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Abstract 

The oceans of the world cover approximately 71% of the surface of the earth and are a 

source of food and recreation for billions of people. Humans have a vested interest in 

monitoring the health of the marine environment. The modern world’s oceans and 

coastlines are at risk from repeated exposure to chemical and physical pollution. Sea 

urchin species are widely distributed around the world. Sea urchin coelomic fluid 

contains a number of different coelomocytes, proteins and metabolites that are involved 

in immune defence. This fluid has become the focus of research around the world 

trying to identify markers of environmental stress. 

 

In this research project, a locally available sea urchin species Evechinus chloroticus, 

was studied. Sea urchins were maintained at a local aquarium facility. Coelomic fluid 

was harvested from the animals, the coelomocyte cell population was separated, and the 

cell types sub-fractionated and analysed. Cell-free coelomic fluid was analysed for 

protein and chromophore composition. 

 

Sea urchins were subjected to stress by injection of bacteria into the coelomic cavity 

and the coelomic fluid was analysed. It was found that the stress treatment induced a 

23% increase in the red spherule coelomocyte population. Protein extracts of 

coelomocytes were prepared for comparison of non-stressed and stressed animals and 

large format 2D-PAGE followed by in-gel digest MS identified four proteins that were 

up-regulated in the stressed animals. Ferritin light chain, a subunit of ferritin, involved 

in iron sequestration, annexin A4, a mediator of phagosome development, 

peroxiredoxin 6 involved in removal of reactive oxygen species and profilin, which 

mediates cytoskeletal rearrangement. 

 

Analysis of sub-fractionated phagocyte coelomocytes indicated their potential 

involvement in immune responses by morphology change from petaloid to filopodial 

forms. Sea urchins subjected to stress showed a significant increase in chromophores, 

which corresponded to a 50% increase in echinochrome A. Crystallisation of a major 

chromophore was attempted, as there was the possibility it was bound to a protein. 
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Crystals were formed but it turned out they contained chromophore dimers that formed 

complexes with transition metals. 

 

Ferritin light chain, annexin A4, peroxiredoxin 6, profilin and echinochrome A are all 

potential markers of stress. The health of the marine environment could one day be 

assessed by measuring changes in abundance of these compounds in sea urchin species. 

  



                                                                                                                                                                                                                     Preface 

 - v - 

Acknowledgements 

The success and outcome of this project required a lot of guidance from a number of 

people but especially my supervisors Dr. Alan Carne and Dr. Daniel Garama. 

Throughout this project they have provided excellent direction and employed all their 

skills and expertise to provide me with a solid grounding in research science.  

 

Working in a lab was a learning curve that I was keen to get my head around and Jodi 

Pilbrow and Minh Ha always provided an awesome working environment and a great 

sounding board to bounce ideas off. 

 

A big thanks to all the boys and girls of the Biochemistry building who provided a 

much needed social life outside of the department. Big thanks to Gabby for all the 

encouragement she provided during this project. 

 

To the unsung heroes of the department, DJ, Robyn, Mel, Gary and Murray for ‘real-

life’ chat and all of the on-the-spot help with everything non-science. 

 

Finally, huge thanks to my family, especially Dad, Mum, Nana, Brothers and Sister for 

the encouragement and much needed money. Big thanks to Aunty Gilda for those much 

appreciated ‘future investments’ of avocados and chocolate around birthday time. 

 

 

 

 

 

 

 

 

 



                                                                                                                                                                                                                     Preface 

 - vi - 

Table of contents 

TITLE…………………………………………………………………………………………..I 

DECLARATION .......................................................................................................................... II 

ABSTRACT ............................................................................................................................... III 

ACKNOWLEDGEMENTS ............................................................................................................ V 

TABLE OF CONTENTS .............................................................................................................. VI 

LIST OF FIGURES ..................................................................................................................... XI 

LIST OF TABLES ..................................................................................................................... XII 

LIST OF ABBREVIATIONS ...................................................................................................... XIII 

INTRODUCTION .................................................................................................................... 15 

1.1 GENERAL INTRODUCTION ................................................................................................. 16 

1.2 TAXONOMY ....................................................................................................................... 17 

1.3 NEW ZEALAND SEA URCHINS ........................................................................................... 20 

1.3.1 Ecology ..................................................................................................................... 21 

1.3.2 Anatomy .................................................................................................................... 23 

1.3.3 Coelomic fluid .......................................................................................................... 28 

1.3.3.1 Coelomocytes .................................................................................................................................. 29 

1.3.3.1.1 Phagocytes ............................................................................................................................... 31 

1.3.3.1.2 Vibratile cells .......................................................................................................................... 33 

1.3.3.1.3 Spherule cells .......................................................................................................................... 34 

1.3.4 Echinochrome A ....................................................................................................... 36 

1.3.5 Sea urchins as sentinels of marine stress................................................................... 39 

1.3.6 Aims of this study ..................................................................................................... 40 

MATERIALS AND METHODS ............................................................................................. 41 

2.1 MATERIALS ....................................................................................................................... 42 

2.1.1 Chemicals .................................................................................................................. 42 

2.1.2 Buffers and solutions ................................................................................................ 46 

2.1.3 Equipment ................................................................................................................. 51 

2.2 METHODS .......................................................................................................................... 55 

2.2.1 Collection and storage of sea urchins........................................................................ 55 

2.2.2 Collection of sea urchin coelomic fluid .................................................................... 57 

2.2.2.1 Total coelomic fluid extraction for CFP and total coelomocyte analysis ......................................... 57 

2.2.2.2 Partial coelomic fluid extraction for density gradient separation ..................................................... 58 

2.2.3 Analysis of coelomic fluid ........................................................................................ 60 

2.2.3.1 Cell verification ............................................................................................................................... 60 

2.2.3.2 BCA total protein assay ................................................................................................................... 60 



                                                                                                                                                                                                                     Preface 

 - vii - 

2.2.3.3 Scanning spectrophotometry analysis of coelomic elements ........................................................... 61 

2.2.3.4 Analysis of total coelomocytes and cell-free plasma ....................................................................... 61 

2.2.3.5 Fractionation of coelomocytes ......................................................................................................... 64 

2.2.3.5.1 Optiprep™ density gradient preparation ................................................................................. 64 

2.2.3.5.2 Density gradient centrifugation ............................................................................................... 66 

2.2.3.6 1D SDS-PAGE protein displays ...................................................................................................... 67 

2.2.3.6.1 Preparation .............................................................................................................................. 67 

2.2.3.6.2 Electrophoresis ........................................................................................................................ 68 

2.2.3.6.3 1D SDS-PAGE gel staining, destaining and imaging .............................................................. 69 

2.2.3.7 2D PAGE protein displays ............................................................................................................... 70 

2.2.3.7.1 Chloroform-methanol lipid extraction ..................................................................................... 70 

2.2.3.7.2 2D PAGE clean-up kit procedure ............................................................................................ 70 

2.2.3.7.3 First dimension isoelectric focusing ........................................................................................ 71 

2.2.3.7.4 Reduction and alkylation of proteins after IEF ........................................................................ 72 

2.2.3.7.5 Second dimension preparation ................................................................................................. 72 

2.2.3.7.6 2D PAGE second dimension electrophoresis .......................................................................... 73 

2.2.3.7.7 Post-electrophoresis protocol................................................................................................... 73 

2.2.3.8 Mass spectrometry analysis of proteins ........................................................................................... 74 

2.2.3.8.1 In-gel tryptic digest.................................................................................................................. 74 

2.2.3.8.2 MALDI-TOF-TOF mass spectrometry .................................................................................... 75 

2.2.3.8.3 Analysis of MS spectra and identification of proteins ............................................................. 75 

2.2.4 Analysis of naphthoquinone pigments ...................................................................... 76 

2.2.4.1 Scanning spectrophotometry of naphthoquinone pigments ............................................................. 77 

2.2.4.2 Crystallisation of naphthoquinones .................................................................................................. 77 

2.2.4.3 High performance liquid chromatography ....................................................................................... 78 

2.2.4.4 Sample preparation for HPLC .................................................................................................... 78 

2.2.4.5 Isocratic HPLC ........................................................................................................................... 78 

2.2.4.6 Gradient HPLC ........................................................................................................................... 79 

2.3 SEA URCHIN STRESS TRIAL ............................................................................................... 81 

2.3.1 Preparation of bacteria .............................................................................................. 81 

2.3.2 Sea urchin and tank setup for stress trial ................................................................... 81 

2.3.3 Bacterial injection and coelomic fluid collection ...................................................... 83 

RESULTS AND DISCUSSION: STRESS TRIAL ................................................................ 84 

3.1 INTRODUCTION ................................................................................................................. 85 

3.2 STRESS TRIAL ................................................................................................................... 86 

3.2.1 Characterisation of coelomic fluid ............................................................................ 87 

3.2.1.1 Preventing the clotting response ...................................................................................................... 87 

3.2.1.2 Coelomocyte numbers ..................................................................................................................... 88 

3.2.2 Coelomic fluid .......................................................................................................... 90 

3.2.2.1 Colour changes in coelomic fluid .................................................................................................... 91 

3.2.2.1.1 Cell-free plasma ...................................................................................................................... 92 

3.2.2.1.1 Coelomocytes .......................................................................................................................... 93 



                                                                                                                                                                                                                     Preface 

 - viii - 

3.2.2.2 Coelomocyte fractionation ............................................................................................................... 98 

3.2.2.2.1 Density gradient coelomocyte separation ................................................................................ 98 

3.2.2.2.2 Fractionated coelomocytes within the gradient ....................................................................... 99 

3.2.2.2.3 Degree of coelomocyte enrichment ....................................................................................... 102 

3.2.2.3 Changes in protein composition of coelomic fluid ........................................................................ 104 

3.2.2.3.1 Effect of stress on protein abundance in coelomic fluid ........................................................ 109 

3.2.2.3.2 2D SDS-PAGE of coelomic fluid and coelomocyte proteins ................................................ 113 

3.2.2.3 Protein changes within coelomocyte sub-populations ................................................................... 122 

3.2.2.3.4 2D SDS-PAGE coelomocyte sub-populations displays ......................................................... 122 

3.2.2.4 Bacterial control 2D SDS-PAGE ................................................................................................... 126 

RESULTS AND DISCUSSION: RED PIGMENT IN COELOMIC FLUID .................... 128 

4.1 INTRODUCTION ............................................................................................................... 129 

4.1.1 Characterisation of echinochrome A ....................................................................... 129 

4.1.2 Purification of echinochrome A .............................................................................. 131 

4.1.3 Echinochrome HPLC .............................................................................................. 134 

4.1.4 Pigment crystallisation ............................................................................................ 140 

CONCLUDING REMARKS ................................................................................................. 145 

5.1 PROJECT OVERVIEW ........................................................................................................ 146 

5.2 SUMMARY ....................................................................................................................... 147 

5.3 LIMITATIONS ................................................................................................................... 150 

5.4 FUTURE DIRECTIONS ....................................................................................................... 152 

REFERENCES ......................................................................................................................... 154 

APPENDIX A ......................................................................................................................... 167 

APPENDIX B .......................................................................................................................... 168 

  



                                                                                                                                                                                                                     Preface 

 - ix - 

List of figures 

Introduction 

Figure 1.1 Echinodermata phylum member diversity……………………………..18 

Figure 1.2 Picture of E. chloroticus retrieved from coastal New Zealand……….20 

Figure 1.3 Annotated photograph of the aboral side of a test from 

E. chloroticus, which has the spines removed……………………........23 

Figure 1.4 The water vascular system of the sea urchin…………………………..24 

Figure 1.5 E. chloroticus with tube feet extended…………………………………25 

Figure 1.6 Cross-section of an open E. chloroticus……………………………….26 

Figure 1.7 A microscopic view of coelomocytes suspended in CF……………….30 

Figure 1.8 Morphology of phagocytic cells……………………………………….31 

Figure 1.9 Morphology of the vibratile cell…………………………………….....33 

Figure 1.10 Morphology of colourless spherule cells………………………………34 

Figure 1.11 Morphology of red spherule cells……………………………………...35 

Figure 1.12 Chemical structures of the main pigments in sea urchin 

spines and test………………………………………………………….37 

 

Materials and Methods 

Figure 2.1 E. chloroticus collection sites in the South Island……………………..55 

Figure 2.2 Storage of E. chloroticus at the Portobello Marine  

Laboratory hatchery facility……………………………………………56 

Figure 2.3 Total CF extraction…………………………………………………….58 

Figure 2.4 Partial extraction of CF using a needle and syringe…………………...59 

Figure 2.5 Coelomic fluid fractionation and analysis……………………………..63 

Figure 2.6 Assembling Optiprep
™ 

density gradient……………………………….65 

Figure 2.7 Overview of the analysis and crystallisation of pigments……………..76 

Figure 2.8 Sea urchin stress trial tank……………………………………………..82 

  



                                                                                                                                                                                                                     Preface 

 - x - 

Results and Discussion: Stress Trial 

Figure 3.1.  Microscopic cellular clot produced from the first 

Optiprep
™ 

protocol……………………………………………………..88 

Figure 3.2.  E. chloroticus coelomocyte count and relative coelomocyte 

abundance……………………………………………………………...89 

Figure 3.3.  Colour difference between non-stressed and stressed wCF 

samples……………………………………………..……………….....92 

Figure 3.4.  Scanning spectral analysis of non-stressed and 

stress-derived CFP from E. chloroticus…………………….………..93 

Figure 3.5.  Non-stressed wCF cell count from E. chloroticus……………………95 

Figure 3.6.  Stressed wCF cell count from E. chloroticus………………………95 

Figure 3.7.  Scanning spectral analysis of non-stressed and 

stressed coelomocytes E. chloroticus…………………………………97 

Figure 3.8.  Coelomocyte sub-populations within the Optiprep
™

 

density gradient after centrifugation………………………………….100 

Figure 3.9.  Photograph of density gradient-centrifuged coelomic fluid…………101 

Figure 3.10.  A microscopic view of coelomocyte enrichment…………………….103 

Figure 3.11.  1D SDS-PAGE of total coelomocyte proteins………………………..105 

Figure 3.12.  1D SDS-PAGE of total coelomocyte proteins in the presence 

of salt…………………………………………………………………106 

Figure 3.13.  1D SDS-PAGE of  total coelomocyte proteins after lipid removal 

and desalting. ………………………………………………………107 

Figure 3.14.  CFP post-buffer exchange. …………………………………………..108 

Figure 3.15.  Protein concentration obtained from non-stressed and stressed 

wCF E. chloroticus. …………………………………………………109 

Figure 3.16.  Cell-free plasma 1D SDS-PAGE displays of non-stressed and  

stressed samples. ……………………………………………………111 

Figure 3.17.  Coelomocyte 1D SDS-PAGE displays of non-stressed and 

stressed samples. ……………………………………………………111 

Figure 3.18.  2D SDS-PAGE display of a non-stressed sea urchin 

coelomocyte proteins. ………………………………………………..114 

Figure 3.19.  2D SDS-PAGE display of a stressed sea urchin 

coelomocyte sample. …………………………………………………115 

  



                                                                                                                                                                                                                     Preface 

 - xi - 

 

Figure 3.20.  Time-lapse microscopic image of phagocyte metamorphosis………..118 

Figure 3.21.  2D SDS-PAGE display of a non-stressed E. chloroticus phagocyte 

enriched sample. ……………………………………………………...123 

Figure 3.22.  2D SDS-PAGE display of a stressed E. chloroticus phagocyte 

enriched sample. ……………………………………………………..124 

Figure 3.23.  2D SDS-PAGE display of EC600/42 bacterial proteins injected 

in E. chloroticus. ……………………………………………………..127 

 

Results and Discussion: Red Pigment 

Figure 4.1.  Spectral analysis of sonicated E. chloroticus CF. ……………………130 

Figure 4.2.  Pigment extraction from E. chloroticus coelomocytes with either 

organic solvents or acid. ……………………………………………..132 

Figure 4.3.  Extraction of pigments from coelomocytes using THF………………133 

Figure 4.4.  Isocratic HPLC analysis of THF extracted E. chloroticus 

coelomocyte pigments………………………………………………...135 

Figure. 4.5. Gradient HPLC analysis of THF extracted E. chloroticus 

coelomocyte pigments………………………………………………..137 

Figure 4.6.  Covalently linked napthoquinone dimers………………………….…139 

Figure 4.7.  Microscopic image of red crystals……………………………………141 

Figure 4.8.  Diffraction pattern produced from the red crystals…………………142 

Figure 4.9.  Structure of hexaaquo magnesium dihydrogen ethylenediamine…….143 

 

Appendices  

Figure A. Coelomic fluid sample obtained from a stressed E. chloroticus 

displays possible blebbing……………………………………………166 

Figure B.  Structure of napthoquinone species and their chromatographs………167 

  



                                                                                                                                                                                                                     Preface 

 - xii - 

List of tables 

Materials and Methods 

Table 2.1.  Components of the resolving and stacking gels for 

1D SDS-PAGE………………………………………………………68 

Table 2.2. 2D PAGE IEF electrophoresis protocol………………………………..72 

Table 2.3.  Control method for isocratic RP-HPLC identification of 

echinochrome A………………………………………………………..79 

Table 2.4.  Control method for gradient RP-HPLC identification of 

echinochrome A………………………………………………………..80 

 

Results and Discussion: Stress Trial 

Table 3.1.  The typical coelomocyte subpopulation enrichment 

achieved from Optiprep
™

 density centrifugation……………………102 

Table 3.2  E. chloroticus protein identities obtained by Mascot search 

  in NCBI database……………………………………………………116 

Table 3.3  Mascot search results from stressed E. chloroticus phagocytes 

against NCBI database………………………………………………125 

  



                                                                                                                                                                                                                     Preface 

 - xiii - 

List of abbreviations 

1D   one-dimensional electrophoresis 

2D   two-dimensional electrophoresis 

ABC   ammonium bicarbonate 

ACB   anti-coagulant buffer 

APS   ammonium persulfate 

BCA   bicinchoninic acid 

BPB   bromophenol blue 

BSA   bovine serum albumin 

CHCA   α-cyano-4-hydroxycinnamic acid 

CHAPS  3-[(cholamidopropyl)dimethyl-ammonio]-1-propansulfonate 

CID   collision induced dissociation 

CF   coelomic fluid 

CFP   cell-free plasma 

Da   daltons 

DNA   deoxyribose nucleic acid 

DTT   dithiothreitol 

EDTA   ethylenediaminetetraacetic acid 

EGTA   ethylene glycol-bis-N,N,N’,N’-tetraacetic acid 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC   high-performance liquid chromatography 

IAA   iodoacetamide 

IPG   immobilized pH gradient 

IEF   iso-electric focusing 

MALDI-TOF  matrix assisted laser desorption ionization-time of flight 

MQ-water  milli-Q filtered double distilled deionized water 

MS   mass spectrometry 

MW   molecular weight 

NASA   National Aeronautics and Space Administration 

NCBI   National Centre of Biotechnology Information 

PAGE   polyacrylamide gel electrophoresis 

PML   Portobello Marine Laboratory 



                                                                                                                                                                                                                     Preface 

 - xiv - 

PPM   parts per million 

PVC   polyvinylchloride 

RT   room temperature 

RP-HPLC  reversed phase high-performance liquid chromatography 

SDS   sodium dodecyl sulphate 

SUR   sea urchin region 

TBP   tri-butylphosphine 

TBME   tert-butyl methyl ether 

TCEP   tris (2-carboxyethyl) phosphine 

TEMED  N,N,N’,N’,-tetramethyl-1-,2-diaminoethane 

TFA   trifluoroacetic acid 

Tris   (hydroxymethyl) aminomethane 

THF   tetrahydrofuran 

UV   ultra violet 

Vis   visible light 

v/v   volume in volume 

w/v   weight in volume 

wCF   whole coelomic fluid 

WR   working reagents 



                                                                                                                                                                                                             Introduction 

  - 15 - 

Chapter One 

Introduction  



                                                                                                                                                                                                             Introduction 

  - 16 - 

1.1 General introduction 

Life on earth began in the oceans. The organisms which inhabit the seas have, over 

millions of years, developed strategies to handle a changing and sometimes invasive 

environment. It makes sense that when trying to ascertain the health of the world’s 

marine environment, science looks to the animals that live within this environment for 

information. 

 

Sea urchins are ubiquitous organisms found throughout the oceans of the world. Their 

internal fluid-filled cavity is in equilibrium with the surrounding seawater environment 

and will respond accordingly to changes in pH, temperature, industrial chemicals and 

bacterial challenge. These changes are known to induce a stress response. This 

characteristic makes the simple sea urchin a potential candidate for monitoring the 

health of the marine ecosystem. 

 

Coelomic fluid, a non-utilised component of the sea urchin from the perspective of 

recreational and commercial fisheries, could provide a sentinel for marine health in a 

number of ways. Coelomocytes are cells that circulate freely in the coelomic fluid and 

are thought to change in abundance and morphology in response to stress and immune 

challenge. These cells, as well as compounds that are contained both internally and 

externally within the cell-free plasma (coelomic fluid with cells removed); potentially 

contain key biomarkers capable of monitoring environmental change and stress. 

 

This project developed methods to detect and identify biomarkers of stress and immune 

activation. In the future there could be used to monitor the health of a changing marine 

environment, and indicate whether the marine life inhabiting the oceans, are coping 

with an ever-changing environment.  
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1.2 Taxonomy 

Echinoderms are a phylum of marine animals, with over 7000 member species. They 

have been found to inhabit every part of the world’s oceans: from inter-tidal rock pools, 

to the deepest abyssal zones (Southward & Campbell, 2006). Due to echinoderms being 

ubiquitous around the world, they have been studied as a model organism from the 

early 19
th

 century, helping us to understand the process of development, mitosis and the 

cell cycle. All members of the echinoderm family have three unique traits. Firstly, they 

are distinguished by their five-point radial symmetry. The starfish and brittle star 

classes display this symmetry the most clearly with their five protruding arms. The 

echinoidea members display less obvious patterns as the sea urchin spines conceal the 

five fused plates that form the test (shell). The bilateral symmetry that is present at the 

larval stage of all echinoderms gives way to the pentamerous form at the point of 

metamorphosis. This transformation coincides with the shift from pelagic plankton to 

life on the sea floor. Secondly, all members have unique structures called tube feet, 

which extend through ambulacral plates to latch onto proximal surfaces, which are used 

for walking, burrowing, anchoring to substrate and collecting food. The third and final 

unifying feature of this group is the presence of a calcite skeleton, even though it can be 

reduced in holothuroids. 
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Figure 1.1. Echinodermata phylum member diversity. The royal starfish, Astropecten articulatus 

from the asteroidea class (A) (Fastily, open-sourced, wiki commons, 2013); the green brittle star, 

Ophiarachna incrassate from the ophiuroidea class (B); the yellow feather star, Comanthina schlegeli 

from the crinoidea class (C); the greenfish sea cucumber, Stichopus chloronotus from the holothuroidea 

class (D) and representing the echinoidea class, the two distinct members; the key hole sand dollar 

Mellita quinquiesperforata, (E) and the purple sea urchin, Strongylocentrotus purpuratus (F).  
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Echinoderms have evolved very diverse structures and show a wide spectrum of 

different size, morphology and colour. The phylum is comprised of five classes; 

asteroids, ophiuroids, crinoids, holothuroids and echinoidea. 

 

Asteroids, which comprise the starfishes, are the most well-known of the echinoderms. 

Their ability to survive in tidal pools and in sandy areas brings them into contact with 

humans frequently. Many echinoderms have the ability to regenerate severed limbs and 

asteroids are well known for this phenomenon, with some species even able to regrow a 

complete new central disc from a single arm. 

 

Ophiuroids, are the brittle stars and differ from their closest echinoderm relative, the 

asteroids, by the flexibility of their arms, allowing them to be the most motile of all 

echinoderms. Ophiuroids also display the most obvious pentameric symmetry and are 

rarely found with more than five arms. 

 

Crinoids are probably the most abstract of the phylum. They include the feather stars, 

which are characterised by long freely moving arms, and appear more plant like than 

animal. Although they display pentameric symmetry, they have numerous arm-like 

appendages all covered with cilia, which facilitates feeding by moving organic media 

down the arm and into the mouth. They are also the least mobile, and generally are 

permanently attached to the sea floor. 

 

Holothuroids are the sea cucumbers and are the soft, non-shelled members of the 

echinoderms, they take on a slug like shape with over 1,250 species known worldwide 

(Du et al., 2012). One of the strangest features of these animals is their ability to 

extrude layers of internal muscle fibers as a defense mechanism (Endean, 1957).  

 

Echinoidea are the urchin class and are the most recognizable. Divided into two groups; 

irregular (e.g. sand dollar) and regular (e.g. purple sea urchin). Irregular sea urchins 

tend to be flat and spineless creatures, while the regular sea urchins are round spherical 

spiny animals. The most defining feature of the regular sea urchin that sets it apart from 

other echinoderms is the presence of a large fluid filled cavity called the coelomic 

cavity or coelom. 
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1.3 New Zealand sea urchins 

New Zealand has 70 known sea urchin species, most of which are deep-water dwellers, 

but 11 are found around coastal reefs. In recent years, sea urchins have been the subject 

of attention due to their potential exploitation as a sustainable fishery. Thirty-two 

regional fisheries for sea urchins are listed in the world. However the fisheries in New 

Zealand are largely undeveloped (Andrew & MacDiarmid, 1999).  

 

 

       

Figure 1.2 Picture of Evechinus chloroticus retrieved from coastal New Zealand. Picture sourced 

from Wikipedia as an open-source image. The image was uploaded on the August 29
th

, 2010 and the 

author is Biologamarina, copyright to Natali Delorme. 

The common sea urchin, Evechinus chloroticus, is endemic to coastal New Zealand and 

by far the most abundant species. Locally known as ‘Kina’ the species is widely 

distributed throughout the coastal environment of New Zealand and is the species 

focused on in this investigation. 
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1.3.1 Ecology 

E. chloroticus is typically found along all coastal areas of mainland New Zealand as 

well as the inshore islands in 12-14 m of water (Barker, 2001), however intertidal 

populations are also common (Dix, 1970). E. chloroticus has been found as far north as 

the Three Kings Islands (Dix, 1970) and the Kermedec islands (McKnight, 1967), 

however the latter has been disputed by other published surveys (Dix, 1970; Schiel & 

Foster, 1986). To the south, E. chloroticus has been observed around the Snares and 

Chatham Islands, but not as far as the Auckland and Campbell islands (Fell, 1960; 

Pawson, 1965). E. chloroticus prefers areas of moderate wave action and is mostly 

found on rocky seafloors. Young sea urchins mostly live in the intertidal zone attached 

under rocky outcrops, and migrate closer to open water as they grow older (Barker, 

2001).  

 

E. chloroticus, like most other sea urchins, are typically herbivorous (Barker, 2001), 

feeding mainly on algae. They have also been known to feed on sea cucumbers and a 

wide range of invertebrates such as mussels, sponges and brittle stars (Baumiller, 

2008). The main diet of E. chloroticus varies depending on its location along the New 

Zealand coastline. E. chloroticus has a preference for the kelp species Ecklonia radiata, 

but has been found in association with Carpophyllum mashalocarpum and 

Carpophyllum angustifolium (Schiel, 1982). In the cooler southern waters their major 

food source is the brown kelp species, Macrocystis pyrifera (Barker, 2001), which 

grows in large stands attached to the sea floor in southern and central open waters, 

mainly along the east coast of New Zealand (Brown et al., 1997).  

 

The main predators of E. chloroticus are the eleven-armed sea star Coscinasterias 

calamaria, the spiny lobster, Jasus edwardsii and other large benthic dwelling fishes 

(Andrew & MacDiarmid, 1991). As E. chloroticus is also part of New Zealand’s 

Ministry for Primary Industries fisheries program, humans are also considered major 

predators. Overfishing can led to a major shift in the population of some marine species  

(Koslow, Hanley, & Wicklund, 1988)  both directly and indirectly. The reduction of 

species such as the rock lobster (Jasus edwardsii), and the reef fish snapper 

(Chrysophrys auratus) (Cole et al., 1990), which routinely prey on E. chloroticus, led 

to a dramatic population increase in and around the Hauraki Gulf near Auckland, New 
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Zealand. This in turn led to the demise of kelp forests, which dominated the area and 

resulted in what is referred to as ‘urchin barrens’. Urchin barrens are caused by the 

destruction of kelp stands when sea urchin numbers go unchecked by predators  

(Rowley, 1989). The establishment of the Goat island marine reserve, North of 

Auckland in 1975  (Ballantine, 1999) sought to reintroduce large predatory fish, which 

in turn reduced that number of sea urchins to their natural abundance. It is a widely 

held belief that the creation of the Goat Island marine reserve lead to an over all 

increase in predatory fish (Cole et al., 1990) and resulted in the stabilisation of E. 

chloroticus population in the area.  
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1.3.2 Anatomy 

There are two types of sea urchins classified according to their symmetry: irregular and 

regular. For describing the anatomy of the sea urchin, aboral is the side, which is 

opposite the mouth piece (Fig. 1.3), while adoral is the side where the mouth is located. 

The New Zealand species E. chloroticus is a regular sea urchin and as such, is one of 

the most recognisable species in the world’s oceans due to its spherical shape. This 

round morphology is achieved by the interlacing of calcium carbonate plates into 

superstructures called ambulacral and interambulacral plates (five of each). The five 

plates are fused together alternatively to form the test; this forms one of the sea urchins 

anatomical features that display pentameric symmetry (Fig. 1.3). 

 

 

                           

Figure 1.3. Annotated photograph of the aboral side of a test from E. chloroticus, which has the 

spines removed. The test is composed of alternate interlaced plates referred to either the ambulacrum or 

interambulacrum. Tube feet extend through holes in the ambulacrum from ampullae, which are protected 

by these hard plates. At the apex of the aboral side, where all the plates meet, lie the five genital pores, 

the anus and madreporite. 
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The test is covered in hundreds of spines, which are motile and will move in response 

to touch. The spines not only function to protect the animal, but also act as its primary 

sensory detectors and will swivel on ‘ball-like’ joints towards a point of contact. It has 

also been suggested that sea urchins may use the entire surface of their body as a 

compound eye (Yerramilli & Johnsen, 2010). The test and spines provide the first line 

of defense from predators and pathogens. They are hard and sharp and serve to enclose 

and protect the internal organs of the sea urchin. 

 

The water vascular system is unique to the echinoderm phylum. It is similar to a 

hydraulic water pumping system, which is used for locomotion, food and waste 

transport and respiration in the sea urchin. The system consists of a number of different 

parts including the madreporite, stone canal, ring canal, five radial canals, ampullae and 

tube feet. Figure 1.4 outlines the complexity of the water vascular system. 

 

 

                

Figure 1.4. The water vascular system of the sea urchin. This diagram presents a schematic of the 

water vascular system, which is used for motility, food and waste transportation and respiration. What 

has not been labeled is the stone canal, which descends from the madreporite down to the ring canal. 

(Adapted from Lawrence, 2001 with permission). 

The function of the water vascular system is the manipulation of the tube feet. They are 

extended or retracted by increasing and decreasing the pressure inside the system (Fig. 

1.5). This allows the sucker pads at the base of the tube feet to contact the surrounding 
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surface and attach. Seawater can enter or exit the system through the madreporite and 

enters the stone canal, which alters the pressure upon the system. From the stone canal, 

the built up pressure is transmitted to the ring canal at the base of the oesophagus. Five 

radial canals branch off the ring canal and run up the inside of the test and each 

connects to two rows of ampullae, which are fluid filled sacks at the base of the tube 

feet (Fig. 1.6). When positive pressure is applied, the tube feet extend through the 

ambulacral plate of the test and when the pressure is removed the feet retract. 

 

 

                   

Figure 1.5. E. chloroticus with tube feet extended. Tube feet are extended through the test by 

increasing the pressure in the water vascular system. Each foot ends with a sucker pad which attaches 

onto a surface and holds the sea urchin firmly in place. The sucker pads are also responsible for the 

movement of the sea urchin, by retracting and pulling the animal across the surface.  

Extended tube feet

Spines
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Figure 1.6. Cross-section of an opened E. chloroticus. E. chloroticus was split open and the digestive 

tract was removed to expose three orange roe and two ampullae present in this segment of the sea urchin. 

Sea urchins are dioecious, in that they have separate male and female organs, although 

cases of hermaphroditism have been reported in several other sea urchin species  

(Boolootian & Moore, 1956). The reproductive organs, known as roe, are located on 

the inner wall of the shell, known as the test. These roe, like other anatomical features 

of sea urchins, also display pentamerism and are the only edible part of the sea urchin 

considered to be a delicacy by some cultures across the world. The roe contains an 

assortment of nutrients and is an excellent source of protein  (Kato & Schroeter, 1985). 

They have been shown to contain high levels of calcium, phosphorus, iron, vitamins A, 

B1, B2, B12, nicotinic acid, pantothenic acid and folic acid  (Higashi et al., 1959).   

Roe
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The digestive system starts with the mouthpiece known as Aristotle’s lantern. The 

primary food source of E. chloroticus, the brown kelp species M. pyrifera, is bitten off 

in chunks and forced into the mouth to form what is referred to as kelp balls. These 

balls pass through the digestive track of the animals and are excreted through the anus 

on the aboral side. The digestive tract is divided into two parts, the foregut and hindgut. 

The digestive tract is tethered within the coelom by dendritic type connectors. These 

connectors are long filamentous type structures that anchor the gut to the test. 
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1.3.3 Coelomic fluid 

The defining feature that sets regular sea urchins apart from other echinoderms is the 

organism’s large internal cavity called the coelomic cavity or coelom. The cavity 

houses all of the sea urchin’s organs, which are suspended in CF. Coelomic fluid 

consists of two main parts: the coelomocyte cells and the cell-free plasma in which the 

coelomocyte cells are suspended. Cell-free plasma on its own accord has been shown to 

demonstrate naturally occurring antibacterial activity directed against Vibrio 

alginolyticus (Stabili et al., 1996). The composition of this fluid is similar to sea water 

in terms of minor dissolved salts and other minerals and also contains proteins, the best 

characterised of which are those involved in anti-pathogen responses (Smith et al., 

2010).  

 

Coelomic fluid is a pseudo-vascular system for the animal providing much of the same 

features as blood does for mammals. It is responsible for the transportation of nutrients 

from the digestive tract to the water vascular system and roe. It provides the transport 

media for the distribution of oxygen and it also acts as the primary immune and stress 

response organ. Ciliated cells that line the internal wall of the coelom promote 

recirculation and keep the cells moving allowing the distribution of nutrients from the 

gut to the surrounding organs. It has also been suggested that specific cells within the 

CF itself, aid in its overall kinetic qualities  (Smith et al., 2006), suggesting that some 

of the cells are independently mobile. 

 

Upon removal of CF from the sea urchin, a massive cell-cell coagulation of the 

coelomocytes occurs within minutes  (Hillier & Vacquier, 2003). This clotting 

phenomena is irreversible  (Hillier & Vacquier, 2003), and has been shown to be 

dependent on the presence of calcium ions  (Bookhout & Greenburg, 1940; Davidson, 

1953; Donnellon, 1938), and the formation of disulfide bonds between specific 

coagulation proteins like amassin  (Bertheussen & Seijelid, 1978; Boolootian & Giese, 

1959). Hillier and Vacquier (2003) demonstrated that amassin, an olfactomedin protein, 

forms large disulphide-bonded aggregates that caused coelomocytes to adhere to each 

other. This clotting process occurs due to the adhesion of numerous phagocytes, while 

other cells are passively trapped in, or adhere to, the surfaces of the clots (Johnson, 

1969a).  
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1.3.3.1 Coelomocytes 

The term coelomocyte is a generic name that has been given to a number of cell types 

that freely circulate within the coelomic fluid of sea urchins and other echinoderms 

(Fig. 1.7). They are referred to as immune effector cells and carry out many functions 

similar to that of non-specific defence cells in mammals (Smith et al., 1992). It has 

been reported that the coelomic cavity can contain ~7.5 × 10
6
 cells.mL (Coffaro & 

Hinegardner, 1977; Gross et al., 2000; Pancer, 2000; Pancer et al., 1999; Smith et al., 

1996), however this amount varies not only among species, but also the size and 

physiological condition of the animal (Matranga et al., 2000). Although studied for 

decades, surprisingly little is known about these cells, however recent work is shedding 

more light on their functions (Smith et al., 2010).   
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Figure 1.7. A microscopic view of coelomocytes suspended in CF. This image shows a cluster of 

coelomocytes at 100 × magnification. The four main types of cells are represented; red spherule cell (A), 

vibratile cell (B), colourless spherule cell (C), as well as the two types of phagocytes, filopodial 

phagocyte (D) and a petaloid phagocyte (E). Scale bar = 20 μm. 

Coelomocytes can be divided into four sub-populations, the majority of which are 

phagocytes, which constitute 66.3 ± 11.6% (mean ± SD) of the total cell population. 

The remainder of the cells are divided into vibratile cells (13.9 ± 9.8%), colourless 

spherule (5.1 ± 4.6%) and red spherule cells (14.8 ± 8.5%) (Smith et al., 1992)  under 

normal conditions. The coelomocytes have been differentiated on their structural 

attributes (Bertheussen & Seijelid, 1978; Edds, 1993; Gross et al., 2000; Johnson, 

1969b). The range in morphology is shown in figure 1.7. Given the very different 

morphology that exists between coelomocytes, they can be fractionated into various 

sub-populations using density gradient centrifugation.  
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1.3.3.1.1 Phagocytes 

Phagocytes have been variously referred to as leukocytes, or as bladder, petaloid or 

filoform phagocytes in the literature and constitute the majority of cells present in the 

CF. Phagocytes are currently the best understood of all coelomocytes and have been 

divided into two sub-categories; petaloid and filopodial cells. Recent literature has 

suggested that there is a third category, small phagocytes, but for the purposes of this 

research, only the initial two will be focused on. 

 

 

                          

Figure 1.8. Morphology of phagocytic cells. Phagocytic cells exist in two very distinct forms within 

echinoderms; the filopodial and the petaloid cells. Filopodial cells exist with long filamentous 

projections that extend out at great length into the surrounding substrate (A,B). Petaloid cells take their 

name from the petal-like folds that the cytoskeleton resembles (C). Phagocytes are thought to be highly 

dynamic and will interchange between the highly filamentous filopodial form to the petaloid form in 

response to different stimuli. Image D shows a potential change in morphology from the petaloid to the 

filopodial form believed to be the activated phagocytic form. Scale bar = 20 μm. 

The two main types of phagocyte (petaloid and filopodial) are distinguished by their 

vastly different cytoskeletal arrangement. Petaloid phagocytes, as the name suggests, 

take on a form that resembles that of flower petals (Fig. 1.8). This is caused by 

numerous cytoplasmic lamellipodia, which radiate from the centre of the cell (Smith et 

A B

C D
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al., 2010). These phagocytes present with a dense nucleus and clear disc shaped 

cytoplasm devoid of organelles (Smith et al., 2006). These cells have been implicated 

in encapsulation, opsonisation (Clow et al., 2004), chemotaxis, phagocytosis (Gross et 

al., 2000), and graft rejection (Edds, 1993).  

 

The filopodial phagocytes have very different cytoskeletal arrangement and are readily 

distinguishable from the petaloid form (Fig. 1.8). They are characterised by a clear 

nucleus with prominent organelles in the surrounding cytoplasm. They form large, thin, 

irregular shapes with sharp lamellipodial projections (Smith et al., 2006). These cells 

have been implicated in chemotaxis, opsonisation (Clow et al., 2004), phagocytosis 

(Gross et al., 2000), anti-bacterial activity (Gerardi et al., 1990), clotting, encapsulation 

and graft rejection (Edds, 1993).  

 

It has been proposed that within the coelomic cavity the petaloid phagocyte is the 

dominant form (Smith et al., 2006). When removed and settled on glass however, the 

petaloid lamellipodia transform into the filopodial form through a series of major 

cytoskeletal rearrangements (Edds, 1993; Henson et al., 1992). This shift in 

morphology is caused by the glass being recognised as a foreign object (Edds, 1993) 

and is characterised by the formation of serrations at the lamellipodial edge followed by 

cytoplasmic retraction and filopodial extension (Edds, 1993). The filopodial extentions 

have been witnessed forming physical links among several phagocytes, which result in 

a cellular clot (Edds, 1977). It has also been shown that there is an increase in SpCoel 

gene transcription following an immune challenge. SpCoel is a homologue of 

mammalian profilin (Smith et al., 1992), which is involved with cytoskeletal 

rearrangement  
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1.3.3.1.2 Vibratile cells 

Vibratile cells are round and colourless and are unique among coelomocytes due to 

having a single long flagella (Fig. 1.9). 

 

 

                   

Figure 1.9. The vibratile cell. The head of the vibratile cell is the smallest of all the coelomocytes. It is 

attached to a long single flagella, which it uses to move around the coelom. This image shows the 

flagella with a distinct twist at the end, which enables motility. Scale bar = 20 μm. 

Even though vibratile cells were identified in 1958 by Boolootian and Geise and 

subsequently reconfirmed by Johnson (1969), surprisingly little is known about these 

cells. Along with their flagella, the cytoplasm of these cells contain large cytoplasmic 

granules (Bertheussen & Seijelid, 1978; Johnson, 1969b). It has been suggested that 

exocytosis of these granules may trigger the initiation of the clotting reaction. Another 

suggested function is their involvement in the movement or agitation of the CF (Smith 

et al., 2006), however there appears to be no evidence to support this claim.  
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1.3.3.1.3 Spherule cells 

Sea urchin CF contains two types of spherule cells, those that are colourless and those 

that are red. Spherule cells have often been referred to in the literature as amoebocytes, 

spherulocytes, morula cells, pigment cells, granulocytes and eleocytes. 

 

Colourless spherule cells 

As with the vibratile cells mentioned above, the exact function of colourless spherule 

cells is not well known. They contain granules (Söderhäll, 2011) or large endosome-

like spherical inclusions that are present in the cytoplasm and are clearly visible 

through a light microscope (Söderhäll, 2011) (Fig. 1.10). 

 

 

               

Figure 1.10. Morphology of colourless spherule cells. Colourless spherule cells typically show a very 

defined outer membrane, which encloses a number of spherical inclusions (A). They are known to be 

motile and could accomplish this by forming pseudopod-like structures (B). These cells do sometimes 

present with irregular morphology (C). A colourless spherule cell with thin filamentous-like projects in 

the background, may aid in mobility or as a sensing device (D). Scale bar = 20 μm. 

C

A B

D



                                                                                                                                                                                                             Introduction 

  - 35 - 

It has been suggested that these cells have potent cytolytic activity that is augmented by 

the presence of phagocytes (Arizza et al., 2007). Results from Arizza et al. (2007) show 

that these colourless spherule cells exert this effect by releasing lysins as a mechanism 

for clearing foreign cells like bacteria. 

 

Red spherule cells 

Red spherule cells, like colourless spherule cells, contain large spherical inclusions. 

However, they contain the naphthoquinone pigment, echinochrome A, which has 

antibacterial properties (Service & Wardlaw, 1984) (Fig. 1.11). 

 

 

    

Figure 1.11. Morphology of red spherule cells. Red spherule cells take on a number of different forms 

depending on the physiological state of the sea urchin. Red spherule cells are most often present with a 

defined central zone which is more than likely to be either the nucleus or a vacuole-like space (A). They 

are known to be motile, moving to a site of injury or infection. Filamentous projections radiate from the 

cell as pseudopods to aid in mobility (B). Red spherule cells have also been witnessed to be included 

entirely within other cellular bodies e.g. phagocytes, which may clear red spherule cells after they are no 

longer required (C). Typically these cells appear to be enclosed in a defined membrane (D), but this is 

not always the case (A). Red spherule cells contain large inclusion bodies called granules that are filled 

with the naphthoquinone pigment, echinochrome A, which gives these cells their characteristic red 

colour (E). Scale bar = 20 μm. 
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These cells have been reported to migrate to and form a rim around the edge of 

wounds, infections and tissue grafts in sea urchins (K. A. Coffaro & Hinegardner, 

1977; Heatfield & Travis, 1975; Hobaus, 1979). They have also been reported to move 

towards bacteria to initiate an encapsulation response and to degranulate in the presence 

of bacteria (Gerardi et al., 1990; Huang et al.,, 2002; Johnson, 1969b; Service & 

Wardlaw, 1984).  

1.3.4 Echinochrome A 

Over 1,500 natural quinones are described in the literature (Thomson, 1991). Quinones 

are an important class of organic compounds that naturally occur in a number of 

different organisms. They are highly bioactive and very toxic and have been harvested 

for medicinal purposes, particularly in the fight against malaria where drugs like 

chloroquine and amodiaquine form the major therapeutic intervention in Africa. 

Echinochrome A is a polyhydroxylated napthoquinone, and was discovered in 

echinoderms at the turn of the 19
th

 century. First discovered by Mac Munn (1885), who 

identified echinochrome A from coelomic cells within the sea urchin 

Strongylocentrotus lividus. There has been mention that this compound might exist as a 

covalently bound cofactor to one or several proteins within the CF (Tyler, 1939). The 

prospect of isolating and potentially crystallising this compound in a stable form has 

been the goal of several researchers throughout the last century. Echinochrome A is 

also present in the spines and test of sea urchins along with other related compounds, 

the spinochromes (Fig. 1.12). 
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Figure 1.12. Chemical structures of the main pigments identified in sea urchin spines and test. 

(Adapted from Kuwahara et al., 2009 with permission) 

All of these compounds show distinct pigmentation and are often referred to as 

naphthoquinone pigments. Echinochrome A is responsible for the pigment present in 

red spherule cells. Over the past 100 years since it was first discovered, (Mac Munn, 

1885)  there has been limited research on this compound reported. The majority of 

research has been based on the extraction of this compound from the spines and test of 

sea urchins. In the past decade however, renewed interested has seen a number of 

publications, some citing the potential of echinochrome A as a therapeutic agent. 

Echinochrome A is highly bioactive and is known to be an antipyretic, antifungal and 

an antibacterial (Mischenko et al., 2005). It has also been shown to exhibit a strong 

cardio-protective and antioxidant effect (Mischenko et al., 2005) as well as being a 

known iron chelator  (Lebedev et al., 2005). Even though a number of publications 

exist that demonstrate these therapeutic qualities, the exact mechanism of action still 

remains unknown. Extensive work has been carried out however demonstrating that 

echinochrome A, as well as other naphthoquinone pigments, inhibit the peroxidation of 

lipids  (Zhou et al., 2011) in much the same way that vitamin C does with regard to 

accepting an electron from an oxidised vitamin E. 

 

Its potential as a future medicine has somewhat over-shadowed its importance to the 

echinoderm species from which echinochrome A receives its name. The number of red 
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spherule cells have been shown to increase in response to bacterial and pollutant-

induced stress  (Matranga et al., 2000). It has also been proposed that red spherule cells 

degranulate in response to the aforementioned stress stimuli. However there has not 

been any attempt to quantify this response.  
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1.3.5 Sea urchins as sentinels of marine stress 

It has been proposed that aquatic invertebrates could be used as tools to monitor 

environmental stress. This idea first came about with studies on lower marine 

invertebrates such as mussels (Kurelec, 1992). In recent years an emphasis has been 

placed on developing a sea urchin based system with the same fundamental goal of 

monitoring marine health. Sea urchin abundance and wide ranging distribution across 

the world are key features for their selection, but more importantly it is their easily 

accessible CF that provides the most desirable feature. 

 

Monitoring the health of marine environments in this way has been made possible by 

the advancement in cellular and molecular biochemistry. Coelomic fluid and more 

importantly the coelomocytes, which readily respond to changes in the their 

environment, provide potentially interesting sentinels of marine stress. Activation of 

signaling pathways, changes in cell morphology, relative protein abundance and 

variation in gene expression can all be used to determine the physiological state of the 

animal. 

 

The ability to investigate changes in coelomocyte abundance and morphology as well 

as protein levels and pigmentation changes provide very different ways to assess the 

health of individual animals. This can then be conferred over a much broader range to 

evaluate the health of the world’s oceans. In New Zealand, the coastal environment and 

the sea are topics that resonate strongly with people. The protection and health of the 

sea are on the forefront of many who frequently enjoy it. The New Zealand sea urchin, 

Evechinus chloroticus, with its ubiquitous distribution around the country, is an ideal 

candidate for a local marine health monitoring system. The theories and findings of 

groups around the world, with regard to this proposed system, could be implemented in 

New Zealand with the humble Kina.  
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1.3.6 Aims of this study 

1) To develop a sub-fractionation system for ceolomic fluid coelomocytes from E. 

chloroticus and analyse the coelomocyte cell types. 

2) To characterise the effects of sea urchin stress by analysing cellular and 

proteomic changes during a bacterial infection. 

3) To develop and compare protein displays from coelomic fluid from non-stressed 

and stressed E. chloroticus. 

4) To investigate stress-induced colour pigment production in E. chloroticus 

coelomic fluid. 

5) To develop an HPLC separation of echinochrome A and related pigments 

isolated from coelomic fluid. 

6) To attempt to crystallise the pigment isolated from coelomic fluid. 

 

Consultation with Maori 

Local Iwi were consulted before undertaking this investigation. 

 

Ethical approval 

No ethical consent was required for this investigation. 
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Chapter Two 

Materials and Methods  



                                                                                                                                                                                                           Materials and Methods 

 - 42 -  

2.1 Materials 

2.1.1 Chemicals 

Product information is listed according to manufacturer’s name at the time of usage. 

AppliChem, Germany. 

 Ethylene glycol tetraacetic acid (EGTA) 

Glycine 

Tris-(hydroxymethyl)-aminomethane 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

 

Applied Biosystems, USA. 

 Trifluoroacetic acid (TFA) 

 

BDH Laboratory Supplies, England. 

 Ammonium bicarbonate 

 Ammonium acetate 

 Agarose 

Acrylamide 

β-mercaptoethanol 

Ethylenediaminetetraacetic acid (EDTA) 

Formic acid 

Hydrochloric acid 

Imidazole 

Potassium chloride 

Sodium hydroxide 

Sodium sulphate 

Thiourea. 

 

Biolab Pty Ltd., Australia. 

 o-phosphoric acid  
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BioRad, USA. 

Ammonium persulfate 

Tetramethylethylenediamine (TEMED). 

 

GE Healthcare, USA 

 IEF buffer concentrate 

 

GE Healthcare, Sweden 

Immobiline
™

 DryStrip IPG pH 3-10 NL 18 cm 

Vivaspin 500, 2, 6 & 20, 3kDa MWCO concentrator units 

 

Hopkin & Williams, England. 

Bromophenol blue (BPB). 

 

Invitrogen Corporation New Zealand 

 Bovine serum albumin (BSA) (New Zealand sourced) 

 

Invitrogen Life Technologies, USA. 

 Bovine serum albumin (BSA) 

Novex
®
 sharp pre-stained protein standard  

Urea. 

 

LabServ, UK 

 Coverslips 

 

Merck & Co., USA. 

 Yeast extract granulated 

 Peptone 

 

Promega, USA. 

 Sequencing grade modified trypsin  
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Roche Diagnostics GmbH, Germany. 

Protease cocktail inhibitor complete tablet EDTA-free 

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). 

 

Scharlau, Spain. 

 Ammonium sulphate 

Acetic acid 

Glycerol 

Sodium chloride. 

HPLC grade ethanol 

HPLC grade tert-butyl methyl ether 

 

Serva, Germany. 

N, N’-methylene bisacrylamide. 

 

Sigma Chemical Co., USA. 

Ammonium phosphate 

Aluminium sulphate 

Bicinchoninic acid 

Coomassie brilliant blue R-250 & G-250 

Copper sulphate 

Dithiothreitol (DTT) 

Iodoacetic acid (IAA) 

Mineral oil 

Optiprep™ (60% iodixanol) 

Sodium dodecyl sulfate (SDS) 

Sodium tartrate 

α-cyano-4-hydroxycinnamic acid (CHCA) 

 

Thermo Fisher Scientific, USA. 

 HPLC grade acetonitrile 

 HPLC grade methanol 

 Tris(2-carboxyethyl)phosphine (TCEP)  
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Toyo Roshi Kaisha Ltd., Japan 

Cellulose acetate 0.45 μm 47 mm filters 

 

Univar, USA. 

 Sodium carbonate 

Sodium hydrogen carbonate 

Chloroform  
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2.1.2 Buffers and solutions 

Ammonium Bicarbonate Buffer (ABC) 

 NH4HCO3     50 mM 

 Adjusted to pH 7.9 with HCl 

 

Anti-Coagulant Buffer (ACB) 

 HEPES     10 mM 

 NaCl      450 mM 

 KCl      10.5 mM 

 NaHCO3     2 mM 

 EDTA      70 mM 

 Imidazole     50 mM 

 Adjusted to pH 7.5 with HCl 

 

Anti-Coagulant Buffer 2 (ACB-2) 

 HEPES     100 mM 

 NaCl      360 mM 

 KCl      10.5 mM 

 Na2SO4     29 mM  

 NaHCO3     2 mM  

 EGTA      20 mM 

 Adjusted to pH 7.9 with HCl 

 

Calcium and magnesium-free artificial seawater 

 HEPES     10 mM 

 NaCl      450 mM 

 KCl      10.5 mM 

 NaHCO3     2 mM 

 Adjusted to pH 7.5 with HCl  
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BCA assay Reagent A 

 NaHCO3     0.95%  

 Na2CO3     2% 

 Sodium tartrate    0.16% 

 Bicinchoninic acid (BCA)   1% 

 NaOH      0.4% 

 Adjusted to pH 11.25 with HCl 

 

BCA assay Reagent B 

 CuSO4.5H2O     4% 

 

Colloidal Coomassie stain 

 Al2(SO4)3     50 g 

 o-phosphoric acid    50 mL 

 MQ-water     100 mL 

 Coomassie blue G-250   1.2 g 

 MQ-water     800 mL 

 Ethanol     100 mL 

 

Coomassie gel destain 

 Methanol     20% 

 Acetic acid     8% 

 MQ-water     72% 

 

Coomassie standard stain 

 Coomassie brilliant blue R-250  0.2% 

 Methanol     50% 

 MQ-water     50% 

 Acidified with acetic acid to 8% to form working stock 

 

Fixing solution 

 Methanol     10% 

 Acetic Acid     7% 

 MQ-water     83%  
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HPLC isocratic buffer A 

 MQ-water     99.9% 

 Formic acid     0.01% 

 

HPLC isocratic buffer B 

 Acetonitrile     5 parts 

 Methanol     9 parts 

 

HPLC isocratic working buffer 

 HPLC isocratic buffer A   50% 

 HPLC isocratic buffer B   50% 

 

HPLC gradient buffer A 

 Methanol     99% 

 MQ-water     1% 

 Ammonium acetate    0.2% (v/v) 

 

HPLC gradient buffer B 

 tert-butyl methyl ether   100% 

 

Isoelectric focusing sample rehydration buffer 

 Urea      7 M 

 Thiourea     2 M 

 CHAPS     2% 

 DTT      50 mM 

 TCEP      4 mM 

 Bromophenol blue (water saturated)  200 μL  
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Isoelectric focusing strip alkylation solution 

 Urea (6 M)     3.6 g 

 Iodoacetamide     250 mg 

 SDS-PAGE resolving buffer   2.5 mL 

 Glycerol (50%)    4 mL 

 MQ-water     1 mL 

 Bromophenol blue (water saturated)  200 μL 

 

Isoelectric focusing strip reducing solution 

 Urea (6 M)     3.6 g 

 DTT      200 mg 

 SDS-PAGE resolving buffer   2.5 mL 

 Glycerol (50%)    4 mL 

 MQ-water     1 mL 

 

Mass Spectrometry matrix solution (MALDI-TOF) 

 α-cyano-4-hydroxy-cinnamic acid (CHCA) 10 mg/mL (98 μL) 

 Trifluoroacetic acid (TFA)   1 μL 

 Ammonium phosphate (10 mM)  1 μL 

 

SDS-PAGE electrode buffer (1×) 

Tris      25 mM 

Glycine     0.19 mM 

 SDS      3.5 mM 

 (No pH adjustment) 

 

SDS-PAGE resolving gel buffer 

 Tris      1.5 M 

 SDS      14 mM 

 Adjusted to pH 8.8 with HCl  
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SDS-PAGE stacking gel buffer 

 Tris       0.5 M 

 SDS      14 mM 

 Adjusted to pH 6.8 with HCl 

 

SDS sample buffer (2×) 

 SDS-PAGE stacking gel buffer  12.5% (v/v) 

 SDS      3% (w/v) 

 Mercaptoethanol    5% (v/v) 

 Glycerol     10% (w/v)  
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2.1.3 Equipment 

Applied Biosystems, USA. 

 4800 MALDI TOF-TOF 

 

Beckman Coulter, USA. 

Allegra X-15R centrifuge 

 

BioRad, USA. 

Power Pac 300 

Mini-Protean Tetra System 

Multi gel mould 

Automated cell counter 

 

Biotek Instruments, USA. 

ELx808 Ultra Microplate Reader 

 

Buchi, Switzerland. 

V-700 vacuum pump 

 

Eppendorf, Germany. 

5810R centrifuge 

 A-4-62 swing bucket rotor 

 

GE Healthcare, Sweden. 

EPS 601 electrophoresis power pack 

IPGphor isoelectric focusing system with ceramic manifold 

 

GE Healthcare, USA. 

Ettan DALTsix large format 2D electrophoresis system  
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Gilson, USA 

 315 pump 

 158 UV-VIS detector 

 215 liquid handler 

 815 injection port 

 

Hettich, Germany. 

Mikro 200 bench top centrifuge. 

 

Holten, USA. 

HH48 Laminar Flow Cabinet. 

 

IKA Works, USA. 

 MS Minishaker 

 

Intavis AG, Germany 

 DigestPro Msi robotic work station 

 

Millipore, USA. 

MQ water filtration system 

Type GV 0.22 μm filters 

 

Olympus, Japan 

 DP71 camera 

 BX62 microscope 

 

Perkin Elmer, USA. 

DNA Thermal Cycler 

 

Rigaku, Japan 

 Micromax-007HF R-axis IV
++
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Sartorius, Germany. 

ED-6235-CW balance 

PB-10 pH meter 

 

Transtek Systems, Australia. 

Soniclean 160T sonication bath 

 

Sartorius, Germany. 

 PB-10 pH meter 

 

Sigma-Aldrich, USA. 

Stuart


 SSL3 gyro rocker 

 

Simpson, Australia. 

Impression refrigerator 300 (-20
o
C freezer) 

 

Sonics, USA. 

 Vibracell sonicator 

 

Terumo, Japan. 

Luer-lock syringes 

 

TEW Electric Company, Taiwan. 

TISH-400 Impulse sealer 

 

Thermo Fisher Scientific, USA. 

Thermolyne Limarec stirrer 

Environ-Scan™ Forma 8600 freezer (-80
o
C freezer) 

Multiskan GO microtitre plate reader 

Savant Speedvac 

 

Varian, USA. 

Cary 50 UV-Vis Spectrophotometer 
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Weber Scientific, USA 

Cell counting chamber  
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2.2 Methods 

2.2.1 Collection and storage of sea urchins 

Sea urchins (E. chloroticus) were harvested from two open water locations on the southern 

coast of New Zealand, both of which were within sea urchin region 5 (SUR5). The primary 

location was within the Fiordland region on the southeast coast and the second was off the 

Stewart Island coast at the bottom of the South Island of New Zealand (Fig. 2.1). 

 

 

       

Figure 2.1. E. chloroticus collection sites in the South Island. The New Zealand Exclusive Economic Zone 

(EEZ is partitioned into regions by the New Zealand Ministry for Primary Industries. The Southland and south-

east coast marine regions double as SUR5 and SUR3 respectively (A). Sea urchins for this study were collected 

from two sites within SUR5; Pegasus Bay, Stewart Island (square) and Doubtful Sound, Fiordland (circle) (B). 

Image ‘A’ courtesy of New Zealand Ministry for Primary Industries. Image ‘B’ adapted from the United States 

National Aeronautics and Space Administration (NASA). 

After harvesting, the animals were transported in aerated tanks to the University of Otago 

Portobello Marine Laboratory (PML) in Portobello, Dunedin. The laboratory is situated on the 

inner coastline of the Otago Peninsula about 25 minutes drive from Dunedin City, New 

Zealand. The laboratory is equipped with circulating filtered seawater from the Otago 

harbour. The sea urchins were housed in the laboratory hatchery facility in white 
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polyvinylchloride (PVC) tanks, which were 80 cm long  40 cm wide  40 cm deep (Fig. 

2.2). 

 

 

              

Figure 2.2. Storage of sea urchins at the Portobello Marine Laboratory hatchery facility. Sea urchins 

housed in a PVC tank fitted with a drainage pipe (enlarged in the bottom right hand corner) and free flowing 

filtered seawater from a hose on the left. The drainage pipe has a plastic mesh cage over it to prevent seaweed 

and animals from blocking the pipe. Seawater was collected directly from the harbour and circulated through the 

tanks and back out to sea. Rocks were introduced into the tanks as a natural substrate for the sea urchins to cling 

to. 

The tanks were fitted with a drain in one corner with a piece of PVC pipe (35 cm in length) 

wedged into it in order to maintain an adequate level of water. Filtered seawater was pumped 

into the tanks at a rate of 1 L.min
-1

 allowing the environment in the tank to remain aerated and 

to prevent the water from becoming contaminated. Around 10-15 animals were kept in each 

tank. Every 7-10 days the water in each tank was completely drained and the tank scrubbed 

with a brush without the use of chemical cleaners. The tank was refilled with fresh seawater 

and the sea urchins main food source, the brown kelp species M. pyrifera, was replenished. 
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2.2.2 Collection of sea urchin coelomic fluid 

The whole coelomic fluid (wCF) of the sea urchin is made up of two distinct parts: the 

coelomocytes and the cell-free plasma (CFP), in which the coelomocytes are suspended. 

Whole coelomic fluid was collected in two different ways depending on which type of 

procedure was followed. If a sea urchin was totally dissected, the peristomium was cut and 

the wCF drained completely (Fig. 2.3). If only a partial extraction of CF was required, a 

needle and syringe was used to withdraw a nominal amount of CF from the coelomic cavity 

without sacrificing the animal. 

2.2.2.1 Total coelomic fluid extraction for CFP and total 

coelomocyte analysis 

To extract all of the wCF, the sea urchin was removed from the water and the spines that 

shield the peristomium were trimmed with scissors to expose the membrane. Any excess 

broken spines were washed off with seawater to prevent any contaminating the fluid during 

collection. The animal was placed adoral side up. A Swann Morton Ltd. No. 22 disposable 

surgical scalpel was used to cut two incisions on opposite sides of the lantern, one for the 

drainage of the CF, the other to avoid a vaccum in the coelomic cavity and allow for easier 

drainage. The animal was lifted and inverted to allow free flow drainage of CF from the 

incision (Fig. 2.3).  
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Figure 2.3. Total CF extraction from a sea urchin. To collect the total volume of CF from an animal, two 

incisions were made in the peristomium on opposite sides of Aristotle’s lantern (A). The animal was inverted 

90
o
, and the CF free flowing was collected in a 50 mL centrifuge tube, containing 50% ACB (B). 

The CF was collected in 25 mL aliquots and was either stored as an independent sample for 

clotted cell analysis or drained directly into 25 mL aliquots of anti-coagulant buffer (ACB). 

The ACB was used to prevent the rapid cellular coagulation that occurred when the CF was 

removed from the animal. Draining into ACB was the preferred method for most extractions. 

Typically the total volume of coelomic fluid collected from an animal was between 50-75 

mL. Collected CF samples were either immediately stored on ice or frozen for future use. 

2.2.2.2 Partial coelomic fluid extraction for density gradient 

separation 

Partial CF extraction was undertaken in order to establish baseline cell numbers and protein 

levels while keeping the animal alive to recover. To do this, a 10 mL Terumo™ luer lock tip 

syringe with a 21-gauge needle was loaded with 5 mL chilled ACB, enough to reach a 50:50 

ratio of ACB with 5 mL of CF being withdrawn. 

 

To extract the CF, the animal was removed from the water and placed adoral side up on a 

bench. The needle was inserted through the peristomium, between the test and the lantern, 

into the coelomic cavity to a maximum depth of 0.5 cm. This was to avoid puncturing the gut 

wall or causing any other internal damage. If digestive fluid was found to be present in the 

CF, then the sample was discarded and the animal was not used for the experiment. Coelomic 



                                                                                                                                                                                                           Materials and Methods 

 - 59 -  

fluid was slowly drawn into the syringe to avoid any shearing action by the needle against the 

cells (Fig. 2.4). 

 

 

       

Figure 2.4. Partial extraction of CF from a sea urchin using a needle and syringe. The needle attached to a 

syringe containing 5 mL of ACB was inserted through the peristomium into the coelomic cavity (A). The CF (5 

mL) was gently withdrawn from the coelomic cavity into the syringe (B). 

Once 5 mL of CF had been collected, the needle was withdrawn from the peristomium and 

the syringe inverted several times to achieve a homogeneous mix of CF with ACB. The mixed 

CF/ACB was stored on ice. The sea urchin was placed back in the tank.  
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2.2.3 Analysis of coelomic fluid 

Coelomic fluid is made up of two components, the cells (total coelomocytes) and the fluid in 

which they are suspended (CFP). Before the total coelomocytes and CFP are separated a 

number of different quantitative procedures were carried out, these included, overall cell 

count, proportion of each cell sub-population relative to the others, BCA assay for total 

protein quantification and a scanning spectral wavelength analysis of both the wCF and the 

CFP.  

2.2.3.1 Cell verification 

Before any cell processing began, the CF was subjected to cellular verification via 

microscopy. Cell imagery was captured using an Olympus DP71 camera attached to an 

Olympus BX62 microscope in order to characterise and identify the cell sub-populations 

within the coelomic fluid. Individual cells were identified at 100× magnification on Fronine 

microscope slides using LabServ coverslips. Individual cell sub-populations were quantified 

using a Weber Scientific International Ltd. counting chamber. The total cell number was 

measured using a BioRad automated cell counter. 

2.2.3.2 BCA total protein assay 

Whole coelomic fluid (1 mL) was sonicated using a Sonics Vibracell fitted with a micro 

sonication probe for 1 min (30%). The sonicated solution was centrifuged for 2 min at 14,000 

g in a Hettich Mikro 200 bench top centrifuge to pellet any debris. The supernatant was 

decanted, of which 25 μL was kept for a BCA assay while the remainder was used for spectral 

analysis (section 2.2.3.3). A protein assay adapted from the Thermo Scientific Pierce
®
 BCA 

protein assay kit was used. 

 

BCA reagent A was mixed thoroughly with BCA reagent B at a ratio of 50:1 respectively. 

The resulting solution was referred to as the working reagent (WR). Sea urchin protein 

samples (25 μL) and separate bovine serum albumin (BSA) standards of various amounts (0 – 

10 μg), were applied to individual wells of a 96 well plate. Samples and standards were 

analysed in triplicate to minimise errors. Using a multichannel pipette, 200 μL of WR was 

added to each well containing sample or standard. The plate was gently agitated to mix and 

left to incubate at 37
o
C for 30 min. 
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After incubation, the absorbance was measured at 562 nm using a Thermo Scientific 

Multiskan GO microplate reader. The protein quantity in each sample was determined from 

the standard curve of BSA. 

2.2.3.3 Scanning spectrophotometry analysis of coelomic elements 

Colour changes that occurred in the CF throughout this study were quantified using a Varian 

Cary 50 UV-Vis spectrophotometer. Anti-coagulant buffer served as the blank when wCF 

was being analysed by the scanning spectrophotometer. 

 

An aliquot of CF from the BCA preparation protocol (section 2.2.3.2) was transferred into a 1 

mL quartz cuvette and placed into the spectrophotometer. A spectral scan was carried out 

between 200 nm and 800 nm wavelengths to capture the full range of changes that might 

occur and to ensure that any changes in napthoquinone abundance would be detected. 

2.2.3.4 Analysis of total coelomocytes and cell-free plasma 

As mentioned in section 2.2.3, total coelomocytes and CFP are the two constituents of wCF. 

Figure 2.5 outlines the procedure for separating the two components and preparing the 

samples for SDS-PAGE electrophoresis. The diagram also outlines the steps involved in the 

separation of the cell sub-populations using a density gradient system. 

 

Coelomic fluid was centrifuged in a fixed angle rotor at 8,000 g for 30 minutes at 4
o
C (Fig. 

2.5). The pellet obtained was the total coelomocyte cell population. This population was 

referred to as the total coelomocytes and the supernatant, which was decanted off, was the 

CFP. 

 

To an aliquot (0.5 mL) of coelomocyte cell pellet that was originally dispersed in 10 mL of 

CF, 1 mL of SDS-PAGE sample buffer was added and heated for one hour at 95
o
C. The lysed 

cells were then centrifuged at 14,000 g to pellet the debris before the supernatant was 

aliquoted and stored at -80
o
C ready for electrophoresis. 

 

The obtained CFP stock was always far too dilute to achieve adequate protein display by 2D-

PAGE. The fluid was concentrated using either GE Healthcare Vivaspin 6 mL or 20 mL 

centrifuge filters containing a 10-kDa molecular weight cut-off membrane. The CFP was 
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concentrated 50-fold using Vivaspin centrifuge filters by centrifuging at 4
o
C in a fixed angle 

rotor at 7,000 g. The CFP was buffer exchanged to 20 mM Tris-HCl pH 7.9 using the 

Vivaspin centrifuge filters and then the retentate stored in 100 μL aliquots at -80
o
C.  
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Figure 2.5. Coelomic fluid fractionation and analysis. Flow diagram outlining the processes involved to 

obtain CFP, total coelomocytes and purified coelomocyte sub-populations using a density gradient protocol.  
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2.2.3.5 Fractionation of coelomocytes 

The total coelomocyte population comprised several sub-populations (Hillier & Vacquier, 

2003). Numerous attempts were made to sub-fractionate the coelomocytes using Na-

metrizoate density gradients, but was found to be unsatisfactory. Subsequently coelomocytes 

were sub-fractioned using Sigma-Aldrich Optiprep in a density gradient. Optiprep is a 

60% iodixanol solution and has proved successful in other experiments (Arizza et al., 2007). 

Various Optiprep density gradient configurations were used in varying concentrations until 

a final protocol was settled on. Figure 6 outlines the gradient preparation process. 

2.2.3.5.1 Optiprep™ density gradient preparation 

Optiprep was diluted with ACB to achieve different density solutions. After numerous 

trials, a step gradient of 10, 20, 30 and 50% Optiprep was decided on. The diluted 

Optiprep was chilled to 4
o
C and gradients were set up in 50 mL centrifuge tubes. 

Optiprep solutions of increasing density were underlayed into a centrifuge tube 10 mL at a 

time starting with the least dense (10%) (Fig. 2.6). The procedure was carried out carefully so 

as not to cause intermixing of the gradient layers. A thin piece of chromatography tubing was 

attached to a 20 mL syringe, loaded with 10 mL of the Optiprep
™

 solution to be underlayed. 

The tubing was carefully lowered through the upper layer(s) to the bottom of the tube and the 

solution was slowly expelled from the syringe (Fig. 2.6). 
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Figure 2.6. Assembling Optiprep density gradient. Density gradients for coelomocyte sub-population 

fractionation were constructed in 50 mL centrifuge tubes using Optiprep. Solutions of increasing density were 

underlayed into the centrifuge tube (A). A 10 mL syringe was attached to a 15 cm length of chromatography 

tubing to accomplish the layering process (B). Chromatography tubing was carefully lowered through the upper 

layers to the bottom of the centrifuge tube, and slowly the fluid in the syringe was expelled (C). For the purposes 

of demonstrating the discrete layering that was achieved in forming the gradient, the upper (10%) and lower 

(30%) Optiprep solutions were stained with trypan blue (C). 

After the total volume was underlayed, the chromatography tubing was slowly withdrawn 

from the gradient. The syringe was reloaded with the next solution and the process was 

repeated until all layers had been successfully established from least dense (10%) at the top to 

most dense (50%) at the bottom. 
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2.2.3.5.2 Density gradient centrifugation 

Several procedures reported in the literature were evaluated before the final wCF volume used 

and centrifuge protocol was decided upon. With the gradient established, 2 mL of wCF was 

gently over-laid on top of the upper most or least dense solution. The centrifuge tube 

containing the gradient and wCF was placed in an Eppendorf A-4062 swinging bucket rotor 

inside an Eppendorf 5810R centrifuge and centrifuged at 1,500 g for 30 minutes at 4
o
C. The 

centrifuge was set to an arbitrary acceleration rate of ‘2’ and deceleration was set to ‘0’ (with 

no braking). Altering the acceleration and deceleration rates enabled a more distinctive cell 

banding to occur, preventing the bands from smearing on the centrifuge tube wall. After 

centrifugation, the cell sub-population banding was clearly visible, mainly localised at the 

solution interfaces. The cell bands were removed from the gradient using a Pasteur pipette, 

extracting the upper band first and transferring the cells to individual centrifuge tubes. 

 

The separated cells were subjected to cell analysis via microscopy, as outlined in section 

2.2.3.1.  
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2.2.3.6 1D SDS-PAGE protein displays 

Protein samples were separated initially using mini 1D SDS-PAGE. This was performed to 

display the proteins in the sample and was also useful for assessing whether there was 

interference from lipids or other contaminants in the sample. 

2.2.3.6.1 Preparation 

Mini 1-D SDS-PAGE gels were made using a BioRad multi gel mould. BioRad glass plates. 

A 0.75 mm spacer plate and a short plate were assembled consecutively in the multi gel 

mould and fixed in place. The gels were composed of a lower 12.5% acrylamide resolving 

layer and an upper 4.9% acrylamide stacking layer containing wells into which the protein 

samples were loaded. 

  

The resolving gel solution (Table. 2.1) was prepared in a 250 mL Buchner flask and degassed 

for 10 minutes using a Buchi V-700 vacuum pump before the polymerising agents (TEMED 

and 10% APS) were added, mixed and poured into the gel mold to within 1.5 cm of the top of 

the short plate. Water saturated butan-1-ol (500 L) was pipetted over each gel to exclude air 

and produce a flat gel surface. The resolving gel was allowed to set at room temperature for 

approximately an hour before the butan-1-ol was decanted and washed out with distilled 

water followed by the glass plates being dried with tissue paper.  
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Resolving gel (mL) 

30% acrylamide/0.8% bis-acrylamide 20.84 

Resolving buffer 12.5 

MQ-water 16.66 

Degas, then add (μL) 

APS (10%) 210 

TEMED 30 

Stacking gel (mL) 

30% acrylamide/0.8% bis-acrylamide 3.08 

Stacking buffer 4.73 

MQ-water 10.95 

Degas, then add (μL) 

APS (10%) 141 

TEMED 18.75 

Table 2.1. Components of the resolving and stacking gels for 1D SDS-PAGE. 

The stacking gel solution (Table. 2.1) was prepared in a 250 mL Buchner flask and degassed 

for 10 minutes using a Buchi V-700 vacuum pump before the polymerising agents (TEMED 

and 10% APS) were added, mixed and poured on top of the resolving gel. Immediately, a ten 

well, 0.75 mm comb was inserted into the stacking gel solution, and then allowed to 

polymerise for approximately 30 min. 

 

The set mini gels were wrapped in damp tissues and stored at 4
o
C for up to two weeks. 

2.2.3.6.2 Electrophoresis 

Before electrophoresis, the mini gels were assembled in a BioRad Mini Protean Tetra gel 

running system. The insert was lowered into the tank and electrode buffer was poured into the 

upper reservoir and allowed to settle for 5 min to ensure a tight seal. The tank was filled to the 

appropriate level indicated on the side of the tank and the combs from the gels were removed. 

 

CFP samples to be separated via electrophoresis were prepared by adding an equal volume of 

SDS sample buffer to sample, and 1 L of saturated bromophenol blue solution before being 

heated at 95
o
C for 5 min. Samples of coelomocytes were already present in SDS-sample 

buffer and only required the addition of bromophenol blue (1 L). 
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Up to 20 L of the prepared SDS buffer/protein sample was pipetted into each well with the 

addition of Novex pre-stained protein standard (3 L) into one of the ten wells. The proteins 

were separated at 12 mA per gel through the stacking gel and 24 mA per gel through the 

resolving gel until the dye front reached the bottom of the gel, which took approximately 45 

minutes. 

2.2.3.6.3 1D SDS-PAGE gel staining, destaining and imaging 

After the dye front had reached the bottom of the glass plates, the current was switched off 

and the tank insert removed. The gel and assembly plate was removed from the insert and the 

gels were carefully removed from the glass plates. Coomassie blue stain (Table. 2.2) was 

made by dissolving Coomassie brilliant blue R-250 in methanol overnight. MQ-water was 

added to the Coomassie/methanol solution and acetic acid is added to the solution to form the 

acidified working solution. The gels were placed into plastic containers and 50 mL of 

acidified Coomassie blue stain (Table. 2.2) was applied and left to incubate for at least 30 

minutes. After incubation, the stain was decanted and the gel washed with MQ-water. 

Coomassie gel destain (Table. 2.2) was added and the gel destained until the gel background 

was acceptable.  
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2.2.3.7 2D PAGE protein displays 

Total coelomocyte, CFP and sub-population samples were subjected to 2D PAGE to display 

proteins present in samples. 2D PAGE enabled the separation of proteins by charge as well as 

size, but was limited by protein solubility, the IEF dimension and by protein abundancy 

dynamic range. 

 

To achieve optimum 2D PAGE protein display, samples to be separated were depleted of 

lipid using an adapted chloroform-methanol lipid extraction procedure (Wessel & Fugge, 

1984) followed by use of a GE Healthcare 2D PAGE Clean-Up kit to remove remaining salt.  

2.2.3.7.1 Chloroform-methanol lipid extraction 

Methanol (600 L) was added to 100 L of clarified protein sample in a 1.5 mL centrifuge 

tube and vortexed. Chloroform (150 L) was added to the sample and vortexed thoroughly. 

To this, 450 L of MQ-water was added and vortexed thoroughly. The sample was 

centrifuged at 12,000 g for 2 min separating it into upper and lower soluble phases and a 

precipitate that contained the protein at the interface. The upper phase was removed and 

discarded without disturbing the protein precipitate. To the protein precipitate, 450 L of 

methanol was added and the precipitate was completely dispersed by mixing and sonication in 

a Transtek Soniclean 160T sonication bath, which normally required 1-2 mins at full 

intensity. Samples were then centrifuged at 12,000 g for 2 min before the supernatant was 

removed and the protein pellet was either subjected to another chloroform-methanol clean up 

or to a desalting procedure using a GE Healthcare 2-D SDS-PAGE Clean-Up kit. 

2.2.3.7.2 2D PAGE clean-up kit procedure 

This procedure involved use of a GE Healthcare 2D clean-up kit. Samples aliquots of 100 μL 

containing up to 100 μg of protein, as determined by BCA protein assay (section 2.2.3.2), 

were added to 300 μL of 2D PAGE clean-up kit precipitant solution, vortexed and incubated 

on ice for 15 min. After incubation, 300 μL of co-precipitant was added and mixed 

thoroughly before being centrifuged at 12,000 g for 5 min. The supernatant was discarded and 

the samples briefly centrifuged and any remaining supernatant was removed. To the pellet, 40 

μL of co-precipitant was added and incubated on ice for 5 min. The sample was then 

centrifuged at 12,000 g for 5 min before the supernatant was removed and discarded. MQ-

water (25 μL) was added to the pellet and the pellet was dispersed by pipetting but not 
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dissolved. Wash buffer (1 mL) (which was kept at -20
o
C) and wash additive (5 μL) (GE 

Healthcare 2D clean-up kit, L28955986/AA) were added to the dispersed pellet and vortexed 

for 20-30 seconds every 10 min for at least 30 min. The sample was then centrifuged at 

12,000 g for 5 min before the supernatant was removed and the pellet dried partially. 

 

The protein pellet was redissolved in rehydration buffer (100 μL), which also contained added 

5 μL of isoelectric focusing (IEF) buffer concentrate (GE Healthcare) and 2 μL each of 

protease inhibitor (to prevent enzyme proteolysis) and tributyl phosphine (GE Healthcare). 

The pellet was dissolved in the buffer by sonication in a Transtek Soniclean 160T sonication 

bath for 2 mins at full intensity and, if necessary, mechanical disruption with the use of a mini 

pestle. Insoluble material was removed from the supernatant by centrifugation at 14,000 g and 

discarded. 

2.2.3.7.3 First dimension isoelectric focusing 

Protein samples for IEF, were made to a final volume of 360 μL with IEF rehydration buffer. 

The rehydrated protein sample was pipetted into a BioRad IPG (immobilized pH gradient) 

strip rehydration plate well. A GE Healthcare IPG Immobiline
™

 DryStrip pH 3-10 non-linear 

18 cm gel strip was placed gel side down into the well in a manner to prevent air bubbles 

from being trapped underneath the gel strip. The strip was rehydrated at room temperature 

overnight. 

 

After rehydration, the strip was washed on both sides with 150 μL MQ-water to remove 

excess protein and rehydration buffer. The strip was placed gel side up into an IPGphor 

isoelectric focusing ceramic manifold (GE Healthcare) and filled with mineral oil. Wetted 

paper wicks (GE Healthcare) were placed over each end of the strip and electrode bars 

positioned on the wicks, enabling electrical contact. Isoelectric focusing (IEF) was conducted 

over 24 hours. The electrophoresis protocol is shown in Table 2.2.  
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IEF electrophoresis protocol 

Time (h) Voltage limit 

2 200 

2 500 

3 1000 

4 2000 

5 4000 

8 8000 

Table 2.2. 2D PAGE IEF electrophoresis protocol. The current was limited to 50 μA throughout the 

electrophoresis. 

2.2.3.7.4 Reduction and alkylation of proteins after IEF 

Following IEF, the proteins were reduced and alkylated using DTT and IAA respectively. The 

IPG strip was incubated for 10 min in a 1.8 mL aliquot of IEF reducing solution. The strip 

was then transferred into a clean well and incubated for a further 10 minutes in a 1.8 mL 

aliquot of IEF alkylating solution. 

2.2.3.7.5 Second dimension preparation 

Large format, 12.5% 2D PAGE gels were made in an Ettan DALT six (GE Healthcare) gel 

casting mould. The acrylamide solution was mixed thoroughly and degassed using a Buchi V-

700 vacuum pump for 1 hour. Freshly made 10% APS and TEMED were added and mixed 

before the acrylamide solution was carefully poured into the gel mould over a period of 

approximately 5 min, to minimise aeration of the gel. The gels were overlayed with degassed 

SDS-PAGE electrode buffer to remove the meniscus effect and exclude air. The gel mould 

was covered with plastic wrap to maintain humidity and left at room temperature overnight to 

set. Once set, the mould was dismantled and the gels stored at 4
o
C in a plastic bag. 

 

The reduced and alkylated IPG strip (section 2.2.3.7.4) was applied to the top of a large 

format SDS-PAGE gel. The low pH (anode (+)) end of the strip was positioned on the left-

hand side of the gel, and 0.5% agarose solution was applied to secure the strip to the gel 

before electrophoresis. 
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2.2.3.7.6 2D PAGE second dimension electrophoresis 

Second dimension electrophoresis was performed in an Ettan
™

 DALT six electrophoresis tank 

(GE Healthcare), filled with SDS-PAGE electrode buffer and coupled to an electrophoresis 

power supply EPS 601 (GE Healthcare) unit. The gel was electrophoresed initially for 1 hour 

at 2 W/gel to allow protein transfer from the IPG strip into the gel. The power was then 

increased to 20 W/gel until the dye front had migrated to the bottom of the gel. Second 

dimension electrophoresis typically took between 5 - 6 hours. 

2.2.3.7.7 Post-electrophoresis protocol 

After the dye front had reached the bottom of the gel, it was carefully removed from the glass 

plates and placed in a plastic container. The gel was soaked twice for 30 min in 500 mL of 

2D-gel fixing solution containing methanol and acetic acid in a container placed on a Stuart
®

 

SSL3 Gyro Rocker. 

 

After fixing the gel, home made colloidal Coomassie stain was used to stain and visualise 

proteins. The colloidal Coomassie procedure was based on that of Neuhoff et al. (1988) as 

modified by Candiano et al. (2004). The stain was prepared by mixing 50 mL o-phosphoric 

acid, 50 g of aluminium sulphate, with 100 mL of MQ-water, once dissolved 1.2 g Coomassie 

G-250 was added. To this, 900 mL of MQ-water and 100 mL of ethanol were added and 

stirred 30 min. Staining of the gel required an overnight incubation with enough stain (250 

mL) to completely cover the gel. 

 

The gel were either destained in distilled water or with 5% phosphoric acid, 10% ethanol 

solution followed by MQ-water. The destaining procedure was carried out until the 2D PAGE 

background was acceptable. The gel were scanned to obtain a digital copy and then stored in a 

sealed plastic bag at 4
o
C.  
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2.2.3.8 Mass spectrometry analysis of proteins 

To identify the proteins displayed by 1D and 2D PAGE, protein bands/spots were excised 

from the acrylamide gels and subjected to an in-gel tryptic digest workflow (Shevchenko et 

al., 1996) before being analysed using mass spectrometry. The data obtained from mass 

spectrometry were searched against the NCBI protein database to identify the proteins present 

in the gel spots/bands. 

2.2.3.8.1 In-gel tryptic digest 

Protein spots from 2D gels and bands from 1D gels were manually excised and transferred to 

1.5 mL centrifuge tubes. The gel plugs from the 2D gels were 1 mm in diameter while the 

band width varied depending on the 1D gel being analysed. The excised gel pieces were 

digested in sequencing grade modified trypsin (Specific activity 18200 EU.mg
-1

) using a 

robotic workstation for automated protein digestion.  

 

Shevchenko et al., (1996) developed the first digestion protocol and the following procedure 

was adapted from that. The gel pieces were destained and dehydrated in 80% acetonitrile 

before being rehydrated in 50 mM ammonium bicarbonate (ABC) buffer, pH 7.9. The 

destaining and rehydrating steps were carried out for 30 min each and were repeated until all 

colouration had been removed from the gel. Following the destaining and rehydrating steps, 

two further 80% acetonitrile wash steps at 37
o
C were carried out. The acetonitrile was 

pipetted from the microcentrifuge tubes and the gels were air dried for 20 min. Sequencing 

grade modified trypsin (5 L) and ABC buffer (5 L) were added to the dehydrated gel pieces 

and allowed to absorb into the gels. Once the trypsin/ABC mix had completely absorbed, the 

gels were considered to be completely rehydrated and were just covered in ABC buffer. The 

microcentrifuge tubes were capped and incubated at 37
o
C overnight. 

 

The overnight digestion was stopped by adding a 10 L mixture of 30% acetonitrile/ 0.1% 

trifluoroacetic acid (TFA). The peptide extracts were then concentrated in a SpeedVac 

(Savant) by evaporating off any excess liquid. A protein extract aliquot (1.0 L) was added to 

2.0 L of mass spectrometry CHCA matrix media and 0.8 L of that mixture was spotted 

onto a MALDI target sample plate (Opti-TOF 96 grid position plate, Applied Biosystems). 

Peptide spots were then left to dry on the Opti-TOF 96 well plate for 30 min in a Holten 

HH48 Laminar flow cabinet (Holten). 
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2.2.3.8.2 MALDI-TOF-TOF mass spectrometry 

The MALDI-MS target plate was air brushed to remove any dust or loose material and then 

placed into a 4800 MALDI TOF/TOF analyser (Applied Biosystems). All mass spectra were 

acquired on positive-ion mode with 800-1000 laser pulses fired per sample. 

 

The machine was calibrated using reference spots of trypsin before conducting mass 

spectrometry on the protein digest samples. Analysis was conducted in Reflector Positive Ion-

Mode using the MS Reflector Positive (acquisition method) and the MS Sigma Positive 

(processing method), to set the analysis parameters. The peptide mass range was set at 4300, 

with a total of 800-1000 pulses fired on each spot. MS/MS collision induced dissociation 

(CID) analysis was conducted on the 15-20 strongest precursor ions. The CID spectra for each 

selected precursor was acquired for 2000-4000 laser pulses using the 2 kV mode and air as the 

collision gas at a pressure of 1 × 10
-6 

torr. 

2.2.3.8.3 Analysis of MS spectra and identification of proteins 

Protein identification was conducted using MASCOT (Pappin et al., 1999) (accessed online 

http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=PMF) against 

the mass spectrometry signal data in the NCBI database. 

 

The parameters used for all of the searches performed were; a fragment tolerance of 0.4 Da, a 

precursor tolerance of 75 parts per million (ppm) and a maximum of three missed cleavages. 

Carboxyamidomethyl cysteine, oxidised methionine and deamidation (N,Q) were included as 

variable cleavage sites. The cut-off for a reliable protein identity was defined as an ion score 

greater than 33. The threshold was variable and identities were assigned according to the 

scores recommended by MASCOT for each individual case.  

http://www.matrixscience.com/cgi/search_form.pl?FORMVER=2&SEARCH=PMF
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2.2.4 Analysis of naphthoquinone pigments 

Analysis of naphthoquinone pigments present in sea urchin extracts were studied using 

scanning spectrophotometry and HPLC. Crystallisation was attempted using different organic 

solvents. Preparation procedures are shown in the diagram below (Fig. 2.7), which outlines 

the protocol undertaken for pigment analysis and crystallisation. 

 

 

 

Figure 2.7. Overview of the analysis and crystallisation of pigments derived from red coelomocytes. Flow 

diagram showing the protocol for the analysis of echinochrome using scanning spectrophotometry and HPLC as 

well as crystallisation procedure. 
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2.2.4.1 Scanning spectrophotometry of naphthoquinone pigments 

Coelomic fluid was collected from sea urchins according to the ‘total fluid extraction’ 

procedure outlined in section 2.2.2.1, however the fluid was kept as an independent sample, 

not drained into an equal volume ACB. The CF was sonicated using a Sonics Vibracell 

sonication probe for 1 min. The homogenous suspension was centrifuged at 14,000 g for 5 

min to pellet out the debris and clarify the solution. The supernatant was decanted and a 

Roche Protease cocktail inhibitor complete tablet EDTA-free was added at a ratio of one 

tablet for every 10 mL of supernatant as per manufacturers instructions. 

 

The supernatant was pipetted into a 1 mL quartz cuvette and scanned in a Cary Varian 50 

UV-Vis spectrophotometer. A spectral scan was carried out between 200 nm and 800 nm.  

2.2.4.2 Crystallisation of naphthoquinones 

An attempt was made to crystallise the naphthaquinones from sea urchin CF. Using the 

procedure outlined above in section 2.2.4.1, the resulting supernatant was decanted. Aliquots 

(900 L) were set aside in 1.5 mL microcentrifuge tubes and 100 L of the following solvents 

and acid were added to respective aliquots and mixed thoroughly; acetone, acetonitrile, 

diethyl ether and hydrochloric acid. The mixed solutions were stored at -20
o
C for at least two 

weeks. 

 

X-ray crystallographic data were collected at 100 K on an Agilent Supernova system using 

mirrored Cu-α radiation with exposures over 0.5
o
, and were corrected for Lorentz polarisation 

effects and absorption using the CrysAlisPro package version 171.36.28. Structures were 

solved with OLEX-2  (Dolomanov et al., 2009)  within the CrysAlisPro package. All non-H 

atoms were assigned anisotropic thermal parameters and hydrogen atoms were placed in 

calculated positions.  
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2.2.4.3 High performance liquid chromatography 

Reversed phase-high performance liquid chromatography (RP-HPLC) was used to analyse the 

naphthoquinone pigments, and their change in abundance in response to the physiological 

state of the sea urchins. The pigment was extracted from centrifuged cells using 

tetrahydrofuran (THF) and sonication for 5 mins at 30% intensity. An HPLC system 

consisting of a Gilson
® 

215 liquid handler and Gilson
® 

156 UV detector, fitted with an 

analytical flow cell was used for all HPLC analysis. A C18 polymer Phenomenex
®
 column 

(250 × 4.60 mm) attached to a Phenomenex
® 

guard column was used for the chromatography. 

2.2.4.4 Sample preparation for HPLC 

Coelomic fluid was collected from sea urchins according to the ‘total fluid extraction’ 

procedure outlined in section 2.2.2.1, however the fluid was kept as an independent sample, 

not drained into an equal volume of ACB. The CF was centrifuged at 8,000 g for 30 min 

before the supernatant was decanted and discarded. To the cell pellet, 5 mL of THF was 

added and the cells were sonicated using a Sonics Vibracell sonication probe for 5 mins at 

30% intensity. The suspension was centrifuged at 14,000 g for 5 min before the supernatant 

was decanted and dried down with nitrogen to evaporate the THF. The resulting red powder 

was resuspended in methanol using a Transtek Soniclean 160T sonication bath for 2 mins at 

full intensity, followed by any remaining particulate material being pelleted by centrifugation 

at 14,000 g for 5 min (Fig 2.7). The decanted supernatant was the sample used for HPLC 

analysis. 

2.2.4.5 Isocratic HPLC 

Identification of echinochrome A was initially attempted using a protocol adapted from 

Kuwahara et al., (2010). HPLC isocratic buffer A, formic acid: MQ-water (0.1:100, v/v) and 

HPLC isocratic buffer B, HPLC grade methanol: acetonitrile (5:9, v/v) were vacuum filtered 

through an Advantec
®
 cellulose acetate 0.45 μm 47 mm filter and a Millipore

®
 GV 0.22 μm 

filter respectively. Both buffers were degassed under vacuum and stirred constantly for 30 

min using a magnetic stirring bar before being combined and mixed (1:1, v/v) to form the 

HPLC isocratic working buffer. 

 

The HPLC program was set up as follows. The control method (Table. 2.3) was started (T0) 

(T = time in minutes) with 100% buffer A at a flow rate of 1 mL.min
-1

. At T1, 100 μL of 
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sample was injected onto the column robotically. Compounds bound to the column were 

eluted on the basis of increasing hydrophobicity. The eluent absorbance was measured at 340 

nm and 520 nm. A T30.11, both the buffer flow and control method were stopped. 

 

 

Step Time Device(s) Command 

1 0.00 Detector 16 Set dual sensitivity 1 .01 

2 0.00 Detector 16 Set dual wavelength 2 WL2 

3 0.00 Detector 16 Set dual wavelength 1 WL1 

4 0.00 Detector 16 Set dual sensitivity 2 .01 

5 0.00 Injector Move arm to outside rinse station 

6 0.00 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B1 

7 1.00 Data Channels Start chromatogram channels 

8 1.00 Detector 16 Autozero channels 

9 1.00 Partial loop fill for 2015 <start> Tube, Inject_Volume 

10 2.30 System Controller Synchronise 

11 2.32 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

12 30.00 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

13 30.10 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

14 30.11 Data Channels Stop chromatogram channels 

Table 2.3. Control method for isocratic RP-HPLC identification of echinochrome A. The method was 

originally developed for the separation of a number of different pigments from sea urchin shells (Kuwahara, 

Hatate, Chikami, Murata, & Kijidani, 2010). The HPLC method involved running 100% HPLC isocratic 

working buffer for approximately 30 min to elute compounds from the attached column. 

2.2.4.6 Gradient HPLC 

A gradient HPLC program was run to allow compounds of increasing hydrophobicity to be 

separated more effectively. To achieve this, different buffers were used consisting of; buffer 

A, methanol – MQ-water (99: 1) containing 0.2% (v/v) ammonium acetate and buffer B 

(100% tert-butyl-methyl ether, TBME). Buffer A was vacuum filtered through a Millipore
® 

GV 0.22 μm filter and, along with buffer B were degassed under vacuum and stirred 

constantly for 30 min using a magnetic stirrer.  
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Step Time Device(s) Command 

1 0.00 Detector 16 Set dual sensitivity 1 .01 

2 0.00 Detector 16 Set dual wavelength 2 WL2 

3 0.00 Detector 16 Set dual wavelength 1 WL1 

4 0.00 Detector 16 Set dual sensitivity 2 .01 

5 0.00 Injector Move arm to outside rinse station 

6 0.00 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B1 

7 1.00 Data Channels Start chromatogram channels 

8 1.00 Detector 16 Autozero channels 

9 1.00 Partial loop fill for 2015 <start> Tube, Inject_Volume 

10 2.30 System Controller Synchronise 

11 2.32 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

12 38.00 Solvent A 1/ Solvent B 1 1 (mL/min): 40% solvent A 1, 60% solvent B 1 

13 38.10 Solvent A 1/ Solvent B 1 1 (mL/min): 0% solvent A 1, 100% solvent B 1 

14 48.00 Solvent A 1/ Solvent B 1 1 (mL/min): 0% solvent A 1, 100% solvent B 1 

15 48.02 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

16 60.00 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

17 60.02 Solvent A 1/ Solvent B 1 1 (mL/min): 100% solvent A 1, 0% solvent B 1 

18 60.10 Data Channels Stop chromatogram channels 

Table 2.4. Control method for gradient RP-HPLC identification of echinochrome A. This method was 

originally established to separate carotenoids present in sea urchin gonads (Garama, Bremer, & Carne, 2012). 

The HPLC method involved steadily increasing the concentration of buffer B from 0% to 60% over the first 38 

min before increasing to 100% to flush out any remaining compounds bound to the column. (Garama et al., 

2012) 

For the gradient HPLC procedure, the control method (Table. 2.4) was started (T0) with 100% 

buffer A at a flow rate of 1 mL.min
-1

. At T1, 100 μL of sample was injected onto the column 

robotically. At T2.30, buffer A concentration began to decrease and buffer B increase to final 

concentration of 40% and 60% respectively over the course of 36 min. At T38.10, 100% buffer 

B was applied to the column before the column was re-equilibrated to 100% buffer A at T48.10. 

Compounds bound to the column were eluted based on increasing hydrophobicity. The 

effluent absorbance was measured at 340 nm and 520 nm. At T60.10, both buffer flow and 

control method were stopped.  
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2.3 Sea urchin stress trial 

2.3.1 Preparation of bacteria 

The bacterial strain selected for this trial was the wild-type laboratory E. coli strain, 

EC600/42. This strain was selected because it was a non-genetically modified organism that 

posed little risk to human health. The bacteria were cultured in Luria Broth (LB) to OD600 at 

37
o
C. It was imperative that the bacteria were in a growth phase so that the maximum amount 

of protein production is occurring to ensure that plenty of antigens were available for 

detection by the sea urchin immune system. The bacteria were cultured at 37
o
C and then 

centrifuged at 2,000 g for 5 min to pellet the cells so that the LB supernatant could be 

removed. The bacterial cells were resuspended in seawater (obtained from the Otago Harbor) 

that was sterile and filtered to minimise any interference from the LB or unknown foreign 

particles in the seawater. Using a sonication probe, bacteria were sonicated for at least 1 min 

at 30% intensity to ensure that all bacterial cells were lysed and dead. Due to the nature of the 

trial, only the bacterial proteins and metabolites were required to elicit the type of response 

required. 

2.3.2 Sea urchin and tank setup for stress trial 

The sea urchins used for this trial were held in the Portabello Marine Laboratory for over six 

months to allow them to acclimatise to their new surroundings and minimise any background 

stress response produced from transportation and handling. A sea urchin holding tank was 

divided into two sections with the use of a large plastic sheet with holes drilled into it to allow 

for adequate water circulation. The plastic was anchored in place with cable ties on the side of 

the tank and held in position by several large rocks, which also made up the tank environment 

for the sea urchins. Eight sea urchins of similar size were selected from the holding tanks, 

separated into two groups and placed into either side of the partitioned tank. 
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Figure 2.8. Sea urchin stress trial tank. The regular sea urchin holding tank was partitioned using a rigid piece 

of plastic with holes drilled into it to allow for adequate water circulation. The same rocks that were used as 

natural substrate for the sea urchins in holding tanks prevented the animals from pushing the partition off its 

fixture. As per the regular maintenance of the tanks, the seawater was circulated at 1L.min
-1

, kelp was 

replenished frequently and the tanks were cleaned thoroughly every 10 days. The sea urchins were left to 

acclimatise to this new tank setup for at least 3 weeks before the trial started. 

The trial commenced with the partial extraction of 5 mL CF from each animal directly into 

chilled ACB (section 2.2.2.2). These samples provided baseline control data about protein, 

cell and pigment abundance that would later be compared to the experimental samples 

retrieved after the sea urchins had been injected with the bacterial samples. This extraction 

was followed by a distress period of 7 days.  
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2.3.3 Bacterial injection and coelomic fluid collection 

Activation of the pathways that trigger an immune response requires the presence of bacterial 

particles (antigens), not intact living cells. The bacteria were sonicated using a Sonics 

Vibracell sonication probe for 2 mins at 30% intensity. Sonication also provided an easy way 

to destroy the cells so that the bacteria could not colonise the animal and potentially lead to its 

death. Sonicated bacteria (50 μL) were injected in the coelomic cavity of four out of eight of 

the animals by inserting a 21-gauge hypodermic needle through the peristomal member. The 

other four animals served as control participants and were injected with 50 μL filter sterilised 

seawater to counter any change in pressure within the coelom or any effect that piercing the 

peristomal membrane had on the animals. Care was taken to ensure that the needle did not 

pierce the gut wall which would have compromised results and lead to the sea urchin being 

withdrawn from the trial. A gut piercing was determined by an opaque green coloured 

solution being withdrawn into the syringe. The coelomic fluid was collected from the sea 

urchin 24 hours after the bacterial injection according to section 2.2.2.2, and processed 

according to section 2.2.3. 
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Chapter Three 

Results and Discussion: Stress Trial 
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3.1 Introduction 

Coelomic fluid provides a medium in which to study the effects that environmental 

changes are having on organisms in the marine ecosystem. The abundance of sea 

urchins in oceans around the world and the volume of coelomic fluid available from the 

animal, has drawn interest from research groups trying to develop a system of 

monitoring the health of the marine environment (Matranga et al., 2000).  

 

Physiological stress occurs within cells as a result of many forms of different 

pathological states. This process typically involves activation of signaling pathways, 

changes in cell morphology and activity and variation in gene expression (Gerke & 

Moss, 2002). Many of these changes can be induced in normal cells by increasing 

temperature or inducing oxidative or osmotic shock (Gerke & Moss, 2002). Coelomic 

fluid has been shown to be a dynamic suspension of cells (coelomocytes) that respond 

readily to changes in the external environment (Pinsino et al., 2007). Several aspects of 

the coelomic fluid have been studied in depth including the amassin-mediated clotting 

response (Hillier & Vacquier, 2003), expression of complement system homologues 

(Gross et al., 2000), and the up-regulation of heat shock proteins in response to stress-

induced changes in the environment (Matranga, et al., 2002).  

 

The vast quantity of research on this fluid has occured steadily over the past century 

and an emphasis has been placed on understanding its role as a monitor of marine 

health, however science still does not have the full picture. The research presented here 

sheds more light on the intricate changes that occur within the coelomic fluid when the 

sea urchin is exposed to a negative external stimulus. 
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3.2 Stress trial 

Sea urchin stress can be produced by one of two main methods. The animals can be 

removed from water and placed into an environment where the normal conditions have 

been altered e.g. temperature, pH or chemical imbalance. Animals can also be injected 

with a foreign substance directly into the coelomic cavity. Injecting bacteria into sea 

urchins is an excellent way of eliciting this kind of response as the bacterial proteins 

activate the immune system as well as place the animal under considerable stress from 

unrecognised foreign particles. Injecting bacteria directly into sea urchin and measuring 

the response has previously been carried out (Dheilly et al., 2011). The trial conducted 

in this research largely mirrors that of Dheilly et al., (2011), but with more emphasis on 

producing protein displays from the individual coelomocyte types that exist within the 

coelomic cavity. Dheilly et al., (2001) cited that even the injection of bacterial derived 

lipopolysaccharides was enough to elicit a measurable response. 

 

Previous gene expression studies have shown that there is an elevation of gene 

expression especially SpCoel1 within the first 24 hours of a microbial challenge of this 

nature (Nair et al., 2005; Smith et al., 1996). Therefore, sea urchins involved in this 

trial were left for 24 hours before the coelomic fluid was collected according to the 

aforementioned protocol (section 2.2.2.1). Processing of samples in the laboratory was 

carried out according to the analysis procedures reported in section 2.2.3. 

 

The elicitation of a stress and immune response in sea urchins can occur indirectly, 

through manipulation of the environment or directly by physical interference (Dheilly 

et al., 2011; Roccheri et al., 2004). The trial relies on direct interference by injecting 

sonicated bacteria into the coelomic cavity to elicit a stress response. Coelomic fluid 

was initially extracted and processed according to section 2.2.2.2. This was to provide 

baseline data to ensure that the sea urchins were presenting with similar protein 

displays and so there was no significant difference between any of the animals. 

 

Coelomic fluid provides two main measurable variables from which to study the 

coelomocytes and the protein from both the coelomocytes and CFP. The present study 

also looked at napthoquinone pigments from both coelomocytes and CFP. The trial 
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began with the extraction of 5 mL CF from each of the sea urchins involved followed 

by a distress period of seven days. The injection of bacteria and collection of the second 

sample from the same animal followed. This method allowed a base sample to be taken 

from each animal, minimizing variation and making results more accurate. 

Unfortunately, for one of the control animals, it was noticed that the gut had been 

pierced as gut fluid was present in the extracted CF. The extraction of gut fluid is easily 

identified, as the CF will turn an opaque green colour and as per the experimental plan 

(section 2.3.3), that sea urchin was excluded from the trial. 

3.2.1 Characterisation of coelomic fluid 

Understanding the composition of CF and the changes that take place upon extraction 

from the sea urchin are a necessary part of protocol development. In order to identify 

the cellular and proteomic shifts in response to stress, an investigation must first be 

carried out to characterise and mitigate changes that are likely to occur that could skew 

the final results. Also finding out the level of interfering substances needs to be 

determined in order to obtain un-obstructed protein gel displays. 

3.2.1.1 Preventing the clotting response 

Upon exposure to air a massive coelomocyte coagulation is observed (Hillier & 

Vacquier, 2003). This response must be mitigated in order to characterise the cellular 

and protein changes that occur. This was achieved by collecting the CF directly into 

anti-coagulant buffer-2 (ACB-2), which prevents coelomocyte coagulation (section 

2.2.2.2). Hillier (2003) presented data that demonstrated that calcium was required for 

the clotting response to be initiated. The most effective way to prevent the clotting 

initiation is to remove Ca
2+

 from the CF as soon as possible upon removal from the 

coelomic cavity. During this experiment, when the CF was removed from the animal it 

appeared that all of the coelomocytes would remain in suspension and the clotting 

response had been halted with the ACB-2 containing EGTA. However when cell 

fractionation via Optiprep
™

 was undertaken, it was noticed that under these conditions 

microscopic cellular coagulations had formed and were preventing the complete 

fractionation process from occuring (Fig. 3.1). 
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Figure 3.1. Microscopic cellular clot produced from the first Optiprep
™ 

protocol. Cells taken from 

the upper layers of the Optiprep
™ 

density gradient are shown to be forming clots. This cell suspension 

was stained with trypan-blue, which indicated cell death, to ascertain the level of cell survival from this 

type of fractionation. 

EGTA is a known chelator in the same class as EDTA, however it has been shown to 

have a higher affinity for Ca
2+

 than Mg
2+

. Theoretically, EGTA should provide a much 

more effective preventer of clotting than EDTA, however this did not appear to be the 

case, with clotted cells still being observed soon after withdrawal from the coelomic 

cavity. A possible explanation for this persistent clotting reaction is the inability to 

control the Ca
2+

 flux between the cytosol and the external media of the cell. Imidazole 

derivatives have been shown to inhibit proliferation of cancer cells by down-regulating 

the movement of intracellular Ca
2+

 and K
+
 (Khalid et al., 2005). Upon the addition of 

imidazole and substituting EGTA with EDTA to form ACB, the clotting process was 

mitigated and no further microscopic clots were observed. The mechanism that initiates 

the clotting response remains unknown (Hillier & Vacquier, 2003).  

3.2.1.2 Coelomocyte numbers 

The total number of coelomocytes present within the coelomic fluid varies between sea 

urchin species but also with age and physiological condition of the animal (Matranga et 

al., 2000) . It has previously been reported that the coelomic cavity contains ~7.5 × 10
6
 

cells.mL
-1

 of coelomocytes, with their relative abundance also being reported (Hillier & 

Vacquier, 2003). E. chloroticus is one of the larger species of sea urchins known. Of 

the 20 sea urchins sampled in this research for coelomocyte cell count analysis, the 

average coelomocyte number was determined to be 5.4 × 10
6
 cells.mL

-1
 (Fig. 3.2). The 

total number of coelomocytes present in the CF of E. chloroticus appears to be lower 

than the research findings of Coffaro and Hinegardner (1977), Smith et al., (1992), 
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Pancer et al., (1999) and Gross et al., (2000), which all report ~7.5 × 10
6
 cells.mL

-1
. All 

of these findings were made from northern hemisphere sea urchin species. 

 

 

                       

Figure 3.2. E. chloroticus coelomocyte cell count and relative coelomocyte abundance. The relative 

abundance of the coelomocyte sub-populations was also measured with average numbers being; red 

spherule cells 4.3% (red), colourless spherule cells 15.95% (green), vibratile cells 10.15% (purple) and 

phagocytes 61.65% (orange) (z-axis), n = 20. This data was displayed using GraphPad Prism version 

6.00 for Mac, GraphPad Software, San Diego California USA, www.graphpad.com. 

The relative abundance of coelomocyte sub-populations produced different results 

compared to those previously described by Smith et al., (1992). Phagocytes and 

vibratile cells were present in comparable abundance, but the spherule cells numbers 

did not appear to match those reported earlier in the literature  (Hillier & Vacquier, 

2003). Red spherule cells were expected to comprise ~15% and colourless spherule 

cells ~5%, however this was not found in E. chloroticus. Colourless spherule cells were 

found to out-number red spherule cells by 3:1, the exact opposite of that expected, 

based on previous reports in the literature. 
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The data reported by Smith et al., (1992) were derived from cell count analysis on the 

northern Pacific sea urchin Strongylocentrotus pupuratus. Matranga et al., (2000) 

recognised that coelomocyte populations fluctuate according to the species of sea 

urchin. This statement appears to be consistent in E. chloroticus with the coelomocyte 

cell average, red and colourless spherule cell abundance appearing quite different to the 

northern hemisphere species studied by Smith et al., (1992). Red spherule cells have 

been observed to increase their abundance when a sea urchin has been exposed to 

injury, bacterial challenge, or when under physiological stress (Coffaro, 1978) . Even 

though there appears to be no baseline red spherule cell data available for E. 

chloroticus, these findings appear to accurately reflect the low concentrations of red 

spherule cells when a sea urchin is not stressed. 

 

E. chloroticus was found in this study to present with a 3-fold lower red spherule cell 

count when compared to the findings of Coffaro and Hinegardner (1977), Smith et al., 

(1992), Pancer et al., (1999) and Gross et al., (2000), This may be explained by either 

natural inter-species variation (between S. purpuratus, Lytechinus pictus and E. 

chloroticus) or that the sea urchins used for the other experiments were under 

physiological stress. Only the Coffaro and Hinegardner (1977) paper expressly notes 

the amount of time that the sea urchins in their experiments were maintained in 

captivity (7 years). Previous work has shown that sea urchins become immunoquiescent 

after long term housing for more than 8 months (Clow et al., 2000; Gross et al., 1999). 

This could mean that the Smith et al., (1992), Pancer et al., (1999), and Gross et al., 

(2000) studies were undertaken with sea urchins that had not been allowed to settle into 

their captive environments and therefore were displaying a heightened immune 

response. E. chloroticus might present with a less active immune system naturally, 

however all of the studies appear to have resulted in similar findings. 

3.2.2 Coelomic fluid 

Coelomic fluid is comprised of coelomocytes and cell-free plasma (CFP) and it has 

been reported that the abundance of coelomocytes within the coelomic cavity varies 

depending on the physiological state of the sea urchin (Matranga et al., 2000). 

Coelomocytes are referred to as the immune effector cells of the sea urchin (Smith et 

al., 1992) and changes that occur during stress within these cells and the surrounding 
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CFP, could provide a window of insight into the health of the marine environment 

(Matranga et al., 2000; Pinsino et al., 2008).  

3.2.2.1 Colour changes in coelomic fluid 

The total number of coelomocytes and their relative abundance within the sea urchin E. 

chloroticus has been shown in figure 3.2. The most striking change to CF after the 

bacterial injection was the colour change. Non-stressed coelomic fluid is normally 

colourless or has a slight pinky colour corresponding to the small number of red 

spherule cells present, however the stressed post-injected samples were strikingly 

different with the CF developing a deep red colouration (Fig. 3.3). The dramatic colour 

change can be explained by either a release of some sort of pigment from one of the 

coelomocyte sub-populations or a large increase in red spherule cell abundance. The 

striking difference in colour between of the non-stressed and stressed CF (Fig. 3.3) 

demonstrates that the act of piercing the peristomium and withdrawing fluid does not 

have a significant impact on the state of the sea urchin (Fig. 3.3). 
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Figure 3.3. Colour difference between non-stressed and stressed wCF samples. Whole coelomic 

fluid from each of eight sea urchins involved with the stress trial. The upper four droplets are from 

control animals while the vividly red droplets in the lower half of the images are from animals subjected 

to stress as described in section 2.3. Each 1 mL droplet is representative of the CF from each sea urchin 

in the trial. The control sample that was presumed to have had a gut puncture is represented in the far left 

image at the top. Even though there does not appear to be much if any difference between this sample 

and the other three controls, this sea urchin was excluded as per the experimental plan. 

3.2.2.1.1 Cell-free plasma 

To test whether or not the colouration change was occurring by the release of a red 

pigment from a coelomocyte into the CFP, the samples were centrifuged to pellet out 

the cells, and the CFP was analysed using a scanning spectrophotometer. If this theory 

was correct, there should be either a shift in the absorbance spectra or an overall 

increase in absorbance that corresponds to the red wavelength (Fig. 3.4). 
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Figure 3.4. Scanning spectral analysis of non-stressed and stress-derived CFP from E. chloroticus. 

Cell-free plasma was obtained from both non-stressed and stressed groups of sea urchins following the 

24 hour incubation period after the bacterial injection (section 2.3). The data sets were combined and the 

average absorbance was plotted using GraphPad Prism version 5.00 for Windows, GraphPad Software, 

San Diego California USA, www.graphpad.com. When analysed using a paired t-test, there was a 

significant difference in absorbance in the stressed group compared with the non-stressed group, 

particularly at 470 nm. P < 0.05. 

The absorbance scan was conducted from 0 – 800 nm. Unexpectedly, the stressed 

group had a significant decrease in absorbance compared to the non-stressed group 

(Fig. 3.4). Visual inspection of the CFP suggested that there was no change in the 

overall colour especially not a decrease in colour from non-stressed to stressed samples. 

The red colouration was completely removed from the CFP upon centrifugation to 

pellet the coelomocytes. To explain this, CFP could be cleared of the pigment once the 

negative stimulus was applied by either a quenching effect derived from a cell-

signaling cascade or by an uptake mechanism back into the coelomocytes. Due to the 

limited amount of research in this area, there appears to be no evidence to support 

either one of these hypotheses or suggest an alternative. 

3.2.2.1.1 Coelomocytes 

The increase in red colouration clearly does not derive from the CFP. The only 

alternative is that there is an increase in the number of red spherule cells within the 

coelomic cavity. The origin of coelomocytes is highly contested, however a recently 

http://www.graphpad.com/
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published review states that the most highly tested hypothesis is that coelomocytes are 

released from the coelomic epithelium, which is a membrane that lines the internal wall 

of the coelomic cavity  (Munoz-Chapuli et al., 2005). This has been shown in detail by 

the delamination of mesothelial cells to form phagocytic cells in the echinoderm 

Asterias rubens  (Bossche & Jangoux, 1976). More recent studies specifically involving 

the sudden increase in red spherule cells in response to pollution or induced stress 

suggest two probabilities; the rapid division of circulating stem cells or their 

recruitment from the coelomic epithelium or axial organ (Matranga et al., 2000; 2002). 

As yet, there is no evidence to support conclusively either hypothesis. 

 

Red spherule cells have previously been shown in this research to make up 

approximately 4.3% of the total coelomocyte abundance within the sea urchin E. 

chloroticus in a physiologically non-stressed state (Fig. 3.2). When the bacterial 

injection was applied, a 30-fold increase in this cell-type was observed. The difference 

between Fig. 3.5 and 3.6 demonstrates the striking change in colour. This phenomena 

has been described before by Matranga et al., (2000, 2002), but what is still not clear is 

where this increase comes from. One hypothesis that has not yet been mentioned in 

previous publications, involves the possible relationship between colourless and red 

spherule cells (Fig. 1.7). 
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Figure 3.5. Non-stressed wCF cell count from E. chloroticus. Whole coelomic fluid was pipetted onto 

a cell counting chamber to ascertain the composition of coelomocytes in relation to each other. Image A 

and B are cropped from an image four times as large. The images are two independent samples from 

control sea urchins. The total cell count was obtained by counting every cell that fell within each square 

as well as those that fell on the upper and right high etching marks for each square. The translucent cells 

are difficult to see, however the red spherule cells are easily detected and quantified. Both images contain 

approximately the same amount of red spherule cells. Magnification = 40×. 

           

Figure 3.6. Stressed wCF cell count from E. chloroticus. Whole coelomic fluid was pipetted onto a 

cell counting chamber to ascertain the composition of coelomocytes in relation to each other. Image A 

and B are cropped from an image four times as large. The images are two independent samples from 

stressed sea urchins. The total cell count was obtained by counting every cell that fell within each square 

as well as those that fell on the upper and right high etching marks for each square. The translucent cells 

are difficult to see, however the red spherule cells are easily detected and quantified. Both images contain 

roughly the same amount of red spherule cells. Magnification = 40×.  
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Colourless spherule cells could be dormant precursor cells of the echinochrome A 

contained red spherule cells. It is possible that through a signal transduction cascade 

elicited by the presence of bacteria, a chemical change within the colourless spherule 

cell results in either the release of echinochrome A from a colour quenched state 

(perhaps protein bound to non-protein bound (Service & Wardlaw, 1984) (Tyler, 1939) 

or the rapid conversion of a precursor metabolite into echinochrome A. The 

spinochrome species could play a significant role in this phenomena acting as the 

precursor molecule, however there is no evidence to suggest that any of the 

spinochrome species are present within colourless spherule cells.  

 

A more detailed investigation of the relative abundance of coelomocytes before and 

after the bacterial injection is more likely to explain the dramatic increase in red 

spherule cells in response to a negative stimulus. Red spherule cells accounted for 23% 

(Fig. 3.6) of the total coelomocyte number after the bacterial injection in E. chloroticus 

in a physiological state. However, there was also a corresponding increase in the 

amount of coelomocytes within the coelom, suggesting that the increase in red spherule 

cells is caused by either a release from surrounding reservoirs or the rapid division of 

already circulating coelomocytes. When observed closely, the red spherule cells that 

feature in figure 3.6 appear to be actively dividing with what looks to be some sort of 

blebbing process (appendix 1). If this were coelomocyte replication in action, it would 

provide evidence that the sudden increase in red spherule cells occurs via rapid 

replication and not a release of red spherule cells from reservoirs or a transition from 

precursor colourless spherule cells. 

 

The overwhelming increase in absorbance at 346 and 480 nm corresponds with the 

increase in red spherule cells and therefore echinochrome A (Fig. 3.7). Echinochrome 

A has been shown to have strong antibacterial effects and there is strong support for the 

view that echinochrome A is a major determinant of the antibacterial activity of CF 

(Service & Wardlaw, 1984) . 
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Figure 3.7. Scanning spectral analysis of non-stressed and stressed coelomocytes E. chloroticus. 

Coelomic fluid was obtained from both non-stressed and stressed groups of sea urchins following the 24 

hour incubation period after the bacterial injection (section 2.3). Coelomic fluid was withdrawn and 

analysed to showed the degree of colour change that occurs when the animal is stressed. The data sets 

were combined and the average absorbance was plotted using GraphPad Prism version 6.00 for 

Windows, GraphPad Software, San Diego California USA, www.graphpad.com. A paired t-test 

performed by Prism


 showed a significant difference between the groups. The stressed samples showed a 

large increase in absorbance particularly at 346 and 480 nm. P < 0.05. 

 

Echinochrome A is contained by spherical inclusion bodies within red spherule cells 

(Fig. 1.11). It has been shown that echinochrome A is degranulated in the presence of 

bacteria (Johnson, 1969a) , however the results presented here appear to contradict that 

theory (Fig. 3.7). If degranulation occurs in the presence of bacteria there should be a 

shift in the concentration of colour from the red spherule cells out into the CFP. Figure 

3.4 presents quite the contrary with very little change occurring to the CFP between the 

non-stressed and stressed groups and certainly not at the expected wavelength for 

echinochrome A. Instead of degranulation, the results presented here (Fig. 3.7), support 

more of an encapsulation process, whereby foreign particles – in this case bacteria – are 

engulfed and the red spherical inclusion bodies filled with echinochrome A act more as 

lysosomes than endosomes. More study is required in this interesting area to uncover 

exactly how this process is carried out.  
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The difference in colour between non-stressed and stressed sea urchins provides a very 

good way of determining the physiological state of the animal and would be an ideal 

biomarker of environmental health. Echinochrome A is highly insoluble in seawater 

and in order to remain soluble in the aqueous environment of the coelomic cavity and 

red spherule cells, it has been hypothesised that echinochrome A could be bound to one 

or more proteins (Service & Wardlaw, 1984)  with speculation that echinochrome A 

could be a chromophore within a chromoprotein (Tyler, 1939). It can also be seen from 

figure 3.7 that there is a sharp increase in absorbance at 280 nm indicating an increase 

in protein level. Determining the protein that could host echinochrome A and 

measuring its change in abundance during stress could indicate a potentially useful 

marker of stress. 

3.2.2.2 Coelomocyte fractionation 

Different coelomocytes have been implicated in a number of different roles including 

chemotaxis, cell engulfment and graft rejection. All of these functions relate to the 

activity of the sea urchin innate immune system. In order to identify changes that are 

occurring within individual coelomocyte sub-populations and to further knowledge of 

their roles in the sea urchin, it would be advantageous to sub-fractionate these sub-

populations. This fractionation process has been carried out previously using a density 

gradient centrifugation process. Below outlines the process that was undertaken to 

determine a suitable density gradient system for sub-fractionation. 

3.2.2.2.1 Density gradient coelomocyte separation 

Discontinuous density gradients have previously been used to fractionate sea urchin 

coelomocytes using a number of different density media such as sucrose (Edds, 1977; 

1993), ficoll and triosil (Messer & Wardlaw, 1979) and sodium metrizoate (Gerardi et 

al., 1990).  

 

Density gradient trials were initially carried out using a diluted 75% stock of sodium 

metrizoate. The concentrations tested were similar to those used by Gerardi et al., 

(1990), with 37.5%, 25%, 18.75%, 15% and 12.5% metrizoate diluted with ACB-2. 

Coelomocytes were collected into ACB-2 and 5 mL of wCF were overlaid onto the 

gradient and centrifuged at 50 g for 15 min at 4
o
C in a swing bucket rotor as described 

in section 2.2.3.4. Maximum acceleration and deceleration were the default settings of 
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the centrifuge. The resulting fractions produced a less than adequate cell sub-

fractionation enrichment with a large number of cells forming coagulation, which 

adhered to the side of the centrifuge tubes. 

 

The density media, Optiprep
™

 was chosen as an alternative to Na-metrizoate because 

Optiprep
™ 

can easily be adapted for use with cells of non-mammalian salinity (Graham, 

2002). Gross et al., (2000) diluted Optiprep
™

 with ACB-2 to achieve concentrations of 

3%, 6%, 12%, 18%, and 42%. The density solutions were under-laid into a 50 mL 

centrifuge tube and 5 mL of wCF was overlaid on top of upper layer. The gradient was 

centrifuged in a swing bucket rotor at 1,500 g for 30 min at 4
o
C. Gross et al., (2000) 

describe their fractionation procedure producing bands of cells from the lower 3% to 

the upper 42% Optiprep
™

 solutions. They report fairly homogeneous sub-populations, 

which ranged from phagocytes at the top (lower density) to red spherule cells at the 

bottom (higher density) of the gradient.  

3.2.2.2.2 Fractionated coelomocytes within the gradient 

The coelomocyte enrichment level that was achieved with the above protocol was 

superior to that achieved with sodium metrizoate. The presence of faint bands 

throughout the gradient was a big improvement, however the complexity of the 

gradient meant a time consuming and technical endeavor. The protocol was changed to 

reflect the simplicity of the Arizza et al., (2007) gradient protocol with only three 

density solutions: 10%, 20% and 30%. The Arizza et al., (2007) protocol with ACB as 

the diluting solution delivered good separation, with distinct bands appearing at the 

interface of each gradient solution and at the bottom of the centrifuge tube. 

 

Coelomocytes were fractionated to higher enrichment levels on some occasions, than 

was reported in the Arizza et al., (2007) paper. Red spherule cells however, on 

centrifuging pelleted to the bottom of the centrifuge tube. This hampered the collection 

of these cells and a proportion of the cells could not be easily recovered. A 50% 

Optiprep
™

 solution was introduced as the densest solution, which floated the red 

spherule cells at the interface of the 30% and 50% solutions (section 2.2.3.5). Finally, 

the acceleration and deceleration rates on the centrifuge were altered to try and prevent 

the fractionated cells from smearing against the wall of the centrifuge tube, particularly 

once the centrifuge was decelerating. Acceleration was reduced and the braking 
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mechanism was switched off. Figure 3.8 details a schematic of the coelomocyte 

fractionation process and the resulting position of the cell sub-populations within the 

gradient. Figure 3.9 is a photograph taken of a centrifuge gradient with the coelomocyte 

subpopulation bands clearly visible in most gradients. 

 

           

Figure 3.8. Coelomocyte sub-populations within the Optiprep
™

 density gradient after 

centrifugation. Whole CF was loaded on top of the density gradient (A) before centrifugation. After 

centrifugation, the coelomocyte sub-populations form discrete bands at the interface of the density 

solutions (B). Typically what remains at the top of the gradient is a debris band, which mainly contains 

disrupted cells and often takes on a green colour. The most dense, red spherule cells migrate to the 30% - 

50% interface (C). Colourless spherule cells are the second densest cells and they form a band between 

the 20% - 30% solutions (D). Vibratile cells typically migrate to the base of the 10% solution (E) while 

the least dense; phagocytes are centrifuged only a short distance into the gradient (F). (The centrifuge 

tubes presented in this diagram are schematic images only). 
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Figure 3.9. Photograph of density gradient-centrifuged coelomic fluid. Four sub-populations of 

coelomocytes have been fractionated in the Optiprep
™

 density gradient. Red spherule cells are clearly 

visible near the bottom of the gradient, while the other cell bands are harder to visualise within the 

photograph. The orientation of the centrifuge tube is not ideal, however this angle produced the best 

resolution of the upper bands without too much interference, even though the tube logo is in the 

forefront. 

The fractionation of coelomocytes into the four main sub-populations; phagocytes, 

vibratile cell, colourless spherule cells and red spherule cells has previously been 

achieved in various sea urchin species. Most publications cite the need for protocol 

variation when CF from different species is being fractionated. The gradient for E. 

chloroticus CF was developed specifically.  
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3.2.2.2.3 Degree of coelomocyte enrichment 

The degree of coelomocyte sub-population enrichment achieved with the above-

mentioned protocol is detailed in Table 3.1. 

 

 

        

Table 3.1. Representitive coelomocyte subpopulation enrichment achieved from Optiprep
™

 density 

gradient centrifugation. Three independent separations were carried out and the resulting cellular bands 

within the Optiprep
™

 density gradient were analysed by microscopy. Percentage ± SD is shown for each 

cellular band. SD = standard deviation. 

The results of the coelomocyte fractionation (Table 3.1) demonstrated that an 

acceptable enrichment of phagocytes and red spherule cells was achieved. The least and 

most dense cells are readily separated out from the two coelomocyte subtypes, vibratile 

cells and colourless spherule cells, which were more difficult to sub-fractionate. The 

results obtained here with coelomocyte sub-fractionation compare favourably with 

other published data (Arizza et al., 2007).  
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Phagocyte and red spherule cells were enriched by the procedure (Table 3.1) to a higher 

degree than what has been previously reported by Arizza et al., (2007), which reported 

89.2 ± 9.2% and 91.4 ± 11.2% respectively. Vibratile cells and colourless spherule 

cells, however could not be fractionated any better than reported by Arizza et al., 

(2007) who achieved levels of 84.3 ± 1.5% and 90.2 ± 5.6% respectively. Due to the 

ability to enrich phagocytes and red spherule cells to high purity levels, these cells 

became the focus for this study. Figure 3.10 shows representitive microscopic images 

of the phagocyte and red spherule cell sub-fractions. 

 

 

 

Figure 3.10. A microscopic view of coelomocyte enrichment. The images above were taken at 40× 

magnification on a light microscope. Red spherule cells (A) are shown to be the only coelomocyte 

present in the lower density gradient band with the insert enlarged for verification (Ai). The upper 

density band (B) showing enrichment for phagocytes with the insert also enlarged for verification (Bi). 

Image B was captured through a green filter to help with the visualisation of the phagocytes. 
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Enriching for a particular coelomocyte subtype enabled the analysis of proteins within 

particular cell types. Knowing this information will provide insight into the type of 

processes that are occurring within each coelomocyte and reveal more information 

about the role each cell type plays in the context of a stress or immune response. The 

ability to purify enough coelomocytes in order to generate comprehensive protein 

displays presented some difficulty. There is a finite volume of CF that can be extracted 

from each sea urchin. The fractionation process could only fractionate 2 mL of wCF 

per gradient which was well below the scale needed to produce enough purified 

material to generate highly resolved protein gels. Multiple density centrifugations were 

prepared at once in order to produce enough fractionated coelomocytes necessary to 

achieve adequate protein displays. 

3.2.2.3 Changes in protein composition of coelomic fluid 

Previous studies trying to determine markers of stress within sea urchins and other 

echinoderms have tended to focus primarily on the protein changes within the CF. 

There are a number of proteins that are reported to be involved in stress and immune 

responses in many animal groups. With the exception of a few, most research groups 

have opted to target specific proteins and have not examined the broader changes that 

exist in the different coelomocyte cell sub-populations or in the CFP. To analyse the 

protein changes, 1D and 2D PAGE techniques were implemented. The total protein 

content within CF was separated into that derived directly from the coelomocytes and 

the protein that is non-cell associated in the coelom as CFP. As mentioned in section 

2.2.3.4 the procedures for processing these two components were quite different and 

were associated with different intrinsic problems. 

 

Coelomocytes 

Protein extracts from coelomocytes were displayed on 1D SDS-PAGE. It was found 

that the protein samples needed to be subjected to salt and lipid removal using 

chloroform-methanol lipid extractions and GE Healthcare 2D precipitation procedures. 

Figure 3.11 outlines the change in protein display before and after lipid removal using a 

chloroform-methanol procedure. 
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Figure 3.11. 1D SDS-PAGE of total coelomocyte proteins. Total coelomocytes were solubilised in 

SDS sample buffer (section 2.2.3.6.1) and loaded onto lanes 1, 2 and 3 of a 1D SDS-PAGE (12.5%) at 

20, 4 and 2 μL respectively. (A) the protein display prior to one chloroform-methanol extraction and (B) 

after one chloroform-methanol extraction. 

Figure 3.11 (A) is representative of the protein band distortion on 1D SDS-PAGE prior 

to chloroform-methanol extraction. This interference is most likely to be attributed to 

the presence of lipid. Aside from the interference that has happened from the excessive 

protein amounts, there is an obvious improvement after the precipitation procedure. 

Lane 3 is showing a clear improvement in the ability of the protein samples to resolve 

into discrete bands throughout the SDS-PAGE gel. This kind of lipid interference only 

seemed to occur in some of the CF samples analysed. There does not appear to be any 

explanation in the literature for this occurrence, however based on unpublished data 

produced within the research group, female sea urchins have been shown to contain a 

significantly higher proportion of lipid in the coelomic cavity than males. Given that 

the animals were not sexed before the experiments began it can only be postulated that 

the lipid effect is derived from this phenomena. 
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As coelomic fluid contains 0.6 M salt, this is likely to cause interference in 1D SDS-

PAGE of total coelomocyte and CFP protein samples. A distortion effect is present in 

non-desalted coelomocyte samples (Fig. 3.12 (A)) while after desalting the effect is 

reduced (Fig. 3.12 (B)) 

 

 

 

Figure 3.12. 1D SDS-PAGE of total coelomocyte proteins in the presence of salt. Coelomocyte 

protein samples were used as harvested or dialysed to remove salt and were both suspended in SDS 

sample buffer were loaded onto 1D SDS-PAGE (12.5%) (section 2.2.3.6) at 10, 4 and 2 μL (A), or 5, 2 

and 1 μL (B) lanes 1, 2 and 3 respectively. The protein samples were electrophoresed along side a 3 μL 

aliquot of molecular weight marker.  

Seawater contains about 36 g of dissolved salts per kilogram of seawater, which is 

about 600 mM. This concentration of dissolved salts has a conductivity of about 50 mS, 

the conductivity of cell-free plasma is 36.8 mS and by inference has approximately 432 

mM of dissolved salts. The presence of high salt concentrations interferes with protein 

electrophoresis, sometimes resulting in widened protein bands (Fig. 3.12). 

 

As sea urchin CF is highly homogeneous with the surrounding seawater, steps must be 

taken to lower the salt concentration of the sample before electrophoresis can take 

place. Initially this was done with the aid of dialysis tubing, however this was later 

rejected in favor of buffer exchange through GE Healthcare Vivaspin filter 

concentrators, which was much faster and resulted in less protein being lost. 

 

Separating the coelomocytes from the CFP moderates a large part of the salting 

problem because salt content of CF is mainly dissolved in the CFP. However this does 

not alleviate all of the interference (Fig. 3.12). In order to reduce the salt concentration 
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sufficiently so the coelomocyte and CFP protein samples form tight, discrete bands 

within the SDS-PAGE gel, dialysis using GE Healthcare Vivaspin filter concentrators 

and a chloroform-methanol extraction procedure were utilised (Fig. 3.13).  

 

 

                                              

Figure 3.13. 1D SDS-PAGE of total coelomocyte proteins after lipid removal and desalting. Total 

coelomocytes were prepared according to section 2.2.3.6.1, and with lipid and salt removal prior to 1D 

SDS-PAGE (12.5%). A 20 μL aliquot of sonicated coelomocyte protein from a non-stressed animal in 

SDS sample buffer was loaded onto a 1D SDS-PAGE gel along side a 3 μL aliquot of molecular weight 

marker. 

In figure 3.13, a prominent protein band of Mr ~40 kDa is apparent in the display of 

total coelomocyte solubilised proteins. Coelomocyte protein samples displayed less 

protein between 28 and 18 kDa ccomparative to the other size ranges. Other researchers 

have presented material that suggest that this is just a hallmark of these cells (Dheilly et 

al., 2011).  
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Cell-free plasma protein 

Due to the concentration of salt in the CFP (0.6 M as mentioned earlier), and the need 

to concentrate the CFP protein, the CFP required desalting before SDS-PAGE analysis 

The ideal concentration of salt within the samples to be separated by electrophoresis is 

roughly 20 – 50 mM. In order to lower the salt concentration of CFP, the samples were 

buffer exchanged with 20 mM Tris-HCl through a Vivaspin filter concentrator unit. 

Figure 3.14 shows CFP samples post-buffer exchange. 

 

 

                                               

Figure 3.14. CFP post-buffer exchange. CFP was concentrated and then buffer exchanged with 20 mM 

Tris-HCl in order to reduce the salt concentration to acceptable levels for protein electrophoresis. The 

concentrated CFP (lane 1) was electrophoresed along side a 3 μL aliquot of molecular weight marker. 

Buffer exchange procedures were needed for at least 4 hours to reduce the salt content 

of CFP sufficiently to get a suitable resolution on 1D SDS-PAGE (Fig. 3.14). The CFP 

appears to contain by two high abundance proteins, at approximately 165 and 65 kDa 

respectively. Above Mr 40 kDa there are a number of lower abundance proteins are 

apparent in the gel, and below 40 kDa there appears to be a lower number of proteins. 

There are two distinct bands that present above 15 and 10 kDa respectively. 
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3.2.2.3.1 Effect of stress on protein abundance in coelomic fluid 

Protein abundance levels have been the main focus of other studies trying to identify 

markers of marine environmental stress in sea urchins. As indicated in figure 3.6, there 

is a marked increase in red spherule cell numbers as well as in echinochrome A 

concentration in stressed animals (Fig. 3.7). 

 

                         

Figure 3.15. Protein concentration obtained from non-stressed and stressed wCF E. chloroticus. 

Coelomic fluid was withdrawn from 3 non-stressed and 4 stressed sea urchins before being sonicated and 

then centrifuged to clarify. The protein concentration was of the sample determined by BCA assay. Data 

was collated using GraphPad Prism version 6.00 for Windows, GraphPad Software, San Diego 

California USA, www.graphpad.com. A t-test revealed a significant difference (***) between the two 

groups. P < 0.05. 

Whole coelomic fluid derived from stressed E. chloroticus showed almost a 50% 

increase in total protein compared with non-stressed animals (Fig. 3.15), consistant 

with SDS-PAGE displays (Fig. 3.16 and 3.17). Major cytoskeletal rearrangements are 

known to occur within coelomocytes in response to injury (Gelebart et al., 2005; Huang 

et al., 2007). (Gelebart et al., 2005; Huang et al., 2007) A large increase in red spherule 

cells was observed in stressed animals. Dheilly et al., (2011) has shown that a sea 

urchin immune response will be initiated within the first 24 hours after a bacterial 

challenge. Activation of any kind of immune response has been shown to lead to 

activation and up regulation of proteins through an increase in gene transcription 

(Dheilly et al., 2011).  
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This increase in protein abundance provided an opportunity to analyse which proteins 

are up-regulated, which could lead to identification of stress markers. One approach is 

to separate the proteins to obtain relatively purified samples. 1D SDS-PAGE only has 

limited resolving capability for complex mixtures of proteins (Fig. 3.16 and 3.17). 
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Figure 3.16. Cell-free plasma 1D SDS-PAGE displays of non-stressed and stressed samples. Cell-

free plasma protein samples solubilised in SDS buffer were loaded onto 1D SDS-PAGE at 2, 4, 10 and 

20 μL aliquots in lanes 1 – 4 respectively. A 3 μL aliquot of molecular weight marker was included in a 

separate lane. The arrow is highlighting the change in position relative to the molecular weight marker 

with the protein indicated presenting above the 15 kDa position in the non-stressed sample and below the 

15 kDa in the stressed sample. Unstressed (left) and stressed (right). 

 

Figure 3.17. Coelomocyte 1D SDS-PAGE displays of non-stressed and stressed samples. 

Coelomocyte protein samples were suspended in SDS buffer were loaded onto 1D SDS-PAGE gels at 2, 

4, 10 and 20 μL aliquots in lanes 1 – 4 respectively. The protein samples were electrophoresed along side 

a 3 μL aliquot of molecular weight marker. Unstressed (left) and stressed (right). 

In mammals a clotting response is initiated when a blood vessel is damaged and the 

clotting occurs to prevent blood loss from the damaged vessel. This response begins 

with the cleavage of precursor proteins to initiate a cascade that results in the activation 

of fibrin to block the damage. One feature of this response is the cleavage of precursor 

proteins from a large precursor into smaller proteins that are constitutively active 

(Macfarlane, 1964). The clotting response in sea urchins involves the activation of 

amassin, a 75 kDa protein which forms oligomers in the presence of calcium (Hillier & 
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Vacquier, 2003). A clotting reaction would be a response derived from stress to the sea 

urchin and therefore parallels can be drawn from it and applied to what is being seen in 

figure 3.16. It is possible that part of the stress response to the bacterial injection is the 

initiation of a protein-signaling cascade that ultimately results in the cleavage of larger 

proteins such as amassin, into smaller activated species. This phenomenon could 

explain the shift in protein position on the gels presented in figure 3.16, whereby the 

same protein from the non-stressed samples electrophoresed to a lower position on the 

gel when derived from the stressed sample. The distance was not large and could be 

explained by the cleavage of a small peptide, which lead to the activation of the protein. 

Figure 3.16 verifies the increase in protein abundance shown in figure 3.7 and also 

demonstrates the need to show different protein loadings with samples that are 

electrophoresed. In that case (Fig. 3.16) the lower loading was required to resolve the 

individual protein bands and eliminate the interference that occurs with a higher 

loading. 

 

When dealing with proteins, a major handling problem is preventing degradation. The 

protocol for collection and analysis of coelomic fluid (sections 2.2.2 and 2.2.3) was 

refined to produce a streamlined and fast system to avoid protein degradation. Protease 

inhibitors (Roche) were also added to the protein sample to prevent degradation 

(section 2.2.3.7.2), however even with these measures, the sample did experience some 

protein degradation. From previous experiments, especially 1D SDS-PAGE (Fig. 3.16), 

it is clear that subtle changes in the protein make up were occurring in response to 

stress, however what looked like post-translational modification could have turned out 

to be protein degradation. 
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3.2.2.3.2 2D SDS-PAGE of coelomic fluid and coelomocyte proteins 

To generate a resolved display of coelomocyte proteins, samples were subjected to 

large format 2D SDS-PAGE separation. As described in section 2.2.3.7, 2D SDS-

PAGE was used to achieve protein separation by mass and charge and generate 

resolved displays. For this procedure to be effective the proteins must soluble within 

the urea based rehydration buffer. The protein samples were separated by charge using 

isoelectric focusing along an 18 cm pH 3 - 10 non-linear immobilised pH gradient strip. 

  



                                                                                                                                                                       Results and Discussion: Stress Trial 

  - 114 - 

 

Figure 3.18. 2D SDS-PAGE display of a non-stressed sea urchin coelomocyte proteins. Total 

coelomocyte protein sample was normalised to 600 μg as assessed by BCA assay. The sample was 

processed to remove lipid using at least two chloroform-methanol extractions and desalted using a GE 

Healthcare clean-up. The processed sample was solubilised in 100 μL IEF rehydration buffer containing 

1 μL of protease inhibitor and 3 μL of tributyl phosphine. A further 260 μL of rehydration buffer was 

added to make a final volume of 360 μL. The protein incubated to rehydrate an 18 cm pH 3 -10 non-

linear immobilised pH gradient strip overnight. Following the incubation, the strips were reduced and 

alkylated (section 2.2.3.7.4), followed by SDS-PAGE 2
nd

 dimension electrophoresis in an Ettan DALT 

six electrophoresis tank. 
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Figure 3.19. 2D SDS-PAGE display of a stressed sea urchin coelomocyte protein. Total coelomocyte 

protein sample was normalised to 600 μg as assessed by BCA assay. The sample was processed to 

remove a lipid using at least two chloroform-methanol extractions and desalted using a GE Healthcare 

clean-up routines. The processed sample was solubilised in 100 μL IEF rehydration buffer containing 1 

μL of protease inhibitor and 3 μL of tributyl phosphine. A further 260 μL of rehydration buffer was 

added to make a final volume of 360 μL. The protein incubated to rehydrate an 18 cm pH 3 -10 non-

linear immobilised pH gradient strip overnight. Following the incubation, the strips were reduced and 

alkylated (section 2.2.3.7.4), followed by SDS-PAGE 2
nd

 dimension electrophoresis in an Ettan DALT 

six electrophoresis tank. The outlined spot numbers are explained in proceeding paragraph and the 

Highlighted boxed area is for reference to Section 3.2.2.4. 
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Spot number Protein identification Species Peptides matched Accession number Total ion score 

1 Annexin-A4 S. purpuratus 10 gi|115744195 61 

2 Peroxiredoxin 6 C. plicata 1 gi|306846415 69 

3 Ferritin light chain S. purpuratus 1 gi|46576433 123 

4 Profilin H.crassispina  2 gi|124106325 150 

Table 3.2 E. chloroticus protein identities obtained by MASCOT search in the NCBI database. 

Protein spots indicated in figure 3.19 were excised and subjected to in-gel digestion followed by 

MALDI-TOF-TOF MS. The data obtained were analysed by MASCOT search of the NCBI database. 

Coelomocyte 2D PAGE displays are limited in the literature and there are no protein 

displays that show the pH range that are shown in figures 3.18 and 3.19. As shown in 

the 1D SDS-PAGE display of coelomocyte protein samples (Fig. 3.13), the classic 

hallmarks of these cells appear. There is a large abundance of protein spots in the upper 

third of the gel, followed by a noticeable absence through the middle third and then a 

slight increase in protein species in the lower third. In both gels (Fig. 3.18 and 3.19) as 

with all 2D SDS-PAGE gels produced in this study, a cloudy smear of protein presents 

in the bottom right-hand corner of the display. This artifact of the displays is most 

likely to have occurred due incomplete removal of interfering compounds before 

isoelectric focusing separates the protein samples. 

 

As mention earlier, 2D SDS-PAGE displays (not presented) and subsequent mass 

identification have revealed that the majority of proteins that resolve in the upper third 

of the display are structure related proteins such as actin, tubulin and fascin. Major yolk 

protein, which is a transferrin-like iron binding protein, also features prominently. This 

protein is classed as a vitellogenin based on its amino acid sequence and is abundant in 

the yolk of platelets (Brooks & Wessel, 2002) and is presumed to play a role in 

gametogenesis and embryogenesis in sea urchins (Brooks & Wessel, 2002). This 

protein is present in adult sea urchins for the production of spawn. 

 

Major cytoskeletal rearrangements occur with certain coelomocytes upon immune 

activation. Petaloid phagocytes are known to morph into filopodial phagocytes when a 
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sea urchin is challenged. Many different proteins are involved in the alteration of the 

cell cytoskeleton including tubulin, gelsolin, fascin, actin and profilin most of which 

have been observed in an elevated state during physiological stress. Tubulin, actin and 

in particular profilin have all been observed to increase during stress indicating that the 

bacterial challenge is causing a cellular composition change between the two known 

phagocytic sub-types.  

 

Profilin  

Profilin appears to be a good target when identifying stressed animals (Fig. 3.19, spot 

4). SpCoel1 is a sea urchin profilin gene, which has been shown to specifically express 

in coelomocytes in response to injury (Smith et al., 1992). The injury signal is thought 

to activate a signal transduction pathway, which mediates the cytoskeletal state 

presumably transforming petaloid into filopodial phagocytes. Clearly from elevated 

levels of profilin demonstrated in this research, this protein is also involved in 

cytoskeletal rearrangement upon bacterial challenge as well. Phagocytes are more than 

likely to be involved in the clearance of bacterial particles from the coelomic cavity, so 

this theory is not implausible. Interestingly, profilins have been shown to bind actin as 

well as phosphoinositides (Lassing & Lindberg, 1985). This dual binding ability is 

likely to provide a regulatory linkage between phosphatidyl inositol signal transduction 

and cytoskeletal transformations (Lassing & Lindberg, 1985). Profilin has a molecular 

weight of between 14 -16 kDa and therefore its corresponding spot location on the 2D 

SDS-PAGE displays is about what would be expected. Figure 3.20 shows a time-lapse 

image of a petaloid phagocyte morphing into a filapodial phagocyte, which is thought 

to occur through the mediation of profilin. 
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Figure 3.20. Time-lapse microscopic image of phagocyte metamorphosis. CF was removed from a 

sea urchin and viewed under a microscope. Image A was recorded 10 min before image B. Images Ai 

and Bi are enlargements from images A and B respectively as indicated by the dashed square, showing a 

petaloid phagocyte extend filopodial projections as it morphs into a filopodial phagocyte. 

Ferritin light chain 

Ferritin light chain (Fig. 3.19, spot 3) is a subunit of the much larger ferritin protein, 

which is an abundant intracellular protein that stores and releases iron in a regulated 

way. Ferritin is classified as a ‘general cell function protein’ helping to sequester about 

4500 iron (Fe
3+

) ions within numerous cell types in a variety of groups of animals 

(Theil, 1987). The protein is 450 kDa and consists of 24 heavy and light subunits, 

which are 19 and 21 kDa respectively (Theil, 1987) and varies under different 

physiological conditions (Ong et al., 2005). The 19 kDa light chain size corresponds to 

spot location of the 2D SDS-PAGE display. Ferritin subunit composition may affect 

iron storage capacity and it has been shown that bacterial infection will drastically 

reduce extracellular iron levels. This is thought to occur to starve the invading 

pathogens of much needed iron required for its growth and pathogenicity (Ong et al., 

2005). Roeser (1980) has suggested that host and pathogen have co-evolved counter 

measures to retain iron and compete for it respectively. During infection it is thought 
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that extracellular ferritin scavenges Fe
2+ 

leaked from damaged cells (Jacobs & 

Worwood, 1975; Linder et al., 1996).  

 

Even though all of the studies mentioned above have been based on mammalian 

experimental results, ferritin is conserved across all animal phyla. In the current trial, 

bacteria were injected directly into the coelomic cavity. As a consequence, ferritin light 

chain protein has been shown to be elevated in response to this challenge (Fig. 3.19). 

Parallels can be drawn from mammalian studies and what may have happened within 

the sea urchin is that upon the bacterial injection, the sea urchin coelomocyes have 

detected the foreign matter through antigen sensing receptors. A signaling cascade 

would then have begun ultimately resulting in the activation of ferritin and 

subsequently iron withdrawal from the surrounding CFP and sequestered within the 

ferritin complex. As mentioned, the subunit composition of ferritin might determine if 

the complex is releasing iron or actively storing it. A ferritin complex, which has an 

increased amount of ferritin light chains, could be the ‘ferritin form’ that promotes the 

sequestration of iron with the cytosol of the coelomocytes. A lack of iron available for 

an invading pathogen would weaken the bacterial systems and allow the sea urchin to 

efficiently and effectively clear the foreign particles from its coelomic cavity.  
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Annexin A4 

Annexins are a conserved Ca
2+

 and phospholipid binding class of proteins (Gerke & 

Moss, 2002). The molecular mass of the annexin group of proteins has been reported to 

be 33 – 40 kDa (Otto et al., 1994), which is slightly lower than corresponding to spot 1 

on figure 3.19. There are many different forms of annexin protein (named A1-A11) and 

have been implicated in many different biological processes. Although they were first 

reported in 1977 (Donnelly & Moss, 1997), their exact function appears to be largely 

unknown. They are most notably associated with cellular membranes due to their 

phospholipid-binding motif. Annexins have been shown to translocate to the 

membranes of mature phagosomes leading to the assumption that they are involved in 

phagocytosis (Gerke & Moss, 1997). In particular, certain members of this protein 

family translocate to phagosome membranes upon particle ingestion (Pittis & Garcia, 

1999). Annexin A4 specifically is correlated to increase in number and the phagosomes 

mature (Diakonova et al., 1997) suggesting that it could play a role in the fusion of 

phagosome with the surrounding membrane structures. Annexins A3, A4 and A6 will 

migrate to the proximity of the bacteria containing phagosomes and assist in the 

phagosome-endosome fusion step (Majeed et al., 1998).  

 

The function of annexin A4 fits perfectly with the observation that increased expression 

occurs after the sea urchin has been challenged with a bacterial injection. It appears that 

annexin A4 is being up-regulated within one or more coelomocytes as a clearance 

mechanism to remove the bacterial particles from the coelomic cavity. The presence of 

this protein 24 hours after the bacterial injection indicates that the immune response is 

still very active or the expressed annexin A4 proteins responsible for the immune 

reactions were yet to be cleared. An immune response within sea urchin is elicited 

within 24 hours of a bacterial challenge (Dheilly et al., 2011) , however there are no 

published data that suggests how long the response will last.  
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Peroxiredoxin 6 

Peroxiredoxins are a group of antioxidant enzymes that control cytokine-induced 

peroxide levels and thereby mediate signal transduction (Rhee et al., 2005). These 

proteins act by reducing hydrogen peroxide to water and alleviating oxidative stress 

caused by a number of different phenomena including bacterial infection. Possibly the 

most significant function of peroxiredoxin within the context of this investigation is its 

ability to protect proteins from oxidative damage induced by reactive oxygen species 

(Rhee et al., 2005). Reactive oxygen species are produced by organisms to help fight 

infections and mediate immune responses by acting as messenger molecules. They are 

produced by a number of proteins, but especially peroxidase, which is activated by 

bacterial challenges. It appears that peroxiredoxin 6 has been up-regulated to act as a 

protective barrier to shield the sea urchin coelomocytes from its own internal defenses. 

Either collectively or individually, sea urchin coelomocytes would – upon bacterial 

challenge – elevate peroxidase-like proteins to clear reactive oxygen species produced 

by proteins directly involved with handling the bacterial particles so that other cellular 

machinery is not affected. Even though little information is available about 

peroxiredoxin 6 specifically, peroxiredoxins are reported to be 25 kDa in size and this 

corresponds to spot 2 from figure 3.19. 

 

The coelomocyte 2D SDS-PAGE protein displays coupled with mass spectrometry 

identification have shed light on a number of different proteins – with very different 

functions – that are up-regulated in response to bacterial challenge. However, these data 

do not provide insight into which coelomocyte sub-populations are responsible for the 

production of the individual proteins. Coelomocyte separation is needed to identify the 

cellular origin of proteins used in a sea urchin stress response.  
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3.2.2.3 Protein changes within coelomocyte sub-populations 

In order to designate protein changes to a particular coelomocyte subtype, fractionated 

coelomocytes were processed for 2D SDS-PAGE separation (section 2.2.3.7). 

3.2.2.3.4 2D SDS-PAGE coelomocyte sub-populations displays 

Phagocytes enriched by gradient fractionation were subjected to 1D SDS-PAGE (gels 

not shown) to ascertain the quality of the samples. The protein samples were then 

subjected to 2D SDS-PAGE analysis to obtain isolated protein species that could be 

identified by mass spectrometry. This process was carried out to determine if any 

particular coelomocyte type displayed an increased proteomic response in reaction to 

increased stress. Which would provide new information about the sea urchin immune 

responses and identify key biomarkers that could be used to determine the health of the 

marine environment. 
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Figure 3.21. 2D SDS-PAGE display of a non-stressed E. chlorticus phagocyte enriched sample. 

Protein sample derived from non-stressed E. chloroticus phagocytes was normalised to 600 μg as 

assessed by BCA assay. The sample underwent a lipid and salt removal through the use of at least two 

chloroform-methanol extractions and GE Healthcare clean-up kit. The sample was solubilised in 100 μL 

IEF rehydration buffer containing 1 μL of protease inhibitor and 3 μL of tributyl phosphine. A further 

230 μL of rehydration buffer was added to make a final volume of 330 μL. After complete solubilisation 

the sample was incubated on an 18 cm pH 3 -10 non-linear immobilised pH gradient strip overnight. 

Following incubation, the strips were reduced and alkylated with the respectively buffers before being 

electrophoresed using an Ettan DALT six electrophoresis tank. The underlined spots are discussed in the 

next section. 
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Figure 3.22. 2D SDS-PAGE display of a stressed E. chloroticus phagocyte enriched sample. Protein 

sample derived from stressed E. chloroticus phagocytes was normalised to 600 μg as assessed by BCA 

assay. The sample underwent a lipid and salt removal through the use of at least two chloroform-

methanol extractions and GE Healthcare clean-up kit. The sample was solubilised in 100 μL IEF 

rehydration buffer containing 1 μL of protease inhibitor and 3 μL of tributyl phosphine. A further 230 μL 

of rehydration buffer was added to make a final volume of 330 μL. After complete solubilisation the 

sample was incubated on an 18 cm pH 3 -10 non-linear immobilised pH gradient strip overnight. 

Following incubation, the strips were reduced and alkylated with the respectively buffers before being 

electrophoresed using an Ettan DALT six electrophoresis tank. The underlined spots are discussed in the 

next section. 



                                                                                                                                                                       Results and Discussion: Stress Trial 

  - 125 - 

The 2D SDS-PAGE display of protein derived from non-stressed (Fig. 3.21) and 

stressed (Fig. 3.22) E. chloroticus phagocytes showed clear evidence on interference 

from an unknown compound(s). Given that these displays were derived from 

fractionated coelomocytes, the interference could have arisen from any remaining 

Optiprep
™ 

that was not removed during the salt and lipid extraction procedures (section 

2.2.3.7). Another possible explanation for this smearing effect was incomplete 

solubilisation and ionic contamination from salts, nucleotides or lipids. 

 

Unfortunately, the 2D-PAGE spots taken from figure 3.21 and 3.22 for mass 

spectrophotometry analysis did not return with a suitable ion cut off score and were not 

included due unreliability. Of the 12 protein spots excised from 2D-PAGE (as shown 

by numbering within the figures) only one spot returned with a positive identification 

strong enough to justify its inclusion here. Spot 3 (Fig 3.22) was positively identified as 

annexin A4 from Strongylocentrotus purpuratus (Table 3.3) 

 

 

Spot number Protein identification Species Peptides matched Accession number Total ion score 

3 Annexin-A4 S. purpuratus 4 gi|115744195 294 

Table 3.3 Mascot search results from stressed E. chloroticus phagocytes against the NCBI 

database. The table shows four spot identities obtained from E. chloroticus stressed phagocytes searched 

against the NCBI database. Spot number links to the corresponding spot outlined in figure 3.23. 

The annexin A4 protein has been identified within the northern hemisphere sea urchin  

species S. purpuratus and with a total ion score of 294 (Table. 3.3), this match appears 

to be reliable. However, as described earlier, the annexin group of proteins has a 

molecular weight of between 35 – 40 kDa (Otto et al., 1994). Spot 3 from figure 3.22 

does not correspond with the protein spot previously identified as annexin (spot 1, Fig. 

3.19). The annexin spot in figure 3.24 has resolved closer to the positive(+) of the 

isoelectric pH gradient strip, and further down the gel. This is potentially an example of 

proteins degrading before being separated or maybe a separated subunit of the large 

complexed annexin protein. The annexin A4 spot (Fig. 3.22) was more than likely to be 

a peptide fragment that has still returned a positive identification when searched on 

NCBI. 
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3.2.2.4 Bacterial control 2D SDS-PAGE 

Bacterial cells were solubilized and the proteins displayed on 2D-PAGE to provide a 

background control for the bacteria cell stressed coelomic fluid samples. Bacterial 

particles injected into the coelomic cavity of sea urchins are known to be quickly 

removed by the coelomocytes (Coffaro, 1978; Reinisch & Bang, 1971; Yui & Bayne, 

1983), however the exact length of time required to achieve this clearance is not 

known. Even though the bacterial particles are likely to have been cleared within the 24 

hour incubation period, a protein display from the bacterial particles was generated to 

provide insight into the position relative to the coelomocyte displays. 

 

There are many similarities between the bacterial control display (Fig. 3.23) and the 

coelomocyte displays described previously. However when the displays are aligned it is 

clear that the similarities are superficial and very few of the spots and spot trains match 

positions in both displays. The bacterial display appears to show a large amount of 

different protein species in the upper third of the gel. Given that many proteins will be 

conserved from species to species it is entirely possible that the proteins identified 

through mass spectrophotometry are derived from the bacteria. The most compelling 

evidence to suggest that the bacterial particles have been cleared is the absence of a 

large spot from the stressed CF samples (Fig. 3.19), which clearly visible in the 

bacterial display (Fig. 3.23). Even though not conclusive evidence, it is not 

unreasonable to suggest that the bacterial particles have been cleared from the coelomic 

cavity before the final sample was taken. Further analysis in this area would be needed 

including a comprehensive experiment to determine how long an immune reaction lasts 

in the sea urchin. 
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Figure 3.23. 2D SDS-PAGE display of E.coli EC600/42 bacterial proteins injected into E. 

chloroticus. Protein sample derived from bacteria injected in the coelomic cavity of E. chloroticus was 

subjected to a lipid and salt removal through the use of a chloroform-methanol extraction and GE 

Healthcare clean-up kit. The sample was solubilised in 100 μL IEF rehydration buffer containing 1 μL of 

protease inhibitor and 3 μL of tributyl phosphine. A further 230 μL of rehydration buffer was added to 

make a final volume of 330 μL. After complete solubilisation the sample was incubated on an 18 cm pH 

3 - 10 non-linear immobilised pH gradient strip overnight. Following the incubation, the strips were 

reduced and alkylated with the respectively buffers before being electrophoresed using an Ettan DALT 

six electrophoresis tank. Upper middle and lower section markers have been added for ease of reference 

with the other coelomocyte 2D SDS-PAGE displays. Square box is for reference to figure 3.19. The box 

outlines the presense of a spot in this gel and the absence the spot in figure 3.19. 
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Chapter Four 

Results and Discussion: Red 

pigment in coelomic fluid  
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4.1 Introduction 

During stress, the sea urchin coelomic fluid turns a bright red colour. This colour can 

be attributed to an increase in the number of red spherule cells present in the coelomic 

cavity. The past century has seen researchers try to isolate and crystallise the red 

pigment with varying success. The most common approach has been to extract the red 

pigment from the spines and test of the sea urchin using an HPLC system coupled to a 

diode array detector. Here results are presented on experiments, which try to separate 

the red pigment from the other material within coelomic fluid. 

4.1.1 Characterisation of echinochrome A  

In order to determine if abundance of echinochrome A can be correlated to the 

physiological state of the sea urchin, base line levels of the compound had to be 

determined. The evidence presented in Chapter 3 (Figs. 3.5 and 3.6) clearly shows a 

significant change in the number of red spherule cells within the CF when the sea 

urchin was subjected to physiological challenge from bacterial infection. It was 

important to determine if it was echinochrome A that was having this effect. At present, 

there is no way of determining the presence of echinochrome through a chemical or 

enzymatic reaction. One way of obtaining some info as to the identifying this 

compound quickly is through matching scanning spectral data with data already 

published (Pozharitskaya et al., 2013). Using a UV-Vis scanning spectrophotometer, 

Pozharitskaya et al., (2013) demonstrated that echinochrome A has two distinct 

absorbance maxima peaks at 346 and 480 nm. Their study looked at the pigments 

present in sea urchin shells and used commerical echinochrome A as a reference 

substance. A spectral scan of sonicated CF revealed an analogous trace with absorbance 

peaks forming at almost the identical wavelength (Fig. 4.1) 
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Figure 4.1. Spectral analysis of sonicated E. chloroticus CF. To detect the presence of echinochrome 

A a spectral scan of sonicated and centrifuged CF was conducted and referenced against existing 

published data. Echinochrome A has a previously published absorbance maxima at 346 and 480 nm  

(Pozharitskaya et al., 2013). Four sea urchins had their CF removed (section 2.2.2.1) before being 

sonicated and centrifuged to clarify. The scan revealed an almost identical absorbance pattern with peaks 

presenting at 346 and 480 nm as shown by the dotted lines on the trace above. Each colour line on the 

graph represents a different animal used. Data was displayed GraphPad Prism version 6.00 for Windows, 

GraphPad Software, San Diego California USA, www.graphpad.com. 

Even though the peaks that were observed from the spectral scan of CF presented at the 

same wavelength as those found by Pozharitskaya et al., (2013), there was a difference 

in their quantitation in relation to each other. The absorbance maxima from commercial 

echinochrome A was present at an equivalent level to that observed by Pozharitskaya et 

al., (2013). There is however a substantial difference in the CF derived peak heights 

from this study, with roughly 25% difference between the 346 nm peak and the 480 nm 

peak. The peaks shown in figure 4.1 were also less refined than those presented by 

Pozharitskaya et al., (2013). It is presumed that this was largely attributed to the crude 

nature of the sample, which no doubt would have contained other molecules that 

absorbed at these wavelengths including, but not limited to, carotenoids (Symonds et 

al., 2009), which are known to exist within echinoderms. 

http://www.graphpad.com/
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4.1.2 Purification of echinochrome A 

Even though the spectral data obtained correlated with published literature, it did not 

provide conclusive evidence that the red pigment in CF was indeed echinochrome A. 

The next step was to further process the crude sample to obtain a more clarified isolated 

echinochrome A compound. Echinochrome A appears to have been purified only from 

sea urchin shell (Kuwahara et al., 2009; 2010; Pozharitskaya et al., 2013)  and never 

from the CF. There exist a number of different publications that outline very different 

protocols by which to extract echinochrome A. Being from the calciferous environment 

of the animals shell however, most protocols involve the use of hydrochloric acid to 

dissolve the hard material followed by methanol partitioning (Kuwahara et al., 2010).  

 

It was decided that trial extractions using a number of different organic solvents as well 

as acidic solutions. Acetone, diethylether, tetrahydrofuran (50%), acetonitrile and 

hydrochloric acid were added separately to individual aliquots of freshly extracted 

pelleted coelomocytes and mixed thoroughly. The aliquots were centrifuged and the 

resulting supernatant was scanned in a spectrophotometer (Fig. 4.2) using the solvent as 

a blank. 
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Figure 4.2. Pigment extraction from E. chloroticus coelomocytes with either organic solvents or 

acid. Scanning spectral analysis of the supernatant remaining after thorough mixing of coelomocytes 

with solvents or acid. Dotted lines on the trace above indicate 346 and 480 nm respectively. Data was 

displays GraphPad Prism version 6.00 for Windows, GraphPad Software, San Diego California USA, 

www.graphpad.com 

All of the solvents and the hydrochloric acid showed ability to extract pigments with 

absorbance maxima of around 340 and 480 from E. chloroticus coelomocytes. 

However, tetrahydrofuran (THF) was by far the most effective extractant, producing 

the highest absorbance of all the extraction procedures tested. A characteristic feature 

of the napthoquinone class of compounds is the presence of many hydroxyl groups 

bound to the central phenyl ring structure. It would be expected that the abundance of 

hydroxyl groups would give the structure some polarity and therefore its ability to 

solubilise in the polar solvent environment of the coelomic cavity. However, Service 

and Wardlaw (1984) demonstrated that echinochrome A has low solubility in seawater. 

Theoretically, this should mean that echinchrome A should solubilise more readily in 

non-polar solvents. What was not expected was that it appeared that the compound was 

more readily extracted with THF and not the more non-polar diethyl ether. THF is a 

moderately polar solvent that is miscible in water. THF (50%) extracted approximately 

45% more echinochrome A than the next most effective alternative, which was 
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acetonitrile. This finding suggests that even though it is insoluble in seawater, the 

presence of the hydroxyl groups gives echinochrome A a weakly non-polar 

characteristic and therefore THF is the better extractant. 

 

 

                             

Figure 4.3. Extraction of pigments from coelomocytes using THF. Different concentrations of THF 

were used to find the optimum amount with which to extract echinochrome A. Extraction with 12.5% 

(purple), 25% (green), and 50% THF (red) was more effective than 100% THF (blue). The classic 

echinochrome A absorbance maxima at 346 and 480 nm is shown as dotted lines respectively. The 100% 

THF trace did not show the same double peak pattern expected. Data was displays GraphPad Prism 

version 6.00 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com 

Previous experiments demonstrated that the weakly hydrophobic THF was the most 

effective solvent to extract echinochrome A from E. chloroticus coelomocytes. The 

experiment outlined in figure 4.2 used 50% (red trace) THF and produced the highest 

yeild. An optimisation experiment was carried out to determine the concentration of 

THF that would extract the most echinochrome A. THF was diluted with MQ-water to 

obtain dilution of 12.5, 25, 50, this was compared to using 100% THF. The 12.5, 25 

and 50% concentrations displayed the discrete peaks at 346 and 480 nm as expected for 

echinochrome A. However, when 100% THF was used, some sort of interference 

occurred, which prevented the scanning spectrophotometer from reading the 

absorbance properly and resulted in a distorted trace (Fig. 4.3). The distortion could 
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have resulted from an over abundance of echinochrome A which prevented enough 

light from passing through the sample to the detector. When the 100% extracted 

solution was diluted with more THF the distortion effect did not decrease indicating 

that at this concentration, the THF was extracting much more than just echinochrome A 

(data not shown). THF is moderately polar and can dissolve both polar and non-polar 

compounds. It is possible that at 100% concentration many more substances are being 

drawn from the sonicated coelomocyte pellet and are retained in the supernatant 

resulting in a heterogeneous suspension, which cannot by scanned properly with the 

spectrophotometer. Given that the THF used was analytical grade, it was unlikely that 

there were any interfering compounds within the solvent itself. THF could be acting to 

increase the overall absorbance of the solution rather than increasing the extraction 

efficiency. This phenomenon is referred to as gradient drift and occurs because THF 

has a much higher UV absorbance than other solvents. Gradient drift can be ruled out in 

this case as the absorbance peaks seen in Fig. 4.2 and 4.3 are presenting at 346 and 480 

nm, well outside of the UV spectrum. 

4.1.3 Echinochrome HPLC 

The double peak in the spectral scan in figure 4.1 provides some support that 

echinochrome A was indeed the pigment that was being extracted from the 

coelomocytes. However, echinochrome is one of several compounds that make up the 

napthoquinone class of quinones. These include the spinochromes A-E, all of which 

show absorbance peaks, either bimodal or trimodal, between 304 and 513 nm 

(Kuwahara et al., 2010). Spinochrome B in particular displays a trimodal maximum 

absorbance at 322, 390 and 474 nm. These compounds, especially when present 

together in one solution, could easily mask the presence of echinochrome A. To 

determine the exact composition of the THF extracted pigments an HPLC separation 

protocol followed by a MS identification procedure was needed. Given that Kuwahara 

et al., (2010) used a diode array detector coupled with an HPLC for separation and LC-

MS for identification, it was decided to follow a similar path but with some alterations 

to take into consideration the equipment that was available. 
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Figure 4.4. Isocratic HPLC analysis of THF extracted E. chloroticus coelomocyte pigments. The 

THF solution was dried under nitrogen to evaporate any remaining liquid before the red powder that 

remained was suspended in methanol, mixed thoroughly and both centrifuged and filtered to clarify. The 

resulting material was separated by an HPLC (Gilson
®
) protocol that was modelled on isocratic 

procedure (Kuwahara et al., 2010)  (section 2.2.4.5). The arrows on the left hand side of the 

chromatograph indicate the time taken to load the sample onto the column. The eluent was measured at 

340 nm (red trace) and 540 nm (green trace). The dotted line at the top of the trace represents the mobile 

phase. 

High performance liquid chromatography has previously been used to separate different 

napthoquinones that are known to exist within sea urchin spines and test (Kuwahara et 

al., 2010). Research has shown that echinochrome A is the red pigment that is present 

in red spherule cells (Lebedev et al., 2005; Mac Munn, 1885; Mischenko et al., 2005). 

What is not known is whether spinochrome compounds also exist within the CF and if 

they can be separated and identified using HPLC. It was anticipated that the HPLC 

separation would deliver similar results to that obtained by Kuwahara et al., (2010) 

with four discrete peaks appearing within the first 20 min of the run beginning, 

representing spinochrome B, spinochrome C, echinochrome A and spinochrome D 

respectively with echinochrome A being by far the largest on the trace (Appendix B). 

 

The resulting trace from the initial HPLC separations did not compare with that 

produced by Kuwahara et al., (2010) (Appendix B). The compounds within the sample 

all eluted in a very short space of time and showed very little resolution. The 
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napthoquinones are all very similar in structure with most of them only being different 

from one another by the presence or absence of one hydroxyl group (Appendix B). 

Even though the protocol and equipment used in this study was different to that used by 

Kuwahara et al., (2010), separation of significant quality was not obtained under an 

isocratic system. After repeated attempts to produce better isocratic chromatography of 

the pigment extract decision was made to try gradient chromotography instead (Fig. 

4.5). 
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Figure. 4.5. Gradient HPLC analysis of THF extracted E. chloroticus coelomocyte pigments. The 

THF solution was dried under nitrogen conditions to evaporate any remaining liquid before the red 

powder that remained was dissolved in methanol, mixed thoroughly and centrifuged to clarify. The 

resulting material was analysed and separated by HPLC (Gilson
®
). Buffer A (methanol with ammonium 

acetate) was progressively substituted for buffer B (100% TBME) over the course of approximately 38 

min. The eluent was measured at 340 nm (red trace) and 540 nm (green trace). The arrows on the left 

hand side of the chromatographs indicate the time taken to load the sample onto the column. The lower 

graph is an enlargement of the upper graph to show the peaks more clearly. 

Gradient HPLC provides a way to bind compounds to a column and then selectively 

elute them as a function of affinity. This system should be able to separate out the very 

subtle changes that exist between the napthoquinones, however results from this 

method were mixed. Three peaks were consistently been generated and were more 
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resolved than those obtained from previous isocratic separations. The peak heights were 

consistent with those observed by Kuwahara et al., (2010) relative to each other. Based 

on the appearance from previous napthoquinone HPLC chromatographs (Appendix B), 

the first two smaller peaks were thought to be spinochrome B and spinochrome C. The 

most prominent peak could represent echinochrome A while a peak representing 

spinochrome D is absent. The absence of spinochrome D could be attributed to its lack 

of abundance or if the larger peak of echinochrome A was masked its presence. The 

protocol used for this gradient separation requires elution in TBME. It is promising that 

when the concentration of TBME reaches 100%, that no peaks are observed suggesting 

that what has been injected onto the column has bound properly and has completely 

eluted within the run time. Kuwahara et al., (2010) demonstrated that their pigments 

eluted from the column between 7.5 min and 20 min while the peaks presented in figure 

4.5 eluted between 3 and 6 min. Other than the difference in elution time, the position 

of the observed peaks corresponds with napthoquinone pigments and appears to be the 

first instance of these pigments being separated from E. chloroticus coelomocytes. 

 

The identity of the molecules present in the collected chromatography samples needed 

to be examined to determine if separation was successful. Mass spectrometry was used 

to identify the mass of the compound, which corresponded with the largest peak from 

gradient separation. Echinochrome A has a molecular weight of 266.20 daltons and it 

was expected that the MS results would return with an m/z of 266.20. The problem with 

trying to determine the presence of molecules like echinochrome A is that there are a 

multitude of other metabolites within the search database that are the same molecular 

weight as what was being searched for. An exact match was the only way to determine 

if it was indeed echinochrome A. The MS results returned an m/z value of 482, which is 

almost double the mass of echinochrome A or any of the other spinochrome species 

that could be present within the sample.  

 

It was originally thought that the mass identification corresponded to an anthocyanin 

compound. Anthocyanins are a class of highly coloured compounds with known 

antioxidant activity. They are responsible for the blue colouration of blueberries and 

blackberries (Wu et al., 2004) and contribute to the red colour of blood oranges, which 

could have explained the vivid red of the starting THF extracted sample. Anthocyanins 

have been used as indicators of pH because their colour varies from pink in acid 
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solutions to greenish-yellow in alkaline solutions. Both the sample analysed by MS and 

the crude CF extract were subjected to pH manipulation to test for colour changes to 

establish whether an anthocyanin was present. Anthocyanins have four different 

structures, which are in equilibrium; the flavylium cation, the quinoidal base, the 

carbinol pseudobase and the chalon. Differing proportions of these structures in 

solution dictate the colour observed. In acidic conditions, the equilibrium is pushed in 

favour of the flavylium cation and therefore the solution will be red-orange (Jenshi 

roobi et al., 2011) . The pH manipulation however, resulted in no colour changes in 

either sample tested suggesting that an anthocyanin was not present. 

 

Pozharistckaya et al., (2013), provided a good account of the free-radical scavenging 

activity of sea urchin pigments. Their paper also sheds light on the ability of 

napthoquinone pigments to form heterdimers between the spinochrome species or a 

spinochrome species with echinochrome A (Fig. 4.6). 

 

 

                                          

Figure 4.6. Covalently linked napthoquinone dimers. Pozharitskaya et al., (2013) identified the ability 

for napthoquinone species to form a covalently bound heterodimer. The compounds presented above are 

referred to as binapthoquinones and are a combination of two spinochrome species (above) or a 

spinochrome and an echinochrome A species (below) being joined together. These two compounds are 

examples of echinochrome A bound to spinochrome D in two forms with a range of masses (484.32 – 

486.34 respectively). Adapted from Pozharitskaya et al., (2013) with permission. 

In this instance, it appears that the compound which was separated by gradient 

chromatography and analysed by MS, could have been a napthoquinone heterodimer. 
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The expected mass of 484.32 – 486.34 is similar to the observed mass returned from 

mass spectrometry. There are several results presented here that indicate the presence 

of napthoquinone pigments. The spectral scan provides the best evidence to indicate the 

presence of at least echinochrome A. The bimodal peak with absorbance maxima at 346 

and 480 nm produced from the scanning spectrophotometer is characteristic of 

echinochrome A produced from other recently published research  (Pozharitskaya et 

al., 2013). Gradient HPLC separation of the extracted coelomocyte pigments also 

produced some evidence of the presence of different napthoquinone species. The trace 

indicated at least three peaks, which could correspond with results previously published 

by Kuwahara et al., (2010), however the chromatograms were quite different due to the 

techniques employed. These peaks are likely to correspond to sphinochrome B, 

sphinochrome C and echinochrome A with sphinochrome D possibly being masked by 

echinochrome A. The previously mentioned spectral, chromatographic and mass results 

provides some evidence that the napthoquinone species are present in CF.  

4.1.4 Pigment crystallisation 

Since first characterised by Mac Munn in 1885, many researchers have tried to 

crystallise echinochrome A, and it has been postulated that the pigment is bound as a 

chromoprotein (Tyler, 1939). More recently it has been suggested that echinochrome A 

could be bound to one or more proteins (Service & Wardlaw, 1984), however no 

further studies have shed light on this hypothesis. Yoshida (1959) crystallised 

napthoquinones from the spines and test of sea urchins by dissolving the calciferous 

parts in hydrochloric acid before extracting the pigments with either methanol or 

acetone. It was reported that the extracted pigment formed crystals at room temperature 

that were stable. 

 

Trial experiments were set up for the extraction of the echinochrome A using a number 

of different solvents of varying hydrophobicity. Initially it was thought that by using 

10% acetone, the pigments present in the coelomocytes would be drawn away from the 

cellular debris enriching the supernatant. The goal was to determine if echinochrome A 

extracted from CF could be crystallised. 
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The crystallisation procedure that was developed for this study was adapted for 

coelomic fluid and did not require the initial hydrochloric acid dissolution. Solvents 

(acetone, acetonitrile, THF, diethylether and methanol) were added to individual 

aliquots of sonicated and centrifuged wCF according to section 2.2.4.2, at 10% of the 

total volume. Crystals did not form at room temperature, however after storage at -20
o
C 

for two weeks, red crystals formed on the inner surface of the storage tube.  

 

 

 

Figure 4.7. Microscopic image of red crystals thought to be echinochrome A. Sonicated wCF 

produced red, disordered crystals from the addition of the acetone (10%) and storage (-20
o
C) for two 

weeks. Scale bar = 100 m. 

The results of this crystallisation trial were quite striking. Acetone, acetonitrile and 

THF all produced crystals under these conditions, after different incubation times at -

20
o
C. The addition of acetone generated the best results with the largest number of 

crystals forming in the shortest amount of time. Under the microscope, the crystals 

clearly were red and appeared disordered with a range of sizes (Fig. 4.7). The colour 
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alone suggested the presence of a pigment, although the colour appeared non-uniformly 

distributed in the crystals 

 

The most obvious explanation for the presence of these crystals was salt, which had 

incorporated some red pigmentation, possibly echinochrome A. The crystals were 

stable in MQ-water, which would be unlikely for a salt crystal. It was decided to expose 

the crystals with an x-ray beam to give an indication of whether a small molecule or a 

protein was present. The resulting diffraction pattern suggested a small molecular 

weight compound was present that was not protein, but was not salt either (Fig. 4.8). 

 

 

                                   

Figure 4.8. Diffraction pattern produced from the red crystals thought to be echinochrome A. In 

order to determine if the crystals that had been produced were protein or salt, a diffraction pattern was 

produced using a Rigaku Micromax-007HF R-axis IV
++ 

x-ray beam. 

The evidence suggests that the crystals were formed from a small molecule species 

leading to the assumption that echinochrome A has been crystallised successfully. It 

was determined that the crystals could be recrystallised from both acid and alkaline 

solutions, however the pink colour was lost. The crystal structure was solved using 

OLEX-2 (Dolomanov et al., 2009) within the CrysAlisPro package (Oxford Diffraction 

/ Aglient Technologies UK Ltd., Yarnton, England), with the help of Associate 

Professor Allan Blackman and his team from the Chemistry Department at the 
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University of Otago. Taken together, the results suggested a hexaaquo magnesium 

dihydrogen ethylenediamine [Mg(H2O)6][H2EDTA] crystal structure (Fig. 4.9). The 

structure of this compound has previously been solved (Julian et al., 1973)  and the unit 

cell parameters from this publication are essentially identical to those determined 

during the analysis of these crystals. Both hexaaquo magnesium and EDTA are known 

to be colourless compounds and the red colouration is likely to occur through a crystal 

defect at the metal hexahydrate site. It appears that a magnesium ion is being 

substituted for a transition metal at every tenth repeat. It is likely that the transition 

metal is a cobalt ion (Co
2+

), however this is unconfirmed. 

 

 

            

Figure 4.9. Structure of hexaaquo magnesium dihydrogen ethylenediamine. Uncoordinated 

hexaaquo magnesium ion located to the right of the larger EDTA molecule. This compound, arranged in 

a lattice formation, was the main components in the crystals recovered from CF on addition of solvent. 

Diagram produced by Associate Professor Allan Blackman with thanks. 

Components of CF are prone to coagulation when exposed to air which is mediated by 

the olfactomedin protein amassin (Hillier & Vacquier, 2003). To counter this 

coagulation process, CF was drained directly into anti-coagulant buffer that contained 



                                                                                                                                                                     Results and Discussion: Red Pigment 

  - 144 - 

high amounts of EDTA to coordinate Ca
2+

, a known requirement of the coagulation 

process  (Bookhout & Greenburg, 1940; Davidson, 1953; Donnellon, 1938). 

Magnesium is the third most abundant dissolved ion in seawater after sodium and 

chloride and therefore it should be highly abundant in CF due to its highly 

homogeneous nature. Unfortunately, a simple EDTA chelate explains the formation of 

the crystals from CF with the addition of solvent and not echinochrome A. What is less 

clear is the resulting colour that these crystals take on. The red colouration could be 

derived from any one of many different transition metals; the chemistry would suggest 

that cobalt was responsible. A question arising from this finding was what are the 

normal levels of transition metals within the coelomic cavity? Is the amount of cobalt in 

the coelomic cavity considered normal? Cobalt exists in seawater from between 10 – 

100 ρm (Donat & Bruland, 1988), it would be an interesting future investigation to 

determine if the concentration recovered from CF through crystallisation is inline with 

that expected in seawater. It is also known that sea urchins contain a large amount of 

iron particularly in the roe (Higashi et al., 1959) and previous results from the research 

group also make reference to the high levels in E. chloroticus. Without knowing the 

exact transition metal responsible for the colour, questions cannot be asked about 

whether it is a normal amount or if it is derived from some sort of abnormal phenomena 

like pollution.
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Chapter Five 

Concluding Remarks 

  



                                                                                                                                                                                               Concluding Remarks 

 

  - 146 - 

5.1 Project overview 

The world’s oceans cover approximately 71% of the earth’s surface and are a source of 

food and recreation for billions of people. Although it is considered that rainforests 

such as the Amazon are the lungs of the earth, it is the marine environment that 

contributes about 70% of atmospheric oxygen (Fenical, 1983). Humans have a vested 

interest in ensuring that the health of the marine environment is maintained. Such a 

stewardship has not always held pride of place, with some oceans and coastlines 

suffering from repeated exposure to chemical and physical pollution. The ever-

increasing amount of carbon dioxide in the atmosphere through global warming related 

events is already having impacts on marine organisms. Many crustaceans are struggling 

to form and maintain calciferous shells properly because of carbon dioxide induced 

ocean acidification (Gazeau et al., 2007).  

 

Chemical and physical monitoring of the oceans is necessary to determine their health. 

Biochemistry is increasingly becoming a focus of many groups around the world that 

are looking for markers of environmental stress. The application of molecular and cell 

biology has provided a variety of ways for studying animals that inhabit the oceans. 

Changes in the proteome in response to stress or immune challenge is considered to 

have potential for assessing the health of the world’s oceans (Matranga et al., 2000).  

 

Although historically there has been extensive research using sea urchins to understand 

mitosis and development, research into sea urchin immunity and its application in 

marine environment monitoring has not received a lot of attention. The present study 

set out to add to the knowledge of the coelomic fluid proteome as well as identify 

protein components as candidates for marine biomarkers in sub-fractionated 

coelomocytes. The study also sought to investigate the pigment that appears in 

coelomic fluid under stress conditions. Echinochrome A, a polyhydroxylated 

napthoquinone pigment, has received much attention in recent years due to its 

therapeutic properties. It has been known for some time that echinochrome A 

containing red spherule cells form a key component of the sea urchin response to 

bacterial infection (Service & Wardlaw, 1984), yet this compound has not been 

reported as a potential biomarker in this area of study. 
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5.2 Summary 

Prior to the trial commencing, E. chloroticus were obtained from open coastal waters 

and housed at the Portobello Marine Laboratory for more than six months, where they 

were maintained with fresh seawater directly from the ocean. During that time, a 

number of animals were harvested for preliminary analysis and coelomocyte 

visualisation and it was observed that the red spherule cells were relatively low in 

number. Various groups (Gross et al., 2000; Pancer et al., 1999), have previously 

reported coelomocyte and red spherule cell numbers from their own experiments. They 

all report red spherule cell data that are significantly higher than the results obtained 

during the current project. The high red spherule cell number can possibly be attributed 

to the other groups failing to acclimatise their sea urchins to captivity or to species 

differences and it appears that by allowing E. chloroticus to settle into the artificial 

environment at Portobello, red spherule cell numbers may have returned to base levels 

as they would be in their natural environment. Directly related to this was the finding 

that stressed E. chloroticus showed a 24% increase in red spherule cells compared to 

non-stressed levels. This increase is likely to be masked if the sea urchins are not 

acclimatised for the appropriate amount of time. This acclimatisation appears to be 

important and failing to do this could led to skewed results. 

 

Red spherule cells remain a mystery to many researchers. One theory is that upon 

bacterial infection, these cells will migrate to the foreign cells and degranulate their 

cytotoxic echinochrome A into the surrounding CFP. The origin of these cells is 

thought to be from the coelomic epithelia, which are the source of precursor stem cells, 

which rapidly multiply in response to a challenge. Results presented here appear to 

contradict both of these claims. By demonstrating that the increased echinochrome A 

colouration was restricted to cells and not CFP, it could be put forward that bacterial 

particles are destroyed via engulfment and not just killed by the release of 

echinochrome A. It can also be postulated that red spherule cell amplification in 

response to stress occurs via a blebbing or budding process, giving support to the 

theory of rapid cellular division upon a stress challenge.  
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In order to determine if the sea urchins used in this study were presenting with similar 

cellular and protein characteristics, CF samples were taken to ascertain the level of 

variation. It was then decided that live sampling would help to minimize inter-

individual variation and the proteome could be compared directly from the same animal 

over time periods. Control animals were used to check the level of interference that the 

initial CF withdrawal would have on the sea urchin. From this preliminary experiment, 

it was found that the act of needle insertion and removal of 5 mL of CF had no effect 

on the state of the sea urchin or its CF proteome. 

 

Preventing the coagulation response was a particular challenge during preliminary 

experiments. The addition of imidazole and EDTA instead of EGTA proved a 

significant difference by preventing the coelomocytes from clotting. This improved 

handling of CF and particularly coelomocyte fractionation, enabling an acceptable sub-

fractionation to occur at very high enrichment level that was better than previously 

reported (Arizza et al., 2007). In order to identify from which coelomocytes certain 

proteins were derived, sub-fractionated coelomocyte cell samples significantly 

facilitated the experiments. 

 

Previously, other research groups have used a number of different methods for 

fractionating coelomocytes including continuous and discontinuous density gradients 

and various chemicals to generate solution density gradients of density solutions. 

Optimisation experiments involving sodium metrizoate and the iodixanol solution 

Optiprep
™

, ultimately led to the use of an Optiprep
™

 gradient of 10, 20, 30 and 50% 

being layered into centrifuge tubes to form a discontinuous gradient. Discontinuous 

gradients were used because the abrupt concentration changes stopped the migration of 

coelomocytes more effectively and resulted in the formation of discrete bands. The 

ability to fractionate in this fashion was achieved based on the different morphology 

and physical properties that exist between the coelomocyte cell subtypes. The final 

fractionation procedure produced results that were as good as, if not better than that 

reported by other researchers. 

 

Although the study of coelomocytes is becoming more popular for research purposes, 

there is an apparent lack of study of the media in which the coelomocytes are 

suspended, the cell-free plasma (CFP). Cell-free plasma contains its own unique 
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proteins, the composition of which appears to change in response to stress. It is 

apparent that CFP contains protein species, which mediate and initiate the sea urchin 

immune response. In this project, it was found that there was a major increase in 

protein abundance in the CFP in response to stress that was not a consequence of lysed 

coelomocytes. An increase in the total proteome was also observed in the total 

coelomocyte population. Combined, this could indicate that both CFP and 

coelomocytes are involved in an immune amplification response to manage exposure to 

stress. It is likely that signals are transmitted through CFP to the coelomocytes and are 

likely to end in the responses observed such as phagocyte metamorphosis. 

 

The ability to generate good displays of CF proteome by 1D PAGE was important to 

ascertaining the state of the proteome under non-stress and stressed conditions. Sea 

urchins are known to have different lipid abundance depending on gender and it was 

evident in early trials that lipid extraction, using chloroform-methanol, would be useful. 

Given the nature of the sea urchin environment, salt was also a consideration and 

desalting of CF samples was substituted for centrifuge filter concentrations to minimize 

protein lose and reduce salt. 

 

Large format 2D-PAGE protein displays and an in-gel digest MS workflow enabled 

identification of several proteins. The proteins that appeared to be up-regulated in 

stressed conditions were annexin A4, peroxiredoxin 6, ferritin light chain and profilin 

and their involvement in a sea urchin stress response became apparent quickly. These 

proteins appear to participate in phagocytic engulfment, free radical scavenging, iron 

sequestration and cytoskeletal rearrangement leading to activation, which contribute to 

activation of the immune system. Previous attention has been placed on the profilin 

homologue SpCoel1 and its involvement in coelomic fluid activation. There is little 

research currently to support involvement of the other three proteins in stress responses 

and more information is needed to support their involvement in an immune response. 

Annexin A4 was also identified from fractionated phagocyte samples, which supported 

its involvement as an aid to phagosome formation. 

 

There is renewed interest in echinochrome A. Researchers internationally have isolated 

this compound from the spines and test of sea urchins and have been studying its 

antibacterial, antifungal and cardio-protective effects. As there is evidence for 



                                                                                                                                                                                               Concluding Remarks 

 

  - 150 - 

echinochrome A present in coelomic fluid, it was part of this study to isolate pigments 

from the coelomic fluid. Although in this study the existence of echinochrome A was 

not conclusively proven by HPLC and spectroscopy, the results obtained indicate the 

presence of a binapthoquinone. The abundance of chromophores within the coelomic 

cavity compared with the spines and test would indicate that more could be gained from 

developing pigment extraction from coelomic fluid. 

 

It has been postulated for more than a century that echinochrome A may be bound to 

protein. This study set out to try to crystallise the pigment in the hope that the protein 

would still be bound. Crystals were produced containing the pigment which had a 

characteristic red colouration thought to be echinochrome A. Unfortunately through 

microanalysis, the crystals turned out to be only an artifact of the coelomic fluid 

handling procedure. It was interesting that this analysis determined that the red 

colouration in the crystals was likely to be caused by the presence of a transition metal. 

5.3 Limitations 

Chemical and physical stress will present in a very specific way depending on where 

the stress in derived. If a bacterial infection is occurring, proteins responsible for 

clearing foreign particles are likely to present e.g. annexin A4. Physical injury will 

require a different set of proteins to allow wound healing to take place, while chemical 

imbalance could present as an increase in peroxiredoxin-like protein to manage the 

oxidative potential within the cell. When trying to establish an environmental 

monitoring system using sea urchins as a model, it is important to realise that different 

changes will be induced depending on the stimuli, and that no two challenges will 

generate the same response. 

 

Most studies, including the present one, have used bacterial challenge as their mode of 

inducement. Even though there are obvious changes that can be detected and mapped, it 

is hard to imagine this kind of challenge in a real world situation and how it could be 

used to ascertain the health of particular marine environment. Just like in humans, the 

chance of having bacterial particles injected directly into your systemic circulation 

would be incredibly rare and not a true reflection of the environment that an individual 



                                                                                                                                                                                               Concluding Remarks 

 

  - 151 - 

lives. This study used non-pathogenic, non-genetically modified bacteria, as a way of 

eliciting a general stress and immune response and it was successful in identifying 

several markers suitable for this kind of monitoring system. However, a better example 

of negative stimuli would be one that more closely reflects challenges that the marine 

environment faces. Temperature, pH and heavy metal changes would be ideal in this 

case. In New Zealand, there is an increasing concern about how the burgeoning dairy 

industry is affecting waterways and coastlines. The intensive industry requires nitrate-

based fertilisers to maintain grass-growing capacity. Toxic algal blooms have been 

reported in many of New Zealand’s lakes. What has not been studied is the affect that 

these compounds are having at the end of freshwater system, when the run-off meets 

the coastline. Altering nitrate levels in the sea urchin tanks would be a relevant, real 

world example from which to pursue. On a global scale, climate change appears to be 

an area where this model could work very nicely particularly in reference to ocean 

acidification. Both nitrite concentrations and low pH present intrinsic problems 

particularly when seawater circulation is so vital for the health of the sea urchins. The 

ideal situation would be to create a slow release device that would maintain the desired 

pH or nitrite concentration for a long period. Unlike a direct bacterial injection, this 

form of externally applied stress would require a longer incubation time to elicit any 

measureable effect within the sea urchin. 

 

One of the most noticeable features of research in this area is that it is heavily protein-

based research. The above mentioned proteins are all suitable candidate to indicate a 

stress response in sea urchin. From this research they have been shown to be 

measureable which could in future lead to the development of a monitoring system. 

One cannot forget however the involvement of echinochrome A in the sea urchin 

immune system. Shown to be up-regulated in response to physical wounding, bacterial 

challenge and increased heavy metal exposure it is potentially the silver bullet for this 

kind of research, yet there is no mention of its application in the marine biomarker 

arena. Echinochrome A is an ideal biomarker due to the inexpensive way of detecting 

and quantifying the compound. A simple spectrophotometer would give the researcher 

a quick and reliable output that would give a definitive result.  

 

The major limitation of this work was clearly the number of sea urchins involved in the 

trial. The trial was set up with four sea urchins in each group (control and 
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experimental). Trying to withdraw coelomic fluid from a cavity that can not be seen 

and that is filled with intestinal tracts is a gamble and as it happened for one of the 

control animals, the gut was punctured and had to be excluded from the trial. Even 

though the results obtained from the control animals were consistent other problems 

could have arisen that meant the experiment had to be called off and reset. 

5.4 Future directions 

Applying knowledge of cells, proteins and metabolite changes in response to stress to 

developing an environmental monitoring system is not without merit. Many groups 

around the world are working towards this goal. As mentioned earlier however looking 

at a problem and finding the best solution is different from applying skills to the 

problem. In this case, cellular and protein changes may not be the best approach due to 

the complexity and cost required to study them accurately. Some of the most polluted 

coastlines in the world are found in third world countries and their ability to apply this 

theory would be hampered by the type of science required. Echinochrome A provides a 

very good avenue to explore and advance this monitoring system. Cheap to analyse and 

fast to quantify, more work should be applied in this area, which could lead to the 

advancement its potential medicinal qualities. The next step for echinochrome A 

research in this sector would be to develop a normal distribution curve to outline the 

range of concentrations at which echinochrome A exists within the coelomic fluid, both 

during non-stress and stressed circumstances. 

 

Throughout this project, it was abundantly clear that research in this area, particularly 

to do with sea urchin immune systems was lacking. It was known that a sea urchin 

immune response is activated within the first 24 hours after an immune challenge. What 

is not known is how long that response lasts. 
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Theoretically, because sea urchin only have an innate immune response and lacks the 

ability to store antigen information or generate antibodies, the immune reactions should 

subside completely after the negative stimulus has been removed. Generating more 

knowledge in this area is an important task for the future if the sea urchin is going to be 

selected as a sentinel of marine environmental stress. 
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Appendix A 

               

Figure A. Coelomic fluid sample obtained from a stressed E.chloroticus displays blebbing. The 

large increase in red spherule cell numbers, which are previous, reported display a type of blebbing or 

budding process, which is highlighted by the arrows with the image. 
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Appendix B 

                    

Figure B. Structure of napthoquinone species and their chromatographs. The above figure is 

adapted from Kuwahara et al., (2010) and shows (A) the structure of the four-napthoquinone species 

known to exist within sea urchin spines and test. These compounds were separated by DAD-HPLC and 

the chromatographs are shown (B) at 520 nm and (C) 340 nm. Peaks from the 520 nm trace (B) 

correspond to spinochrome B, spinochrome C, echinochrome A and spinochrome D respectively. 

Adapted with permission from Kuwahara et al., (2010). 

 




