 cryotome set at -30ºC. Sections were mounted on coated slides 

(Superfrost® Plus, Menzel-Gläser) and stained with a series of connective tissue stains. 

Positive Van Gieson’s staining (British Drug Houses, 1958) indicated that most larval 

connective tissue is composed of collagen. Subsequently, 200 µl of concentrated larval 

suspension (~400 larvae ml-1) were added to 800 µl of a solution of 3% collagenase (Sigma) 

in autoclaved FSW (by vol.). The suspension was heated in a closed 1.5 ml Eppendorf tube 

for 25 min at 30ºC with occasional gentle shaking. This resulted in a suspension of 

undamaged cells that were removed from the heat and 500 µl of 10% BSA in sea water (by 

vol.) was added to stop the enzymatic reaction. The sample was then centrifuged (2000 RPM 

for 1 minute), the supernatant removed, the cells rinsed with FSW, centrifuged again and 

fixed in 3% glutaraldehyde in 0.2 M cacodylate buffer containing 30 mg/ml NaCl. Samples 

were then processed for TEM using the resin embedding method described above. 

 

4.2.3 Lipid analysis (TLC/FID) 
 

Lipids from frozen larval samples were extracted following the chloroform/methanol 

extraction method of Holland and Gabbott (1971) as modified by Sewell (2005), with the 

minor difference that methanol and chloroform were used from the LiChrosolv® Hypergrade 

for LC-MS range (Merck Millipore) and a lower concentration of ketone standard to estimate 

lipid recovery (10 µl of 500 µg ml-1). The isolated chloroform phase containing lipids was 

kept at -20°C for a maximum period of 2 days until lipid class identification and 

quantification using the Iatroscan MK 6s TLC/FID and silica gel S-III Chromarods. Stored 

samples were dried down under instrument-grade N2 gas and re-dissolved in 10 µl 

chloroform using a positive displacement pipette (Gilson, Microman). Cleaning of the 

Chromarod rack was performed according to Sewell (2005). To spot and keep the lipid 
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mixture in a narrow band at the origin of the Chromarods, the clean rack of 10 Chromarods 

was placed on top of a 175 x 125 cm heat plate  (Chiltern Scientific) and the full 10 µl of 

sample was directly spotted on to one Chromarod using a fixed-volume Drummond 

microdispenser and glass bores (Parrish, 1987). The V-vial was then rinsed with another 10 

µl of chloroform and this volume spotted onto the same Chromarod to ensure that the entire 

lipid extract was transferred. Eight Chromarods were used to spot samples, one was used as a 

blank to monitor possible contamination of developing solvents and the last Chromarod was 

spotted with a dilution of a composite of highly purified lipid standards (99%) to detect 

possible peak position shifts due to variable external conditions. Lipids within samples 

spotted on the Chromarods were chromatographically separated after development inside 

tanks containing a mixture of solvents of differing polarities (hexane, diethyl ether and formic 

acid mixtures) in a three-stage development process (Parrish, 1987, 1999). Firstly, the rack 

was placed in a glass tank fitted with filter paper (Whatman No. 1) previously left to develop 

a saturated atmosphere (10 min) with a solution of hexane-diethyl ether-formic acid 

(98.95:1:0.05, by vol.). Lipids were left to migrate up the rods for 24 min, the rack was then 

placed for 5 min inside a constant humidity chamber containing a saturated solution of CaCl2 

(Delmas et al., 1984; Parrish, 1987) and immersed again in the same tank for 19 min. It was 

then dried for 5 min inside the Iatroscan and partially scanned, burning from the solvent front 

until after the ketone peak. This partial scan lasted for 30 s with an air flow of 2000 ml min-1 

and hydrogen set to 160 ml min-1. The rack was then placed again in a constant humidity 

chamber for 5 min and placed inside a second tank containing a more polar mixture of 

hexane-diethyl ether-formic acid (79:20:1, by vol.) for 30 min, left to dry inside the Iatroscan 

for 5 min and partially scanned until after the diacylglycerol peak (DAG) using the same air 

and hydrogen flow as previously outlined. The rack was placed again in a constant humidity 

chamber for 5 min and the remaining lipids in the chromarods were left to migrate twice for 

15 min in a tank containing 100% acetone and twice for 10 min in another tank containing a 

mixture of chloroform-methanol-water (35:28:7, by vol.) with 5 min inside the constant 

humidity chamber between developments. The rack was finally left to dry inside the Iatroscan 

for 5 min and fully scanned to the origin.  

 

Lipids were detected in the Iatroscan through hydrogen flame ionization detection, the 

whole process resulting in three chromatograms per Chromarod. The Iatroscan data was 

collected by Ulys 2 USB acquisition device (Datalys®) and chromatograms were recorded 

and measured using AZUR5.0 software developed by Datalys®. 

73 
 



 

Lipid class quantification was attained using quadratic regressions from multilevel 

lipid calibration curves using lipid standards as in Sewell (2005). Standards represented the 

neutral energetic lipids: aliphatic hydrocarbon (AH), wax ester (WE), methyl ester (ME), 

triacylglycerol (TAG), free fatty acids (FFA) and diacylglycerol (DAG), as well as the 

neutral structural lipid cholesterol (ST), and the more polar acetone mobile polar lipids 

(AMPL) and phospholipids (PL). Total lipid content, as well as total energetic lipid and total 

structural lipid content were obtained by summing the total amount by sample of the 

respective lipid classes. 

 

4.2.4 Lipid analysis (TLC) 
 

Detailed lipid profiles were prepared from A. mollis late auricularia with hyaline 

spheres and rudiment-stage E. chloroticus larvae by TLC to see their main neutral lipid 

constitution and re-extract separated lipids of interest from TLC plates to assess their 

particular response to the fluorescent stain Nile Red. 

 

Lipid extracts were prepared using a Bligh and Dyer (1959) lipid extraction method. 

300 µl of Milli-Q water were added to a frozen pellet of sample of ~100 µl containing 1000 

individuals. The sample was tip ultra-sonicated on ice, transferred to a 4 ml glass vial (Grace) 

and 1 ml of methanol and 500 µl of chloroform added, vortexed for one minute and then 

centrifuged at 3500 RPM for 10 min. The contents were transferred to a second vial, avoiding 

transferring the protein pellet. 500 µl chloroform and 500 µl Milli-Q water were added, the 

vial vortexed for one minute, centrifuged at 3500 RPM for 10 min and the lower chloroform 

layer containing lipids was transferred to a 2 ml GC vial (Grace). Lipids were dried under a 

stream of instrument-grade N2, re-dissolved in 100 µl of chloroform and transferred it to a 

250 µl GC insert (Grace). 

 

Thee µl aliquots of the concentrated sample were applied with glass capillaries as 

narrow bands (2 mm) to pre-activated (100ºC for 10 min) aluminium-backed TLC plates 

(Reveleris, Grace) alongside lipid extracts from well-known lipid sources (Rouser et al., 

1967; Mangold, 1988) and single lipid standards. A lipid extract from rat liver (neutral lipid 

standard) was prepared following Bergelson (1980). Lipid classes were identified on the basis 

of their relative mobility on the TLC plate compared with the lipid standards. 
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Lipid extracts spotted on the TLC plate were left to migrate in a neutral solvent 

system containing hexane-diethyl ether-acetic acid (80:20:1, by vol.). Lipids were visualized 

using iodine vapours and the bands of interest were scraped off the plate and re-extracted 

using the Bligh and Dyer (1959) extraction method as described in the previous section. 

Silica gel beads were removed by centrifugation (3500 RPM for 10 min) and the supernatant 

recovered. The re-extracted lipids from the different bands were dried down, re-dissolved in 

10 µl of chloroform, spotted alongside onto replicated (n = 2) factory coated glass slides 

(Superfrost® Plus, Menzel-Gläser), and after chloroform evaporation, immediately stained 

with a Nile Red solution in FSW for 30 min at the same concentration used to stain live 

larvae. Re-extracted lipids were observed under fluorescence microscopy using an I3 filter 

(Ex 450-490 nm, D 510, Em > 515 nm) and photographed using a Nikon 500 digital sight-

cooled colour camera and images analysed with AnalySIS® 5 (Life Science).  

 

4.2.5 Statistical analysis 
 

Variations in the amounts of each lipid class before and after the formation of hyaline 

spheres were analysed through ANOVA using JMP 10 (SAS). Differences in means among 

treatments through time were tested at a significance level of 5%.  ANOVA assumptions of 

homogeneity of variance and normality were checked prior to analysis using Levene’s test, 

Shapiro-Wilk’s test and residual plot analysis. When the homogeneity of variance assumption 

was not met, Welch’s robust ANOVA was used, followed by Tukey-Kramer unplanned 

multiple comparisons of harmonic means. 

 

4.3 Results 
 

4.3.1 Microscopy 
 
4.3.1.1 Light and Nile Red microscopy  

 

Late auricularia larvae before the formation of hyaline spheres (14 days post-

fertilization) showed an enlarged left somatocoel and axohydrocoel, along with an 

accumulation of neutral lipids in the stomach epithelium which fluoresced green to yellow 

with Nile Red (Figure 4.1). Suspended in the larval blastocoel, it was possible to observe 

multiple spherical structures of ~10 µm diameter which fluoresced red with Nile Red (Figure 
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4.2A,B). These blastocoelic spherules (BS) developed in close association with the digestive 

system and were similar to characteristic adult echinoderm coelomocytes (Smith, 1981; 

Harrison & Chia, 1994), in particular, they were similar to spherule cells as described by 

Smith (1981). They were transparent and had spherical inclusions (Figure 4.3). Sequential 

photographic images revealed the BS were capable of independent and active amoeboid 

movement through the larval blastocoel (Figure 4.4). They were very labile, continuously 

changed form and surface texture from smooth to coarse, were not preserved in buffered 

formalin but were preserved in buffered glutaraldehyde.  

 

 
 

Figure 4.1. Late A. mollis auricularia larva (14 d) stained with Nile Red under blue light excitation 
and polarized light. FL, frontal lobe; LL, lateral lobe; PL, posterolateral lobe; GM, granular mass; BS, 
blastocoelic spherule; Os, ossicle; A, axohydrocoel; LS, left somatocoel; M, mouth; O, oesophagus; S, 
stomach; I, intestine. Scale bar: 200 µm.   
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Figure 4.2. Late A. mollis auricularia larva (16 d) stained with Nile Red under (A) light microscopy, 
(B) blue light excitation. BS, blastocoelic spherule; M, mouth; O, oesophagus; S, stomach. Scale bar: 
200 µm.   

 
Figure 4.3. Blastocoelic spherule of a 14-day old A. mollis auricularia larva stained with Nile Red 
under Nomarski light microscopy. BS, Blastocoelic spherule; Bl, blastocoel; SI, spherical inclusions; 
F, fibroblast-type of cell. Scale bar: 25 µm.    
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Figure 4.4. Blastocoelic spherule amoeboid movement in A. mollis auricularia larva stained with Nile 
Red under light microscopy. S, stomach. Arrows indicate sequence of movement of one blastocoelic 
spherule from (A) to (C) in a time lapse of 40 min. Scale bar: 50 µm.    
 

The strong red fluorescence of the BS under blue light excitation after Nile Red 

staining indicated they possibly contain phospholipids, amphipathic lipids or hydrophobic 

proteins (Fowler & Greenspan, 1985). Some of the BS also contained traces of yellow 

fluorescence along with red fluorescence, indicating the minor presence of neutral lipids 

(Figure 4.5). When counterstaining with a nuclear dye, a fluorescent nucleus was only 

evident at early stages of BS formation; the nuclear dye did not seem to be able to penetrate 

fully formed BS, although an evident non-fluorescent spot indicated the likely location of the 

nucleus (Figure 4.6). As development proceeded further into the late auricularia stage, BS 

started increasing in number and moving distally from the digestive tract. Neutral lipids also 

accumulated as intracellular lipid droplets in the thin layer of epidermal cells composing the 

body wall of A. mollis, forming a lipid network surrounding the larvae (Figure 4.7). 

 
Figure 4.5. A. mollis auricularia larvae (16 d) stained with Nile Red under blue light excitation. S, 
stomach. Arrow indicates blastocoelic spherule carrying both neutral lipids (yellow fluorescence) and 
what could correspond to phospholipids, amphipathic lipids or hydrophobic proteins (red 
fluorescence). Scale bar: 25 µm.    
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Figure 4.6. A. mollis auricularia larvae (16 d) stained with Nile Red and Hoechst nuclear stain under 
simultaneous blue light excitation and light microscopy. S, stomach; BS, blastocoelic spherule with 
likely location of the nucleous (thin arrow); LS, left somatocoel. Large arrow indicates a cell of 
similar size to the BS that appears to differentiate from the stomach epithelium. Small arrow indicates 
a smaller cell-type lining the stomach epithelium. Scale bar: 25 µm.    
 

 

 
Figure 4.7. A. mollis auricularia larvae (16 d) stained with Nile Red under blue light excitation. CB, 
ciliary band; BS, blastocoelic spherule. Arrow indicates neutral lipid accumulation in larval epidermal 
cells. Scale bar: 50 µm.    
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While easily overlooked through light microscopy, Nile Red also revealed the 

presence of two posterolateral granular masses similar to those previously described by 

Semon (1888) and Mortensen (1937) for other holothuroid species. The granular masses 

(GM) developed in conjunction with the larval skeletal ossicle and measured ~50 µm 

diameter, fluoresced red under blue light excitation and appeared to be composed of scattered 

cells inside an extracellular matrix (Figure 4.1 and 4.8). 

 

At about 19 days post-fertilization, HS started forming in the posterolateral lobes of 

the late auricularia larvae positioning themselves on top of each of the two GM. More HS 

started sequentially appearing in the lateral and anterior larval lobes, reaching a maximum 

number of 10 HS towards day 20 (Figure 4.8). In light microscopy, the HS had a refractile 

appearance, making them easily distinguishable from the two more opaque GM located in the 

posterolateral lobes. When stained with Nile Red, the HS were intensely yellow (neutral 

lipids), and a nuclear counterstain indicated there might be cells associated with HS. As 

development progressed from the late auricularia towards the doliolaria (21 d), the ciliary 

band and larval lobes started folding and getting resorbed, the hydrocoel folded, the HS 

continued increasing in size and the BS continued increasing in number and moving distally 

from the digestive system towards the HS. 
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Figure 4.8. Late A. mollis auricularia larva (19 d) stained with Nile Red under blue light excitation. 
The larva was gently pressed against the glass slide using a coverslip. FL, frontal lobe; LL, lateral 
lobe; PL, posterolateral lobe; GM, granular mass; BS, blastocoelic spherule; M, mouth; O, 
oesophagus; S, stomach; HS, hyaline spheres. Scale bar: 300 µm.   

 

When the doliolaria stage was attained, the mouth had closed and re-opened in the 

frontal side of the larvae, the doliolaria ciliary rings were evident and primary tentacles were 

visible through the body wall (Figure 4.9A). All of the doliolaria larvae observed in the 

cultures (ca 1000) had HS. When initially formed in the late auricularia they were small and 

not evident through light microscopy, but became readily visible after staining with Nile Red 

(Figure 4.9B).   
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Figure 4.9. A. mollis doliolaria larva (23 d) stained with Nile Red under (A) Nomarski light 
microscopy and (B) blue light excitation. C, ciliary band; Or, new oral opening; OT, oral tentacles; S, 
stomach, GM, granular mass; BS, blastocoelic spherule; HS, hyaline spheres. Scale bar: 200 µm.   
 

During the late doliolaria stage (25 d), the primary tentacles started protruding from 

the new anterior oral opening and the larvae started testing the substratum (Figure 4.10A). At 

this stage the HS became smaller, while BS were still abundant. The early juvenile (27 d) had 

reduced HS and the GM had moved closer together (Figure 4.10B). At this point 

spiculogenesis was evident, with numerous table-shaped ossicles protruding from the body 

wall (Figure 4.10C). 

 

 
Figure 4.10.  A. mollis (A) doliolaria larva with protruding oral tentacles (25 d) stained with Nile Red 
under blue light excitation (B) early juvenile (27 d) stained with Nile Red under blue light excitation 
(C) early juvenile (27 d) under polarized light microscopy. OT, oral tentacles; GM, granular mass; 
HS, hyaline spheres; Os, ossicles. Scale bar: 200 µm.   
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When comparing late larval development of A. mollis with that of the sea urchin E. 

chloroticus through Nile Red staining, it was possible to note that lipid distribution in 

rudiment-stage sea urchin larvae was completely concentrated in the stomach, which showed 

conspicuous lipid droplets. Nile Red fluoresced yellow for neutral lipids, without traces of 

red fluorescence (Figure 4.11A,B). At this stage, the E. chloroticus larval skeleton was fully 

formed and non-fluorescent darkly pigmented cells were-distributed within the larval 

blastocoel (Figure 4.11A,B). Sequential photographic images revealed that, as shown for the 

BS in A. mollis, these non-fluorescent darkly pigmented cells also possessed a certain degree 

of motility.  

 

 
Figure 4.11. E. chloroticus rudiment-stage echinopluteus larva (21 d) stained with Nile Red under (A) 
light microscopy and (B) blue light excitation. M, mouth; S, stomach; Ru, rudiment; P, pigmented 
cell; Ro, skeletal rod. Arrow indicates neutral lipid droplets in the stomach. Scale bar: 200 µm.   

 

4.3.1.2 Plastic sections and ultrastructure 

 

The body wall of the late auricularia larvae was composed of a monolayer of simple 

squamous epithelial tissue, with the exception of the ciliary bands, which consisted of 

stratified squamous tissue containing structural components, external cilia and lined by a 

basal muscular band (Figure 4.12, 4.14B). Cell type composition and lining of the digestive 

tract was characteristic, with cells showing a blue cytoplasm and a dark blue nucleus. The 

oesophagus was lined by mucus-secreting simple cuboidal epithelial cells, especially at the 

posterior end of the oesophagus (Figure 4.12). The stomach epithelium was composed of 
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simple columnar epithelial tissue with ciliated cells intertwined with chambers and passages 

which seemed to contain lipid and be lined with an inner mucus layer (Figure 4.12, 4.13A). 

The intestine was composed of simple squamous and cuboidal epithelial tissue consisting of 

ciliated cells and an inner mucus lining (Figure 4.12). 

 

 
Figure 4.12. Longitudinal section through A. mollis auricularia larva (14 d). O, oesophagus; S, 
stomach lumen; CoE, columnar stomach epithelium; CuE, cuboidal intestinal epithelium; SE, 
squamous epithelium; C, ciliary band; I, intestine; M, mucus layer; Bl, blastocoel; LTC, lipid 
transporting cell. Arrow indicates collagen/ellastin fibers in the blastocoel. Scale bar: 60 µm.  
 

The gel-filled blastocoel of the auricularia contained loosely arranged pink-staining 

collagen/elastin fibrils, providing evidence that this gel matrix serves as loose connective 

tissue in the larvae (Figures 4.12, 4.13A,B). At least three cell types could be found 

suspended within the blastocoelic gel matrix: a smaller ~5 µm diameter, slightly flattened 

fibroblast-type of cell with a clear nucleus and blue staining cytoplasm with variable degree 

and number of cell projections; a ~5 µm rounder cell with a big nucleus and reduced blue 

staining cytoplasm, similar to progenitor cells described by Smith (1981) (Figure 4.13A); and 
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a larger ~10 µm cell showing a clear eccentrically positioned nucleus, usually spherical but 

also showing multiple spheroidal shapes (Figure 4.13A,B). This third cell type contained well 

delineated empty spaces within the cell cytoplasm which showed traces of green/grey 

staining, likely corresponding to intracellular lipid droplets (Figure 4.13A,B). Given that the 

diameter of this third type of cell matches the diameter of the BS observed suspended in the 

blastocoel of live larvae, along with the observation that they both contain conspicuous 

spherical inclusions of apparent lipid nature, I infer that they are the same type of cell and 

now refer to them as lipid transporting cells (LTC). LTC were observed to originate and 

differentiate from the oesophagus, stomach and intestine, and become free moving inside the 

larval blastocoelic space (Figure 4.13B).  

 

 
Figure 4.13. Longitudinal section through A. mollis auricularia larva (16 d). (A) LTC and progenitor-
type of cells suspended in the blastocoel, (B) LTC emerging from the digestive epithelium. S, 
stomach lumen; I, intestine; M, mucus layer; Bl, blastocoel; LTC, lipid transporting cell; LD, lipid 
deposit; N, nucleous; CII, progenitor-type of cell; LS, left somatocoel; CB, ciliary band; C, cilia. 
Arrow indicates collagen/ellastin fibers in the blastocoel. Scale bar: 50 µm. 
 

Through plastic sections, the GM consisted of a heterogeneous matrix of cells, 

connective tissue and what appeared to be packed and inactive LTC containing numerous 

small lipid droplets (Figure 14.14B), while the HS consisted of a matrix of homogeneous 

material which stained light grey and contained embedded fibres and few small macrophage-

type cells (Figure 14.14A,B). During formation and growth of the HS, both in association 

with the posterolateral GM and when in isolation in the lateral and anterior larval lobes, fibres 

contained in the blastocoel densely aggregated around them, surrounding them and holding 
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them in place very close to the lateral lobes of the larvae but without an apparent connection 

to the ciliary band (Figure 14.14A,B). 

 

 
Figure 4.14. Section through A. mollis auricularia larva (16 d).(A) HS forming in the tip of a larval 
lobe, (B) HS developing beside a GM in one of the posterolateral larval lobes. Bl, blastocoel; FC, 
fibroblast-type of cell; MC, macrophague-type of cell; CB, ciliary band; HS, hyaline spheres; GM, 
granular masses; MB, muscular band. Arrow indicates collagen/ellastin fibers in the blastocoel and 
inside the HS. Scale bar: 50 µm. 

 

During transition from the late auricularia to the doliolaria (22-23 d), the larvae 

dramatically decreased in size and oral tentacle formation could be observed in sections 

(Figure 4.15). The fibres in the blastocoelic space became denser and seemed to aggregate 

and pull the HS away from the larval body wall towards the digestive system in the centre of 
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the larva (Figure 4.15). Unlike in the auricularia larvae, the macrophage-type cell was not 

observed inside the HS; in their place, LTC were encountered (Figure 4.15).  

 
Figure 4.15. Section through A. mollis doliolaria larva (23 d). Bl, blastocoel; CB, ciliary band; HS, 
hyaline spheres; T, oral tentacles; LTC, lipid transporting cell; F, fibrillar matrix. Arrows indicate 
collagen/ellastin fibers in the blastocoel pulling the HS towards the centre of the larva. Scale bar: 150 
µm. 
 
 

 
Figure 4.16. Section through A. mollis early juvenile (27 d). (A) and (B) HS in close association with 
the forming early juvenile stomach. HS, hyaline spheres; T, oral tentacles; F, fibrillar matrix; GM, 
granular masses. Scale bar: (A) 80 µm, (B) 120 µm. 
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By the early juvenile stage (27 d), blastocoelic fibres were tightly packed in the centre 

of the juvenile body holding the HS close to the forming digestive system (Figure 4.16A,B), 

but allowing transit of different cell types within the fibre matrix (Figure 4.17A,B). LTC 

were abundant, especially inside the HS, which at this point appeared to start breaking up and 

to decreasing in size (Figure 4.17A,B). 

 

 
Figure 4.17. Sections through A. mollis early juvenile (27 d). (A) HS decrease in size and seem to 
degrade, multiple LTC between blastocoelic fibers. (B) LTC seem to participate in the HS degrading 
process. HS, hyaline spheres; LTC, lipid transporting cells; T, oral tentacles; F, fibrillar matrix; T, 
tentacles; DS, digestive system; WVS, water wascular system. Arrows indivate various cell-types 
encountered in the juvenile blatocoelic space. Scale bar: (A) 50 µm, (B) 35 µm. 
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Through TEM of cell-type samples prepared though collagenase treatment, at least 5 

different cell-types were observed in A. mollis larvae.  Between them, the cell-type pictured 

in Figure 4.18 was the one that most closely resembled a LTC, both because of its large size 

and for showing optically empty vacuoles likely corresponding to lipid droplets extracted 

during the fixation process.  

 

 
Figure 4.18. TEM a A. mollis cell-type likely  to correspond to a LTC. G, golgi apparatus; M, 
mitochondria; G, electron-dense granule; V, optically empty vacuoles. Scale: 2 µm. 
 

4.3.1.3 Confocal microscopy and specific lipid dyes 

 

The utilization of confocal microscopy allowed real time observations of the three 

dimensional dynamics of lipid distribution in A. mollis larvae. This was achieved observing 

lipids with a higher level of specificity than that allowed by common fluorescence 

microscopy and Nile Red staining, since specific lipid dyes allowed clear differentiation 

between neutral lipids (green fluorescence), phospholipids (red fluorescence) and cell nuclei 

(blue fluorescence).  
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In the late auricularia larvae pre-HS (14 d), cells were mainly aggregated in the 

digestive system and ciliary bands (Figure 4.19), while neutral lipids were strongly 

concentrated in the stomach (Figure 4.19).  

 

 
Figure 4.19. A. mollis auricularia larva (14 d) stained with Hoechst nuclear dye and LipidToxTM green 
neutral lipid stain under confocal microscopy. M, mouth; CB, ciliary band; O, oesophagus; S, 
stomach; LS, left somatocoel; I, intestine; A, anus. Scale bar: 50 µm. 

 

On day 20 post-fertilization, green fluorescence, initially highly concentrated in the 

stomach, seemed to be transferred to the LTC. The stomach fluoresced mostly red for 

phospholipids (Figure 4.20). Unexpectedly, LTC contained a dense aggregation of neutral 

lipids and not phospholipids, as might have been expected by observation after Nile Red 

staining (Figure 4.20). This indicates that the neutral lipids contained in the LTC are of a 

more polar nature than the neutral lipids found in the HS (Figure 4.20). Although most LTC 

fluoresced green for neutral lipids, a minority fluoresced towards the red spectrum, 

suggesting they also contain phospholipids. GM, as the case of LTC, mostly fluoresced green 

for neutral lipids, after initial red fluorescence with Nile Red indicated they contained polar 

compounds. At 19 days post-fertilization, HS had formed and contained a dense aggregation 

of neutral lipids (Figure 4.20). 
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Figure 4.20. A. mollis auricularia larva (20 d) stained with Hoechst nuclear dye, LipidToxTM green 
neutral lipid stain and LipidToxTM red phospholipid stain under confocal microscopy. CB, ciliary 
band; LTC, lipid transporting cells; S, stomach; HS, hyaline spheres; GM, granular masses. Arrows 
indicate LTC and one of the granular masses showing mixed fluorescence between green and red. 
Scale bar: 100 µm. 
 

 
Figure 4.21. A. mollis doliolaria larva (23 d) stained with Hoechst nuclear dye, LipidToxTM green 
neutral lipid stain and LipidToxTM red phospholipid stain under confocal microscopy. (A) inner 
doliolaria structure, (B) outer doliolaria structure. CB, ciliary band; LTC, lipid transporting cells; HS, 
hyaline spheres; GM, granular masses. Scale bar: 50 µm. 
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On day 23, doliolaria larvae showed most of the blastocoel filled with HS and LTC, 

while the characteristic doliolaria ciliary bands were clearly visible (Figure 4.21A,B). By day 

27, the pentactula or newly settled juvenile had almost exhausted the HS material, and 

remaining neutral lipid fluorescence was mainly concentrated in the stomach area and the 

body wall (Figure 4.22).  

 
Figure 4.22. A. mollis early juvenile (27 d) stained with Hoechst nuclear dye, LipidToxTM green 
neutral lipid stain and LipidToxTM red phospholipid stain under confocal microscopy. DS, forming 
juvenile digestive system; T, oral tentacles. Scale bar: 50 µm. 
 

 
Figure 4.23. E. chloroticus rudiment-stage echinopluteus (21 d) stained with Hoechst nuclear dye, 
LipidToxTM green neutral lipid stain and LipidToxTM red phospholipid stain under confocal 
microscopy. CB, ciliary band; P, pigmented cells; S, stomach. Scale bar: 50 µm. 
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When comparing advanced larval stages of development in sea cucumbers with that 

of sea urchins, 21-day old echinopluteus of E. chloroticus showed a similar distribution of 

lipids to that observed after Nile Red staining; the stomach was the main neutral lipid and 

phospholipid storage location, and no other structure in the larvae seemed to accumulate 

important amounts of lipids, except for the base of the ciliary bands which fluoresced dim 

green (Figure 4.23). The pigmented cells found in the echinopluteus did not fluoresce for 

neutral lipids or phospholipids (Figure 4.23). 

 

4.3.2 Lipid analysis (TLC/FID) 
 

TAG was the most abundant neutral lipid present throughout development of A. 

mollis. Along with FFA, these two neutral lipids showed a significant increase between the 

pre-HS auricularia (14 d) and the doliolaria stage (day 23) (Figure 4.24B,C). In this 

transition, TAG increased by over a factor of 40 (Welch’s ANOVA, F(3,6.78) = 172.43, P < 

0.0001) (Figure 4.24B), while FFA increased by a factor of 6.5 (Welch’s ANOVA, F(3,7.03) = 

284.7, P < 0.0001) (Figure 4.24C). This resulted in a significant increase in total energetic 

lipids of 8.5 times from the pre-HS auricularia (14 d) to the doliolaria stage (Welch’s 

ANOVA, F(3,7.62) = 154.25, P < 0.0001) (Figure 4.24E). PL was the main polar lipid found 

throughout development of A. mollis, and both PL and AMPL increased significantly at the 

doliolaria stage. PL increased by 63% between day 20 and 23 (ANOVA, F(3,16) = 37.96, P < 

0.0001) (Figure 2.25C) and AMPL doubled from day 20 to day 23 (Welch’s ANOVA, F(3,8.29) 

= 1129.7, P < 0.0001) (Figure 4.25B). This was reflected in a significant increase in 

structural lipids (ANOVA, F(3,16) = 109.89, P < 0.0001) (Figure 4.25D) and total lipids 

(ANOVA, F(3,16) = 140.93, P < 0.0001) (Figure 4.25E). 

 

The transition from the doliolaria to the juvenile was marked by an intense utilization 

of the energetic lipid TAG, which halved in only four days (Figure 4.24B). In this period 

FFA remained constant (Figure 4.24C) and a significant increase was observed in other two 

other neutral lipids; AH and DAG (Figure 4.24A,D). AH increased almost four times 

(ANOVA, F(3,8.55) = 43.4, P < 0.0001), while DAG increased three times in the juvenile 

compared with the doliolaria (ANOVA, F(3,7.75) = 41.1, P < 0.0001). PL continued increasing 

steadily during this time (Figure 4.25C), whilst AMPL showed an abrupt increase between 

the doliolaria and the juvenile, almost equalling the amount of PL present in the juvenile 
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(Figure 4.25B). ST showed higher levels at the doliolaria and juvenile than in the previous 

larval stages (ANOVA, F(3,16) = 4.45, P = 0.0189) (Figure 4.25A).  

 

The doliolaria (23 d) contained a high amount of energetic lipids mainly represented 

by TAG, which composed 39% of the whole doliolaria lipid content. The juvenile (27 d) 

contained 26% energetic lipids represented in almost equal measures by TAG and AH. 

 

Figure 4.24. Neutral energetic lipid composition through larval development and 
metamorphosis of A. mollis until the early juvenile stage. Letters above bars indicate 1-way 
ANOVA post-hoc results. Points that do not share the same letter indicate significant 
differences. Bars indicate standard error.  
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Figure 4.25. Neutral structural, polar structural and total lipid composition through larval 
development and metamorphosis of A. mollis until the early juvenile stage. HS, hyaline 
spheres. Letters above bars indicate 1-way ANOVA post-hoc results. Points that do not share 
the same letter indicate significant differences. Bars indicate standard error.  

 
4.3.3 Lipid analysis (TLC) 
 

As indicated in the results section, LTC transport neutral lipids and not polar lipids as 

it would have been expected from their red fluorescent response to Nile Red. Given this, I 

proceeded to isolate neutral lipid types through TLC, re-extract them, and examine their 

individual fluorescent response to Nile Red. 
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Lipid extracts from late auricularia larvae with HS and lipid extracts from sea urchin 

rudiment larvae developed through TLC (neutral solvent system, stained with iodine vapours) 

indicated that, while in sea urchins one of the main neutral lipid classes present in the larvae 

was ST, ST was almost absent in A. mollis. The reverse situation occurred with FFA. FFA 

was barely present in E. chloroticus rudiment larvae but was one of the main neutral lipid 

bands shown on TLC plates from A. mollis lipid extracts. The most abundant lipid class in 

both cases was TAG.  

 

Isolation from the TLC plate of the TAG band from A. mollis larvae lipid extract, re-

extraction and Nile Red staining showed that A. mollis TAG fluoresced yellow,  while the 

next neutral lipid class with increasing polarity, FFA, fluoresced red (Figure 4.26). From this, 

and the fact that both hyaline spheres and LTC strongly fluoresced for neutral lipids 

(LipidTOXTM green neutral lipid stain) and given that TAG and FFAs are the main neutral 

lipids present in A. mollis larvae with HS, it is highly likely that TAG is the main lipid class 

contained in the HS, while LTC transport FFA.  

 

 
Figure 4.26. TLC plate developed in a neutral solvent system containing hexane-diethyl ether-acetic 
acid (80:20:1, by vol.) followed by staining with iodine vapours. Lipid extracts of A. mollis auricularia 
with HS (Am A-HS), doliolaria (Am D) and  E. chloroticus rudiment echinopluteus (Ec R). Labels 
baseline corresponds to the origin. Less polar lipids move further away from the origin. (A) re-
extracted, Nile Red stained TAG band, viewed under blue light excitation, and (B) re-extracted, Nile 
Red stained FFA band, viewed under blue light excitation.     
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4.4 Discussion  
 

HS in A. mollis play a major nutritional role in late larval development and during 

metamorphosis. HS accumulated TAG from nutrients obtained from the larval diet that 

fuelled juvenile formation, and were readily available as an energy source for the settled 

juvenile. LTC were able to take up neutral lipids accumulated in the walls of the oesophagus, 

stomach and intestine, and move them away from the digestive tract through the gel-filled 

blastocoel so lipid stores would not hinder major morphogenic events occurring during 

metamorphosis. The larval gel-filled blastocoel played a fundamental role in the larvae; it 

allowed transit of the LTC and contained conspicuous fibres that held the HS at the tip of the 

larval lobes and pulled the HS back towards the juvenile stomach to be used as an energy 

source. 

 

Through larval feeding, echinoids have been shown to accumulate different neutral 

lipids in preparation for metamorphosis; Strongylocentrotus purpuratus and Evechinus 

chloroticus accumulate FFA under Rhodomonas sp. and D. tertiolecta  diets respectively 

(Sewell, 2005; Meyer et al., 2007), while Tripneustes gratilla accumulates TAG when fed C. 

muelleri (Byrne et al., 2008a; Byrne et al., 2008b). A. mollis larvae fed a mixed diet 

composed of D. tertiolecta, C. muelleri and I. galbana accumulated both TAG and FFA 

towards the mid-metamorphic doliolaria. TAG was more abundant than FFA and was 

concentrated in the HS which kept nutritive stores away from the digestive system in 

preparation for the major morphogenic re-organization that takes place during 

metamorphosis. 

 

Ultra-structurally, HS do not have the appearance of typical lipid droplets (Dautov & 

Kashenko, 1995) and have been described to have a gel-like or connective tissue matrix-like 

texture (Smiley et al., 1991; Dautov & Kashenko, 1995), being denser than sea water, soft 

and malleable (Dautov, 1997). Preliminary fatty acid analysis of larvae that formed HS after 

being fed a mixed and C. muelleri monodiet showed an increased accumulation of palmitic 

acid (16:0) and palmitoleic acid (16:1 n-7) (Appendix I). Considering this, and the 

consistency of fats and oils, where saturated fatty acids (SAFAs) with ten or more carbons are 

solids with high melting points, followed by mono-unsaturated fatty acids (MUFAs) which 

have lower melting points and poly-unsaturated fatty acids (PUFAs) which tend to constitute 

oils (Scrimgeour & Harwood, 2012), it is highly likely that TAG in the HS have palmitic and 
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palmitoleic acid as main constituent fatty acids, conferring them with their characteristic 

gelatinous consistency at normal sea temperature.  

 

Studies suggesting that the HS could fill a nutritional role in holothurian larvae and 

juveniles fail to explain how nutrients could be transported from the digestive system to the 

HS (Smiley et al., 1991; Dautov & Kashenko, 1995). Through the present study I provide two 

non-exclusive approaches to how this transport might be possible: (a) through the epidermis 

of the larvae which possesses cells that contain neutral lipid droplets; and (b) through the 

LTC, which could serve as moving lipid storage units able to release lipid material close to 

the HS. Moreover, LTC also seem to take part in the juvenile utilization of HS material, 

evidence that had been sought in previous studies to attribute the HS to a nutritional role 

(Dautov & Kashenko, 1995).  

 

 Smiley et al. (1991) has previously described how blastula mesenchyme cells can 

detach themselves from the archenteron and lie within the blastocoel. Byrne and Cerra (2000) 

observed embryonic intracellular lipid redistribution in lecithotrophic asteroids and the 

extrusion of lipid droplets into the blastocoel of Patiriella pseudoexigua, both to facilitate 

unimpeded morphogenesis in the embryos and to provide the juvenile with ample nutrient 

reserves. The present research, showing TAG accumulation in the HS and lipid transport in 

the LTC, shows that strategies for lipid redistribution and temporal storage to facilitate 

morphogenesis and provide the juvenile with extensive nutrient reserves might be more 

widely-utilized in both planktotrophic and lecithotrophic echinoderms. 

 

FFA was the second most abundant neutral lipid present in the larvae of A. mollis and 

it appeared to be contained in the LTC. The observation that the LTC might be transporting 

FFA instead of TAG from the stomach to the HS and around the larvae would be reasonable 

if FFA is more easily transported than TAG, or if specific FFA types are needed for TAG 

build-up in the HS. In living systems, FFA is usually bound to protein for transport (e.g. 

albumin or other fatty acid binding proteins) given that in their free state, FFA are powerful 

detergents and can potentially damage cells in a non-specific manner (Harwood, 2012; 

Christie, 2014). The large FFA increase from the auricularia to the doliolaria could be a 

product of larval tissue resorption and incorporation into the LTC and new tissues. If FFA is 

being taken up by the LTC from the digestive system or if LTC are re-absorbing FFA from 
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degradating tissue, or both, it would be of great interest to study how FFA is being 

transported in the larvae to minimize potentially harmful effects.  

 

Blastocoelic cells with similar characteristics to the LTC are evident in images from 

other holothurian larval studies, but have rarely been referred to in detail, other than 

mentioning they could correspond to cytoplasmic masses (Lacalli & West, 2000), vesiculated 

mesenchyme cells (Balser et al., 1993) or amoebocytes which could be holding the HS in 

place (Dautov, 1997). Undoubtedly, the utilization of specific fluorescent dyes in live larvae 

increases the likelihood of detecting otherwise easily overlooked larval features, and opens 

exciting possibilities to track processes related to lipid metabolism, detect and characterize 

specific cell types and observe important cellular processes. Through the enzymatic method 

developed in the present study for the separation and concentration of larval cell types, future 

research employing fluorescent tagging and cell sorting for further isolation of the LTC 

through flow cytometry would allow the study of these cells in-vivo and increase our 

understanding of LTC differentiation, lipid uptake, lipid metabolism and transport 

mechanisms. 

 

Further study is also required to establish the composition and function of the GM 

found during larval development. Previously described by Semon (1888) and Mortensen 

(1937), both authors suggest they might be related to the formation of the larval skeletal 

ossicles. However, A. mollis usually develops only one ossicle on the left posterolateral lobe, 

while two GM develop, one in each posterolateral larval lobe. The GM seem to move closer 

together later in development after the skeletal ossicle had disappeared, and remain until after 

juvenile formation. Mortensen (1937) observed that GM disappeared after spiculogenesis in 

juvenile Stichopus variegatus.  

 

During late A. mollis development AMPL increased substantially, especially in the 

juvenile. This study has shown that glycolipids are a main component of the AMPL peak 

obtained through TLC/FID (Chapter 2). Since glycolipids play important metabolic, anti-

bacterial and antifungal roles (Vaskovsky et al., 1970; Yokota, 2005; Fuchs et al., 2011), 

further separation and testing for bioactivities of glycolipids present in the juvenile of A. 

mollis could provide valuable information on potential stressors that have influenced the 

evolution of production glycolipid substances, and thus point towards potential hazards that 

could affect juvenile settlement and growth in aquaculture.  
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In preparation for metamorphosis, A. mollis stores two neutral lipids previously 

reported to accumulate in echinoids at the same critical time in development (Sewell, 2005; 

Meyer et al., 2007; Byrne et al., 2008a; Byrne et al., 2008b). However, A. mollis accumulates 

and re-distributes lipids in a novel way, which allows the retention and unimpeded re-

orientation of most of the larval digestive system for its incorporation into the juvenile. 

Whether the HS are a pre-requisite for successful juvenile development or they are only 

formed under particularly nutrient-rich conditions, as suggested by Smiley et al. (1991), is a 

question that remains unanswered. However, the information presented here, indicating that 

the HS play a key nutritional role during holothuroid larval development and that TAG is the 

main component in the HS, along with evidencing the unique early life-history adaptation 

that the LTC and their role in lipid storage and distribution represent, constitute major 

contributions to the field of larval biology and will aid important advances in holothuroid 

aquaculture. 
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5 General discussion and future directions 
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This thesis has made significant contributions in the field of early life-history of 

echinoderms. It allowed understanding particular requirements of holothuroid auricularia 

larvae through the investigation of the sea cucumber Australostichopus mollis. The combined 

utilization of biochemical analysis and microscopic techniques, especially in live larvae, 

allowed to quantity the presence, utilization and accumulation of lipids, along with observing 

their distribution and mobilization through larval growth and during the critical time around 

metamorphosis. This discussion will present a summary of the thesis findings related to the 

thesis objectives, describe a model for lipid distribution in A. mollis larvae, present general 

findings and suggest new lines of research that could be explored in the future. 

 

5.1  Main findings and fulfilment of thesis objectives 
 

5.1.1 Size and nutrient composition of A. mollis eggs (Chapter 2) 
 

A. mollis egg size is within the biggest size range reported for planktotrophic 

echinoderms. However, lipid and protein analysis indicated that the nutritional content of A. 

mollis eggs was slightly lower than in other echinoderms with eggs of a similar size, despite 

there appears to be no apparent difference in egg ultrastructure to that of a typical 

planktotroph (Byrne et al., 1999). When comparing egg nutrient composition to that of 

Patiriella regularis, an omnivorous planktotrophic asteroid with similar egg size (Prowse et 

al., 2008), A. mollis eggs contained similar amounts of phospholipid but lower amounts of 

both lipid and protein. Although the lower nutritional content of A. mollis eggs might be a 

reflection of its detritivorous diet, this study supports observations by Moran et al. (2013) 

indicating that egg nutrient composition does not necessarily scale with egg size, that bigger 

eggs from planktotrophic species do not necessarily contain more nutrients that smaller 

planktotrophic eggs, and that evolution of egg size and energy content could be 

independently responding to selective pressures, such as the increase of fertilization success. 

 

Triacylglycerol (TAG) was the main maternally-derived energetic lipid in A. mollis 

eggs. The overall nutrient composition of the egg, mainly represented by structural 

compounds (proteins and phospholipids), closely resembled the general composition of 

echinoderm eggs with planktotrophic development (Jaeckle, 1995; George et al., 1997). 
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5.1.2 Which maternally-derived nutrients are critical for the formation of A. mollis 
feeding larvae? (Chapters 1 and 2) 

 
Maternally-derived TAG fuelled the formation of the auricularia larval body and 

feeding structures, as has been observed in other planktotrophic echinoderms (Podolsky et al., 

1994; Villinski et al., 2002; Sewell, 2005; Byrne et al., 2008a; Byrne et al., 2008b; Prowse et 

al., 2008; Whitehill & Moran, 2012). Phospholipids and proteins, precursors of larval 

structures (Jaeckle, 1995), remained relatively constant during early larval development, as is 

generally the case for echinoderm larvae (George et al., 1997; Sewell, 2005; Meyer et al., 

2007; Prowse et al., 2008).  

 

Approximately 30% of initial egg TAG remained in unfed larvae on day four post-

fertilization, while TAG was completely exhausted by day eight. Through these two time 

points it is not possible to precisely determine when TAG maternal reserves would be 

exhausted, thus it is not possible to establish the facultative feeding period (FFP) for A. mollis 

with certainty. However, it is possible to conservatively say that the FFP lasts until the fourth 

or and fifth day of larval development. This would give an estimated proportion of larval 

development spent facultatively feeding similar to those observed for irregular echinoids with 

egg sizes similar to A. mollis (160 µm) (Miner et al., 2005).  

 

There are no studies on FFP of larval forms similar to holothuroids to perform more 

appropriate comparisons (i.e. asteroids, given the absence of a conspicuous larval skeleton). 

However, the low nutrient content in A. mollis eggs might indicate this sea cucumber species 

uses maternal reserves more slowly, and thus have lower metabolic rates than other 

echinoderms, as appears to be the case for ophiuroids (Falkner et al., 2006; Whitehill & 

Moran, 2012). 

 

5.1.3 Which nutrients acquired through the diet are critical for A. mollis larval 
development? How do they get affected by the diet?  (Chapters 2 and 3) 

 

As observed for the echinoid Tripneustes gratilla (Byrne et al., 2008a; Byrne et al., 

2008b), the same maternally-derived energetic lipid used to fuel the formation of feeding A. 

mollis larvae, TAG, was re-accumulated through exogenous feeding. Diet did not affect the 

type of energetic lipid accumulated by the larvae in preparation for metamorphosis. However, 

diet affected the amount of TAG reserves the larvae were able to accumulate. D. tertiolecta 
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monodiet showed to be inadequate to support larval growth, and it did not provide A. mollis 

larvae with sufficient nutritive material to be accumulated as energetic reserves. Although the 

mixed diet (1:1 of D. tertiolecta and C. muelleri) gave better results on nutrient accumulation 

than D. tertiolecta alone, it did not lead to TAG re-accumulation as it was observed in larvae 

fed C. muelleri monodiet.  

 

5.1.4 How do A. mollis larvae store dietary nutrients as reserves for the non-feeding 
perimetamorphic period? (Chapters 3 and 4) 

 
A. mollis larvae initially accumulated lipid reserves in the stomach, as has been 

observed in other echinoderms (Reitzel et al., 2004; Byrne et al., 2008a). After (a) 

biochemical analysis and (b) observed yellow to green larval stomach fluorescence when 

stained with Nile Red, and green stomach fluorescence when stained with LipidTOX™ 

Green neutral lipid stain, it is possible to infer stomach lipid reserves were probably 

accumulated in the form of TAG. However, further into the auricularia development (~18 

days post-fertilization), lipids appeared to be transferred from the stomach to specialized 

cells, the lipid transporting cells (LTC) in the form of free fatty acids (FFA). LTC probably 

differentiate from cells in the digestive epithelium and become free moving in the gel-filled 

blastocoel.  

 

During late auricularia development, hyaline spheres (HS) started forming in the tips 

of the larval lobes. Through biochemical analysis and fluorescence microscopy, HS proved to 

be important extracellular lipid storage units.   

 

5.1.5 Do hyaline spheres play a nutritional role in A. mollis larval development? 
(Chapters 3 and 4) 

 
HS were a good indicator of larval nutritive condition, and played an important nutritional 

role during the A. mollis perimetamorphic period. I combined (a) the observation of lipid 

class accumulation and utilization through thin layer chromatography/flame ionization 

detection (Iatroscan TLC/FID) with (b) the observation of fluorescently stained 

larvae/juveniles, (c) lipid class separation, isolation and re-extraction from auricularia larvae 

showing HS through traditional thin layer chromatography (TLC) with (d) fluorescent 

staining of re-extracted lipid classes. This demonstrated HS as the main storage place for 

TAG reserves accumulated from the larval diet.  
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TAG reserves accumulated in the HS were utilized to support the formation of the fully 

functional juvenile. Further studies are required to determine if HS are essential for 

metamorphosis and juvenile survival, as well as being a possible indicator for ongoing 

juvenile growth and performance. 

 

5.2 Lipid stores mobilization 
 

Through observations made in this study it is proposed that larval lipid mobilization is 

a strategy which would minimize the obstruction of major morphogenic re-organizational 

events occurring during metamorphosis, while providing the juvenile with extensive nutrient 

reserves. Previous studies showing embryonic lipid redistribution in a lecithotrophic 

echinoderm (Byrne & Cerra, 2000) and the present study, indicate that lipid redistribution 

might be a more widely utilized strategy in both planktotrophic and lecithotrophic 

echinoderms. This is evidenced by lipid mobilization from A. mollis larval digestive system 

towards the HS in the blastocoelic space. 

 

A model is proposed to explain how A. mollis larvae are able to temporarily move lipid 

stores from the digestive system into the blastocoelic space, facilitating morphogenic events 

occurring during metamorphosis. This model is of importance given that previous studies 

suggesting the potential role of the HS as nutrient storage units did not provide a mechanism 

for nutrient transport from the digestive system to the HS (Smiley et al., 1991; Dautov & 

Kashenko, 1995). At the same time, the model describes a unique early life-history adaptation 

which involves active lipid transport by specialized cells (LTC), making an important 

contribution to the field of marine invertebrate larval biology. 

 

It is proposed that the movement of lipid stores from the stomach into the blastocoel 

could occur simultaneously via two separate routes: (a) through the larval epidermis; and (b) 

through lipid transporting cells (LTC).  

 

The larval epidermis of A. mollis auricularia larvae is composed of a thin layer of 

squamous epithelial cells which contain neutral lipid droplets. The gel-filled blastocoel in 

echinoderm larvae has shown to provide a gelatinous supporting skeleton and an extracellular 

network of organic material (Strathmann, 1989). Lipid material in the epidermal cells could 
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be obtained by direct lipid uptake from the supporting blastocoelic organic matrix or through 

direct lipid transfer from neighbouring cells, forming a surface-network for lipid transport 

from the stomach towards the area of formation of the HS.  

 

The above mentioned mechanism of epidermal lipid cell transport seems to be 

complemented by more direct and active lipid transport by LTC. LTC appear to differentiate 

from mesenchymal cells in the digestive epithelium and actively incorporate lipid stores. 

Eventually, LTC detach from the stomach epithelium and become free-moving in the larval 

blastocoel. Independent cell movement could be supported by alterations in viscosity of the 

blastocoelic matrix (Strathmann, 1989).  

 

 In the blastocoel, LTC serve as temporary lipid storage units, and might also transport 

and release lipids in the area of formation of the HS. It is possible that LTC could also 

originate from other cell-types found in the larval blastocoel; particularly from one of the 

blastocoelic cell-types observed in A. mollis, which closely resembled the progenitor cells 

which form all coelomocyte cell-types in adult echinoderms (Smith, 1981). It would also be 

interesting to assess the possible role of the granular masses (GM) in the formation of the 

LTC. If LTC originate from a blastocoelic progenitor-type cell, it would be necessary to 

assess how LTC move towards the digestive system and take up lipids for transport. Future 

research could employ the collagenase method for separation of larval cell-types developed in 

this study followed by fluorescent tagging and cell sorting for further isolation of the LTC. 

This isolation path could allow the study of LTC in vivo, increase our understanding of their 

differentiation, lipid uptake, lipid metabolism and transport mechanisms. 

 

Once lipid reserves are mobilized towards the larval lobes through the epidermal cell 

matrix and LTC, macrophage-like cells seem to mediate HS formation. HS seem to be held in 

place by local increases in blastocoelic viscosity around the HS, as shown by increased 

aggregation of blastocoelic collagen/elastin fibres. Later in development, blastocoelic fibres 

seem to pull the HS back towards the juvenile stomach to be used as an energy source. Close 

to the juvenile stomach, LTC participate in the HS degradation process occurring after larval 

settlement and during early juvenile development. 
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5.3 General implications and future directions 
 

The present study provides the first egg lipid-class data for holothuroids, and suggests 

that TAG may be the ancestral energy storage lipid type in all echinoderm classes (Villinski 

et al., 2002; Sewell, 2005; Falkner et al., 2006; Falkner, 2007; Meyer et al., 2007; Byrne et 

al., 2008b; Prowse et al., 2009; Whitehill & Moran, 2012). At the same time, this study 

indicates TAG may be the main energetic lipid fuelling the formation of planktotrophic 

echinoderm larvae (Podolsky et al., 1994; Sewell, 2005; Byrne et al., 2008a; Prowse et al., 

2008; Whitehill & Moran, 2012), and along with FFA, be the main energetic lipid 

accumulated through feeding by echinoderm larvae in preparation for metamorphosis and 

juvenile formation (Sewell, 2005; Meyer et al., 2007; Byrne et al., 2008a; Byrne et al., 

2008b).  

 

Further studies should aim at relating holothuroid egg size and nutrient composition. Such 

studies would be necessary to determine if low egg nutrient content is a characteristic feature 

of planktotrophic holothuroid species with large egg sizes, and might allow an explanation 

for the absence of a clear separation between egg size modes of species with different 

developmental modes (Sewell & Young, 1997). At the same time, further studies linking egg 

size and nutrient composition would assess observations by Moran et al. (2013) suggesting 

the independent evolution of egg size and nutritional content. Studies focused on accurately 

estimating the FFP and metabolic rate in A. mollis larvae, as well as in larvae of other 

holothuroid species, are essential to determine if there are different strategies of maternally-

derived nutrient utilization between echinoderm classes, as suggested in the studies by 

Whitehill and Moran (2012).  

 

Observations that egg TAG reserves are essential for A. mollis larval development has 

important implications for the sea cucumber aquaculture industry, given that it is highly 

likely that larval reliance on maternally-derived TAG is also the case for other holothuroid 

species of commercial interest. As observed by Gago et al. (2009), brood stock conditioning 

is possible through adult diet manipulation. Adult conditioning could be directed towards the 

production of eggs with high TAG content, accelerating larval development and increasing 

larval survival. At the same time, larval diets could be selected given that they provide 

necessary dietary precursors for enhanced larval TAG accumulation, while further studies on 

required species-specific fatty acid composition could direct the selection on microalgal diets 
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and formulation of increasingly popular microencapsulated diets (George et al., 2008; Gago 

et al., 2009). 

 

Through the present study it has been demonstrated that the presence of HS in auricularia 

larvae is a direct indicator of TAG accumulation, and thus a reliable indicator of larval 

nutritional state. C. muelleri was shown to be a good microalgal diet for A. mollis larvae. 

However, rapid assessment of larval HS formation would allow easy trials of potentially 

better diets, such as more nutritionally complete mixed microalgal diets. Mixed diets have 

been reported to sustain better larval growth in holothuroids than single-species diets 

(Mercier & Hamel, 2013). C. muelleri fatty acid composition might be a key determinant of 

the suitability of this monodiet for A. mollis larvae. C. muelleri contained high concentrations 

of the long-chain poly-unsaturated fatty acid (PUFA) eicosapentaenoic acid (EPA) required 

for A. mollis development. A. mollis larvae seemed to directly incorporate EPA from C. 

muelleri diet, while larvae fed other diets synthesised EPA from dietary precursors. C. 

muelleri was also rich in palmitic and palmitoleic acid, fatty acids that accumulate in larvae 

with HS. 

 

Studies indicate that echinoids may be able to elongate and desaturate short-chain PUFAs 

into long-chain PUFAs (Schiopu et al., 2006; George et al., 2008). The present study shows 

that A. mollis might also be capable of PUFA elongation and desaturation, reflecting a 

possibly widespread ability within echinoderms.  

 

Through TLC it was possible to demonstrate that glycolipids are a main component of 

the AMPL peak detected through TLC/FID. Glycolipids play important metabolic, anti-

bacterial and antifungal roles (Vaskovsky et al., 1970; Yokota, 2005; Fuchs et al., 2011). 

Their presence in A. mollis eggs, and especially in the juvenile, indicate the production of 

chemicals of a possible defensive nature. Glycolipid isolation and testing for bioactivities 

could provide valuable information on potential stressors affecting these life stages. 

Minimizing these stressors in culture conditions might also lead to the optimization of 

aquaculture procedures.  

 

The utilization of fluorescence microscopy allowed a deeper level of understanding of A. 

mollis development. It made possible the objective morphological interpretation of lipid 

accumulation and utilization patterns observed through lipid biochemical analysis. 
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Undoubtedly, the utilization of specific fluorescent dyes in live larvae increases the 

likelihood of detecting otherwise easily overlooked larval features, opening the possibility to 

follow important morphogenic processes in real time. Future studies utilizing fluorescent 

markers could follow the incorporation of lipids from the diet to the digestive epithelium and 

from the digestive epithelium through the larval epidermis and LTS to the HS. The utilization 

of fluorescent markers able to indicate TAG lipase activity and fatty acid release would be 

essential to prove that LTC transport lipids in the form of FFA. At the same time, specific 

fatty acid fluorescent stains could indicate the presence of specific fatty acid types in the HS, 

where stains could be selected on the basis of preliminary assessment of larval TAG fatty 

acid composition obtained through TAG band separation in TLC, re-extraction and fatty acid 

analysis. 
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7 Appendix I Fatty acid composition of A. mollis eggs and 
larvae reared under different microalgae diets 
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7.1 Introduction 
 

Fatty acids are the main components of simple and complex lipids such as 

glycerolipids (e.g. triacylglycerol, diacylglycerol, and monoacylglycerol), phospholipids (e.g. 

phosphatidylethanolamine, phosphatidylcholine), sphingolipids (e.g. ceramides and 

sphingomyelins) and glycolipids (e.g. glycoglycerolipids and glycosphingolipids) 

(Scrimgeour & Harwood, 2012; Christie, 2014). The simple lipid triacylglycerol constitute 

energetic stores of plants and animals, allowing the storage and transport of fatty acids inside 

an organism in the form of serum lipoproteins (Harwood, 2012). Phospholipids have 

important structural functions being major membrane lipid components, while sphingolipids 

and glycolipids play essential roles in the nervous system, defence, cellular signalling, 

regulation and cellular trafficking (Harwood, 2012; Christie, 2014). 

 
Fatty acids are synthesized in nature via the joint action of acetyl-CoA (coenzyme A) 

carboxylase and fatty acid synthase, and correspond to aliphatic monocarboxylic acids with 

chain lengths between C4 and C22, with chains of 18 carbon atoms the most common (Bergé 

& Barnathan, 2005; Harwood, 2012; Scrimgeour & Harwood, 2012). Twenty fatty acids are 

abundant in nature from over 1000 known types; diversity arises from the fact that fatty acid 

carbon chains can be elongated and double bonds or functional groups introduced via specific 

enzymatic action in certain living organisms (Bergé & Barnathan, 2005; Scrimgeour & 

Harwood, 2012). Most of the vast array of fatty acids can be grouped according to the degree 

of unsaturation of their carbon chains into a) saturated fatty acids (SAFAs), those with no 

double bonds in their structure, b) mono-unsaturated fatty acids (MUFAs), those with one 

double bond in their carbon chain and c) poly-unsaturated fatty acids (PUFAs), which have 

two or more double bonds (Bergé & Barnathan, 2005; Scrimgeour & Harwood, 2012).  

 
The ability of an organism to synthesise de-novo or convert fatty acids obtained from 

the diet (i.e. elongate, desaturate, introduce functional groups) decreases with increasing 

trophic level. Primary producers continuously synthesize fatty acids de novo from 

photosynthetically fixed CO2 and incorporate these into their tissues; they are the only 

organisms that can desaturate C18 fatty acids in the carbon positions 3 and 6 from the methyl 

end, creating essential n-6 and n-3 PUFAs (namely linoleic and α-linolenic acid) (Scrimgeour 

& Harwood, 2012). Animals need to obtain essential fatty acids from the diet to incorporate 

to their own tissues and further modify them according to need and capability to obtain other 
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required PUFAs (Bergé & Barnathan, 2005; Iverson, 2009; Scrimgeour & Harwood, 2012). 

Due to this decreased ability to transform fatty acids, dietary fatty acids are incorporated to 

the consumer tissues relatively unchanged, allowing for the use of fatty acids as biomarkers, 

indicators of lipid metabolism and as an ecological tool to discern trophic relationships 

(Bergé & Barnathan, 2005; Iverson, 2009). 

  

Fatty acid composition of marine primary producers and consumers has been largely 

studied in the last decades, providing essential information on marine food webs and 

biosynthetic pathways (Graeve et al., 2002; Lee et al., 2006; Parrish, 2013). Microalgae, 

important primary producers in marine ecosystems and the main food source for marine 

invertebrate larvae, have been studied with respect to their fatty acid composition as means to 

establish microalgae nutritional quality and its relation to the nutritive condition of cultured 

marine invertebrate larvae (e.g. Metzman et al., 1978; Volkman et al., 1989; Napolitano et al., 

1990; Zhukova & Aizdaicher, 1995; Brown et al., 1997; Pernet et al., 2003). This has 

especially been the case for species with high economic value (e.g. Chu & Webb, 1984; 

Whyte et al., 1989; Marty et al., 1992; Thompson & Harrison, 1992; Jonsson et al., 1999; 

Narciso & Morais, 2001; Pernet & Tremblay, 2004). More studies have recently been carried 

out on non-commercial marine invertebrates, particularly echinoderms (Schiopu et al., 2006; 

George et al., 2008; Gago et al., 2009), in an effort to understand larval nutritional 

requirements, elucidate larval nutrient assimilation and transformation abilities. In the case of 

species of commercial interest, efforts aim towards developing the best dietary mixtures to 

achieve optimal larval growth.  

 
In this preliminary study, the fatty acid composition of the eggs of the commercial 

New Zealand sea cucumber Australostichopus mollis was analysed to identify maternally-

derived fatty acid contribution. The fatty acid composition of auricularia larvae reared under 

four diets consisting of three different microalgal species was also examined: two microalgae 

species were selected for supporting good echinoderm larval growth and one for being sub-

optimal for larval growth, all having different fatty acid composition profiles (Pechenik, 

1987; Zhukova & Aizdaicher, 1995; Schiopu & George, 2004; George et al., 2008). 

Auricularia larvae were obtained at two physiologically important times in development, 

before and after the time of hyaline sphere formation. The present study will help us to 

further understand and interpret, in terms of the fatty acids, patterns of lipid utilization, 
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synthesis and distribution observed during development of A. mollis detailed throughout the 

three main chapters of this thesis. 

 

7.2 Material and Methods 
 
7.2.1 Egg collection and larval culture 
 

In December 2013, adult A. mollis were collected from the rocky subtidal region 

around Ti Point, east coast of New Zealand (36º 19’20.39” S; 174º47’28.7” E) using SCUBA 

between 4-15 metres deep. The time of collection coincided the species  reproductive season, 

which runs from October to March (Sewell, 1992). 

 
Fifty sea cucumbers were collected to obtain an even sex ratio of individuals (Sewell, 

1992). They were transported in sealed sea water barrels containing ice packs to the marine 

laboratory at The University of Auckland, where they were held to acclimatize for a few days 

in two static 1µm filtered sea water (FSW) tanks filled up to 20 cm height with FSW (25 

individuals per tank of dimensions H 30 cm, L 80 cm, W 55 cm). These tanks were set up 

with 45 x 50 cm intertwined pieces of plastic garden mesh to provide increased crawling 

surface for the animals, thus lowering the occurrence of common skin infections (per. obs.). 

Sea cucumbers were not fed and water changes were performed daily for at least the first 

three days to allow the emptying of gut contents and clean handling of the brood stock.  

 
A spawning tank with air stones (20 L tank containing nine sea cucumbers) was set up 

around the main moon phases (Archer, 1996; Morgan, 2009); new moon, first quarter, last 

quarter and full moon. At each moon phase spawning was induced using a combination of 

temperature and microalgae shock (Agudo, 1996). Temperature shock consisted of reducing 

the temperature of the spawning tank containing the sea cucumbers by placing the tank in the 

fridge (4ºC) until water temperature decreased by 10ºC and then letting the tank return to 

room temperature naturally (19º ± 2ºC) over the next four hours.  Microalgae shock consisted 

of adding 0.5 L of a concentrated mixture of Chaetoceros muelleri, Dunaliella tertiolecta and 

Isochrysis galbana (CSIRO, Australia) to the spawning tank one hour after the tank was 

removed from the fridge. If spawning induction was unsuccessful, sea cucumbers were 

returned to re-acclimatize in the main static tanks with the other sea cucumbers. At the next 

moon phase, 9 individuals were obtained from the static tanks and induced to spawn again as 

outlined above. After one of the spawning inductions on the 27 of November 2013 at 9.00am 
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(first quarter moon), eggs were found in the spawning tank on the 2nd of December at 

1.00pm.  

 

After spawning, fertilized eggs, which were in suspension due to aeration in the 

spawning tank, were carefully siphoned out using a plastic hose (0.5 cm diameter) avoiding 

obtaining eggs and debris that had settled on the bottom. Fertilized eggs were concentrated 

using a 75 µm mesh filter and gently washed with 1 µm FSW. Half of the fertilized egg 

suspension was processed and stored frozen at -80ºC fatty acid analysis, while the other half 

was retained for ongoing larval cultures. 

 
For egg sample collection, eggs were placed in a 50 ml Falcon tube on ice and the 

concentration was estimated by counting the number of eggs present in a known volume of 

suspension (n = 6). A sample of ~5000 eggs was placed in a 1.5 ml Eppendorf tube, 

centrifuged briefly (3000 RPM for 10 s) and excess sea water was removed with a drawn 

Pasteur pipette. This sample was stored at -80ºC until fatty acid analysis. 

 
After washing with 1 µm FSW, the remaining half of the fertilized egg suspension 

was transferred to 4 L plastic rearing tanks (n = 10) containing 1 µm FSW set with gentle 

aeration using plastic tubing fitted with an air flow regulator and glass Pasteur pipette. These 

4 L rearing tanks represented technical replicates derived from the same source of biological 

material, the spawning tank. Rearing tanks were stocked at an initial density of 5-10 

eggs/embryos ml-1 and gradually decreased to 1.5 larvae ml-1 at the time of first feeding (2 

days post-fertilization). Rearing tanks were held under constant light (12:12 h light:dark 

cycle) and constant temperature conditions (19 ± 0.5ºC). 

   
Stock and feeding cultures of three microalgae species; Isochrysis galbana, 

Dunaliella tertiolecta and Chaetoceros muelleri (CSIRO Australia), were maintained to feed 

the larvae. Microalgal cultures, supplemented with 20 ml/L of Guilliard’s F/2 marine water 

enrichment solution containing silica (Sigma-Aldrich), were kept at ~21ºC in autoclaved 

FSW under constant illumination and mixing through aeration. Before being fed to the larvae, 

microalgae were concentrated by gentle centrifugation (3000 RPM for one minute) to reduce 

the amount of culture media transferred to the larval culture tanks.  
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Larval feeding began when the larvae showed a fully developed gut (between 24-48 

h). At this time, larval cultures were re-distributed an assigned one of four diet treatments (n 

= 2 per treatment); Isochrysis galbana monodiet, Dunaliella tertiolecta monodiet, 

Chaetoceros muelleri monodiet and a mix of the species 1:1:1 ratio.  Microalgae were 

collected during log growth phase, where a final concentration of 3000 microalgae cells per 

ml was delivered to each larval culture twice daily, ensuring that the larvae showed 

microalgae inside the gut but not at such high concentrations that it impeded larval 

swimming. 

 

Larval cultures were cleaned every two days using a clean plastic hose. The water 

containing the larvae was gently siphoned out from the dirty to a clean tank avoiding transfer 

of debris that had settled on the bottom. Once in a clean tank, 70% of the water containing the 

larvae was removed through reverse filtration (75 µm filter) and replaced by fresh 1 µm 

FSW, thus keeping the larvae in a clean tank and preventing bacterial and algal growth. Used 

tanks, hoses and filters were cleaned using high-pressure hot water from the tap and left to 

dry at room temperature.  

 
A sample of ~5000 larvae was obtained at the auricularia pre-HS (18 d) and late 

auricularia with expected hyaline spheres/doliolaria (24 d) for fatty acid analysis. This was 

done by combining samples obtained simultaneously from both technical replicate tanks per 

diet treatment at each sampling point. These samples were collected at least 38 h after 

cleaning the tanks, so that the tanks and guts of larvae were devoid of microalgal food. 

Counts from the larval suspension were as described for the eggs.  

 
Microalgae samples were also collected for fatty acid analysis. 50 ml of standing 

cultures of Isochrysis galbana, Dunaliella tertiolecta and Chaetoceros muelleri during the 

log growth phase were gently centrifuged for 10 min (2000 RPM) and the pellet was 

transferred to a 1.5 ml Eppendorf tube, centrifuged briefly (2000 RPM for 10 s), excess sea 

water removed with a drawn Pasteur pipette and kept frozen at -80ºC until analysis. 

 
Samples kept at -80ºC were transported in a dry shipper to Callaghan Innovation 

facilities in Wellington where they were extracted and prepared for fatty acid analysis under 

the supervision of lipid scientists from Callaghan Innovation’s integrated bioactive 

technologies division (IBT). 
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7.2.2 Lipid extraction  
 

Lipid extracts were prepared using a Bligh and Dyer (1959) lipid extraction method. 

100 µl of Milli-Q water were added to a 300 µl frozen pellet containing the sample. The 

sample was tip ultra-sonicated on ice, transferred to a 4 ml glass vial (Grace), and 1 ml of 

methanol (LiChrosolv® Hypergrade, Merck) and 500 µl of chloroform (LiChrosolv® 

Hypergrade, Merck) were added, vortexed for one minute and centrifuged at 3500 RPM for 

10 min. The mixture was transferred to a second vial, avoiding transferring the protein pellet. 

500 µl chloroform and 500 µl Milli-Q water were added, vortexed for one minute, centrifuged 

at 3500 RPM for 10 min and the lower chloroform layer containing lipids transferred to a 2 

ml GC vial (Grace), dried it under instrument-grade N2 gas, re-dissolved in 100 µl of 

chloroform and transferred it to a 250 µl GC insert (Grace). 

 

7.2.3 FAME preparation and analysis 
 

Fatty acid methyl esters (FAME) were prepared from the total lipid extracts using the 

method of Carreau and Dubacq (1978). Total lipid extracts in 100 µl of chloroform were 

transferred to a 2 ml glass vial, dried down under analytical grade nitrogen gas and re-

dissolved in 50 µl of toluene. 100 µl of 1% sodium methoxide in methanol (by vol.) were 

added to the sample and the sample was vortexed to dissolve. The sample was then placed in 

an oven at 60ºC for 20 min. Once cooled down, 200 µl of 5% methanolic HCl (by vol.) was 

added; the sample was vortexed and placed again in the oven at 60ºC for 20 min. After 

cooling, 100 µl of ultrapure water (UPW) and 500 µl of hexane was added, the mixture was 

shaken, layers were left to separate for 10 min and the top layer was dried down under 

analytical grade nitrogen gas, re-dissolved in 100 µl of chloroform (LiChrosolv® 

Hypergrade, Merck) and taken for gas chromatography (GC) analysis. 

 
FAME were analysed on a Trace GC Ultra (Thermo Fisher Scientific) gas 

chromatograph equipped with flame ionization detector (FID) and TraceGold TG-WaxMS 

(30 m x 0.25 mm, film 0.25 μm) capillary column (Thermo Fisher Scientific, USA) and Tri 

Plus auto injector (Thermo Scientific). Helium was used as carrier gas with 30:1 split and 1.9 

ml/min flow. Injector and detector temperatures were both 280 ºC and the oven temperature 

was held at 190 °C for up to 75 min. 1 µl sample was injected and individual peaks of FAME 

were identified by comparison with GLC 714 (Nu-Check Prep, Inc.) and AOCS reference 
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fish oil as standards of FAME and by equivalent chain length (ECL) values (Stránský et al., 

1992) using Chrom-Card V 2.11 software (Thermo Scientific). 

 

7.3 Results and discussion 
 

In the present investigation, fatty acid composition of the microalgae species utilized 

as larval feed corresponded well with those reported in other research for the same species 

and related microalgae genera (Napolitano et al., 1990; Zhukova & Aizdaicher, 1995; Pernet 

et al., 2003; Schiopu et al., 2006; George et al., 2008). I. galbana had the highest amount of 

the SAFA myristic acid (14:0), followed by C. muelleri, while very low levels were 

encountered in D. tertiolecta (Table 7-1). Levels of palmitic acid (16:0) were high in all 

species, especially C. muelleri, while other SAFAs were present in low quantities. As shown 

in other research (Napolitano et al., 1990; Zhukova & Aizdaicher, 1995), C. muelleri had 

very high amounts of the MUFA palmitoleic acid (16:1 n-7), which was less abundant in the 

other two microalgae species. Oleic acid (18:1 n-9) was highest in I. galbana followed by D. 

tertiolecta (Table 7-1). Short-chain PUFAs were not very abundant in C. muelleri, while D. 

tertiolecta showed high amounts of α-linolenic acid (18:3 n-3, ALA) which is characteristic 

of this species (Zhukova & Aizdaicher, 1995; Schiopu et al., 2006; George et al., 2008). I. 

galbana had high stearidonic acid content (18:4 n-3, SDA). Long-chain PUFAs were not 

particularly abundant in the microalgae, excepting for high eicosapentaenoic acid (20:5 n-3, 

EPA) content in C. muelleri and relatively high docosahexaenoic acid content (22:6 n-3, 

DHA) in I. galbana, which has also been shown in previous research (Napolitano et al., 1990; 

Schiopu et al., 2006; George et al., 2008) (Table 7-1).  

 

Fatty acid composition of the eggs of A. mollis showed four main fatty acid 

components: palmitic acid (16:0), palmitoleic acid (16:1 n-7), arachidonic acid (20:4 n-6, 

ARA) and eicosapentaenoic acid (20:5 n-3, EPA), which were also components of the larvae 

regardless of the diet treatment (Table 7-2). Through development, short-chain SAFA levels 

were much higher in the diet than in the larvae, especially in the case of palmitic acid (16:0). 

Only the larvae fed C. muelleri and a mixed diet showed high palmitic acid levels; larvae fed 

C. muelleri showed high palmitic acid levels on days 18 and 24, while larvae fed a mixed diet 

showed high palmitic acid levels at 24 days of development (Table 7-2). In contrast, longer 

chain SAFA levels were higher in the larvae than in the diet, which was the case for stearic 
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(18:0) and behenic acid (22:0), suggesting that larvae might be able to elongate these SAFAs 

for further fatty acid transformation (Table 7-2). 

Table 7-1. Percentage of major identified fatty acids from the microalgae D. tertiolecta, I. galbana 
and C. muelleri. Bold numbers indicate values over 7%. Reported values in table correspond to fatty 
acids found over 1% in the samples. 
 

 
 

MUFAs were not very abundant in the larvae compared with the diet; palmitoleic acid 

(16:1 n-7) was, like palmitic acid, abundant in larvae fed C. muelleri at both sampled 

developmental times and on day 24 for larvae fed a mixed diet, while oleic acid (18:1 n-9) 

Fatty acids Common name D. tertiolecta I. galbana C. muelleri
14:0 Myristic 0.31 21.82 7.74
16:0 Palmitic 13.29 10.31 19.58
i17:0 2.72 ND 0.27
17:0 1.18 ND ND
18:0 Stearic 0.35 0.36 0.41
20:0 Arachidic ND 0.20 ND
22:0 Behenic ND 0.1 ND
14:1 n-5 1.90 1.62 0.36
16:1 n-9 0.14 0.20 0.18
16:1 n-7 Palmitoleic 0.14 5.56 32.30
16:2 ND 1.06 1.88
16:3 n-4 or 17:1 0.14 0.50 4.71
16:3 n-3 2.32 0.69 0.10
18:1 n-9 Oleic 1.37 11.16 0.35
18:1 n-7 Vaccenic 1.74 1.79 0.92
18:2 n-6 LA Linoleic 3.14 3.30 0.48
18:3 n-6 3.16 0.45 1.82
18:3 n-3 ALA α-Linolenic 36.86 5.81 ND
18:4 n-3 SDA Stearidonic 1.09 17.01 0.54
20:1 n-9 ND 0.30 ND
20:2 n-6 ND ND ND
20:4 n-6 ARA Arachidonic ND 0.28 3.07
20:5 n-3 EPA Eicosapentaenoic ND 0.81 11.67
22:4 n-6 ND ND ND
22:5 n-6 ND 1.06 ND
22:6 n-3 DHA Docosahexaenoic ND 6.08 1.81
24:1 n-9 ND ND ND
SAFA 17.85 32.49 28.00
MUFA 5.30 20.33 34.11
PUFA 46.70 28.83 26.07

127 
 



 

was slightly less abundant in larvae fed C. muelleri (Table 7-2). Short chain PUFAs did not 

accumulate in the larvae as it would have been expected from the diet, except in the case of 

α-linolenic acid (18:3 n-3, ALA) in the larvae fed D. tertiolecta which had very high amounts 

of ALA. Larvae instead accumulated high levels of the long-chain PUFAs which were 

present at low levels in the diet, arachidonic acid (ARA) and eicosapentaenoic acid (EPA). A. 

mollis larvae may therefore be able to elongate and desaturate short-chain PUFAs as 

observed in echinoid larvae (Schiopu et al., 2006; George et al., 2008), which could be the 

case given the higher PUFA conversion efficiency that marine organisms possess compared 

with their terrestrial counterparts (Bergé & Barnathan, 2005). In the case of larvae fed C. 

muelleri, which is very low in short-chain PUFA precursors, the larvae might have been able 

to take up EPA directly from the diet. This would explain why A. mollis larvae grew so well 

under this diet (Table 7-2). Docosahexaenoic acid (22:6 n-3, DHA) was not abundant in 

larval tissues, even when it was reasonably high in I. galbana. This supports previous 

observations in echinoderms that DHA, which is involved in complex sensory functions, 

might not be important for echinoderm development (George et al., 2008). 

 

Although in this research individual lipid classes in the diet were not measured, 

Chaetoceros spp. have been reported to contain high levels of triacylglycerol (TAG) and free 

fatty acids (FFA), with FFA occurring naturally in these microalgae (Volkman et al., 1989; 

Napolitano et al., 1990). Chaetoceros spp. TAG and FFA abundances can be around five to 

15 times higher than in Dunaliella spp. and Isochrysis spp.  (Volkman et al., 1989; 

Napolitano et al., 1990).  

 

Through the results outlined within the chapters of this thesis it is possible to observe 

that TAG plays an essential energetic role during early and late development of A. mollis 

larvae.  Maternal TAG deposited in the egg supported the formation of the feeding auricularia 

larva and was available through the facultative feeding period (Chapters 2 and 3), becoming 

depleted in unfed treatments after day eight. In fed larvae TAG subsequently re-accumulated 

through larval feeding towards the late auricularia stage, particularly when fed a monodiet of 

C. muelleri and to a lesser extent when fed a mixed diet. No re-accumulation of TAG was 

observed when larvae were fed a D. tertiolecta monodiet or unfed (Chapter 3). The observed 

increase in TAG during late auricularia larval development was shown to be directly related 

to the number of hyaline spheres produced by the auricularia larvae after day 20 (Chapter 3). 

Through the utilization of specific fluorescent lipid dyes and TLC re-extraction and 
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fluorescent staining it was possible to demonstrate that TAG was in fact the main component 

of the hyaline spheres (Chapter 4).  

 
Table 7-2. Percentage of major identified fatty acids from A. mollis eggs and auricularia larvae (18 
and 24 days old) fed microalgae monodiets D. tertiolecta, I. galbana, C. muelleri and a mixed diet of 
the three algal species. Bold numbers indicate values over 7%. Reported values in table correspond to 
fatty acids found over 1% in the samples. 
 

 
 

When observing the fatty acid composition of the larvae, it is possible to note that 

long-chain PUFAs are present in similar amounts though larval development under all diet 

treatments. Palmitic and palmitoleic acid are the only fatty acids that are noticeably higher in 

larvae fed C. muelleri and a mixed diet, which were the only larvae to develop hyaline 

spheres. It is highly likely then that TAG in the hyaline spheres might have palmitic and 

palmitoleic acid as component fatty acids, and that these might play an important role in the 

Fatty acids Common name Eggs 18 days 24 days 18 days24 days 18 days 24 days 18 days 24 days
14:0 Myristic 2.61 0.35 0.40 1.08 0.56 1.91 1.91 1.22 2.22
16:0 Palmitic 8.65 4.36 3.11 4.08 2.44 8.07 9.50 5.32 8.58
i17:0 1.09 0.13 0.12 ND ND ND 0.10 0.12 ND
17:0 0.90 0.20 0.20 0.30 0.20 0.30 0.30 0.20 0.30
18:0 Stearic 3.80 2.58 2.02 2.50 2.95 4.36 3.40 2.47 2.88
20:0 Arachidic 1.63 1.09 0.83 0.91 0.81 0.97 0.87 0.93 0.70
22:0 Behenic 1.55 3.23 2.47 3.43 3.45 3.26 2.97 3.61 2.41
14:1 n-5 0.20 ND ND ND ND ND ND ND ND
16:1 n-9 1.20 0.38 0.28 0.16 0.12 0.25 0.30 0.31 0.32
16:1 n-7 Palmitoleic 7.50 1.58 0.90 1.03 0.43 14.06 14.47 2.73 11.62
16:2 0.64 0.53 0.55 0.39 0.41 1.01 0.80 0.24 0.82
16:3 n-4 or 17:1 0.91 0.69 1.09 0.52 0.64 2.56 1.06 0.84 1.38
16:3 n-3 0.10 0.40 0.10 ND ND ND ND 0.10 0.10
18:1 n-9 Oleic 2.64 4.51 4.11 4.30 2.44 2.37 2.58 4.96 2.61
18:1 n-7 Vaccenic 4.53 2.28 2.23 1.87 1.59 2.57 2.54 2.27 2.16
18:2 n-6 LA Linoleic 0.71 3.01 3.22 1.07 0.82 0.33 0.25 1.72 0.94
18:3 n-6 0.20 0.90 0.70 ND ND 0.50 0.50 0.40 0.60
18:3 n-3 ALA α-Linolenic 0.29 10.56 9.03 0.73 0.35 ND ND 3.38 2.11
18:4 n-3 SDA Stearidonic 0.44 0.35 0.18 1.28 0.40 0.23 0.28 1.00 1.41
20:1 n-9 0.73 1.02 0.71 1.13 0.70 1.06 1.11 1.31 0.72
20:2 n-6 1.10 2.26 2.29 1.61 1.77 0.79 0.68 1.77 1.28
20:4 n-6 ARA Arachidonic 11.02 11.43 13.41 15.33 21.05 11.89 11.54 12.96 8.04
20:5 n-3 EPA Eicosapentaenoic 12.39 8.04 11.25 15.49 14.07 17.30 17.19 14.63 17.91
22:4 n-6 1.24 3.95 4.74 5.39 6.98 2.23 2.71 2.98 2.34
22:5 n-6 0.94 1.17 0.87 1.96 1.60 0.25 0.29 1.03 0.84
22:6 n-3 DHA Docosahexaenoic 1.99 1.80 1.91 4.58 2.09 2.19 2.00 4.57 3.72
24:1 n-9 2.61 5.69 5.92 5.50 5.46 3.38 3.48 5.77 3.77
SAFA 19.34 11.74 8.94 12.00 10.22 18.57 18.74 13.66 16.79
MUFA 19.22 15.46 14.16 14.00 10.75 23.70 24.47 17.37 21.20
PUFA 31.67 43.79 48.54 48.36 50.19 38.78 36.82 45.12 40.79

D. tertiolecta I. galvana C. muelleri Mixed
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build-up of A. mollis larvae energetic reserves. It is also likely that these fatty acids are 

largely incorporated from the diet, given that C. muelleri has high contents of palmitic and 

palmitoleic acid.  

Ultra-structurally, hyaline spheres do not have the appearance of typical lipid droplets 

(Dautov & Kashenko, 1995) and have been described to have a gel-like or connective tissue 

matrix-like texture (Smiley et al., 1991; Dautov & Kashenko, 1995), being denser than sea 

water, soft and malleable (Dautov, 1997). Considering the consistency of fats and oils, where 

SAFAs with 10 or more carbons are solids with high melting points, followed by MUFAs 

which have lower melting points and PUFAs which tend to constitute oils (Scrimgeour & 

Harwood, 2012), it is highly likely that TAG in the hyaline spheres have palmitic and 

palmitoleic acid as main constituent fatty acids. Therefore, TAG likely confers the hyaline 

spheres with their characteristic gelatinous consistency at normal sea temperature.  

Larvae fed I. galbana and D. tertiolecta did not accumulate palmitic or palmitoleic 

acid from that present in the diet. I. galbana is known to be a sub-optimal feed for 

echinoderm larvae (Pechenik, 1987). Observing that under I. galbana diet these two fatty 

acids are not re-accumulated might also indicate that they need to be available in large 

quantities in the diet so that larvae can accumulate these as energetic reserves. 
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