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A STUDY OF THE CHEMICAL DISCOLOURATION OF AUSTRALIAN ABALONE

1.0 INTRODUCTION

1.1 The Australian abalone industry

Abalone are marine molluscs of the genus Haliat.is.. A number

of species are found around the southern areas of Australia,

from Perth in W.A to Sydney in N.S.W.. Victoria, Tasmania and

South Australia are the major zones for capture of abalone. In

the past 18 years or so, the Australian abalone industry has

grown to become the largest in the world.

The United States and South East Asia are large export

markets for Australian abalone. High quality abalone are greatly

sought after and command high prices overseas. As a consequence,

abalone have become a very important and lucrative commodity to

the Australian Fishing Industry.

1.2 The blue discolourations of abalone flesh

Abalone are processed in a variety of ways. They are

frozen, canned and sliced to make steaks and off cuts may be used

to make soup. The highest value appears to be in canned abalone

which is exported predominantly to the South East Asian market.

For several years now, the industry has been faced with the

occurrence of an unsightly discolouration of canned abalone. The

abalone appears to form a blue discolouration or blue 'spot'n the

cause and nature of which is unknown. The discolouration can

manifest itself in the following ways but epipodium blueing (c)

is by-far the most common form:

a) Blue spot - Apparently on the outer sections

of the flesh alone.



b) Internal Blueing - The blue discolouration spreads all

throughout the abalone tissue.

c) Epipodium blueing - A bluish tinge around the frill

where blood transport occurs.

This unsightly blueing is detrimental to the industry for

two reasons. Firstly, the blued abalone fetch a lower price

since they are regarded as lower grade/quality products.

Secondly, at present, the addition of metabisulfite(MBS) to canned

abalone is used to prevent discolouration of the canned abalone.

The approximate concentration of metabisulfite in canned

Australian abalone has been known to reach 150 ppm. The Japanese

fishing industry presently only allow <30 ppm of metabisulfite

in its own market. Due to an increased consciousness of public

health, similar maximum levels of MBS are likely to be enforced

in the US and SE asian markets, which could probably result in

the overnight collapse of the Australian abalone industry if a

commercially acceptable alternate treatment is not

available.

1.3 possible causes of the blue discolouration of abalone flesh

The blueing of abalone has been reported in other areas and

tentatively linked with the copper content of the abalone flesh

(53). Since hemocyanin is a copper containing protein, its

involvement in the blueing problem has been postulated. Thrower

(65) investigated the occurrence of blue spot in abalone and

proposed that excessive localised hemocyanin caused by

environmental and handling related factors contributed to the

blueing phenomena. Such discolourations were shown by James (41)

to be easily reduced by chemical agents such as ascorbic acid.

However, after canning the blueing could not be reverted by such

treatment (41). The addition of citric acid has also be'en shown to

reduce or eliminate discolouration (65) but was detrimental to the

delicate flavour of the meat.



1.4 Studies on the blueing of crabmeat

Apart from the work of Olley, Thrower and co-workers (CSIRO

Hobart), very little other literature regarding the blueing of

abalone is available. However, extensive studies of the blueing

of crab flesh, mainly by Japanese workers, have been reported and

a number of observations are pertinent to the abalone blueing

problem. The work of Inoue et al. (31) points to hemocyanin or a

modified form thereof as the cause of the 'blueing' in crab meat.

It was shown that blued crab meat contained a higher percentage

of copper when compared with normal meat. In addition, a

hemocyanin specific stain produced positive results on blued

meats. Normal meat showed no reactivity which inferred a

relatively lower concentration of hemocyanin as compared with

discoloured flesh. Furthermore, Inoue et al. (31) showed that

hemocyanin from the crab, reacting with hydrogen sulfide produced a

stable bluish green complex (Hc/S). They further demonstrated that

the blue crab meat had a similar UV/Vis reflectance spectra to that

of the Hc/S complex.

Elliot and Harvey (16) investigated the effectiveness of blood

removal in the reduction of discolourations. A definite

correlation was established with bled crabs showing a decrease in

both copper content and blueing.

Phenolases are enzymes that catalyse the oxidation of phenols

into dark melanin compounds or polyphenolics. Babbitt ft al. (3)

postulated that the blueing found in processed Dungeness crabs

may be due to these phenolic reactions. It was shown that the

hemolymph of Ck-fflag.ister. exhibits enzymic activity and several

phenols were also tentatively identified in the blood.

1.5 Project aims

The initial aim of this project had been to determine an

economically and industrially viable method of preventing the

discolourafcion of abalone. Unfortunately, the problem extends



further and the effects of the treatment to meat quality and

taste must also be considered. Although citric acid treatment of

blued abalone has been shown by van der Merwe to be effective

in reducing discolourations, the acid flavour of the final

product was totally unacceptable. With a better understanding of

the nature and formation conditions of the blueing agent(s), it

is hoped that a more suitable method may evolve. This study

therefore , has tended to emphasize this approach as one way

through the complexity of the problem. Very little literature was

available which related specifically to the blueing of abalone,

but it is suspected that the oxygen carrying protein, hemocyanin

(He) is involved in the 'blueing' reactions for the following

reasons:

i) Abalone have been shown to retain extractable quantities

of He in the epipodium (or frill) - the most commonly

observed area of blueing.

ii) Variations in the concentration of hemocyanin between

individuals from the one area is quite common (1). This

may be related to the extreme variations in discoloura-

tions observed from abalone of the same catch and to the

spasmodic appearance of blueing even under strictly

controlled laboratory conditions.

iii) Studies by many overseas workers produced results that

roughly fall into two categories that implicate either (1)

hemocyanin or (2) a modified form of He. as being involved

with the blueing phenomenon found in untreated canned crab

meats.

The initial work of this investigation was on the

physical and chemical properties of abalone hemocyanin.

Such data had not appeared in the literature. This study is

reported as part I of this Report. An analytical examination

of likely mechanisms for the production of blueing agent(s)

mentioned previously follows in Part II and III. This data

base is used to interpret results from further extraction and

10



analysis of the actual blueing compound(s) found in Tasmanian

and canned blued abalone. This work is Part IV of the Report.

part V summarizes our conclusions.
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PART I. ISOLATION. PURIFICATION AND CHARACTERISATION OF ABALONE

HEMOCYANIN

THE CHEMICAL CHARACTERISATION OF ABALONE HEMOCYANIN

2.1 INTRODUCTION

The blueing discolouration in crab meat has been studied for

over 50 years but the causes of such still remain unknown.

Evidence from various investigations into crab meat has indicated

a relationship between blueing and some constituents in the blood

(probably hemocyanin). Unfortunately, the complexities of this

type of biochemical study are compounded by the presence of

different types of blueing (see Introduction).

Elliot and Harvey (13) studied the effect of blood removal

on the reduction in discolouration. It was found that bled crabs

produced less pronounced discolouration and contained a lower

overall copper content. The great variations in hemocyanin

content between various animals has been reported by many

investigators and which are echoed by this report (Section 3).

These earlier findings suggest a possible relationship between

hemocyanin in the blood withthe spasmodic occurrence of blueing.

Even under strictly controlled laboratory conditions blueing cannot

be reliably reproduced. This is illustrated by the occurrence of a

discoloured animal and one with normal meat in the same can. Since

the treatment for both have been identical, the blueing must have

been caused by an individual dependent factor such as hemocyanin.

Very little is known about abalone blueing as most studies

from European and Japanese sources investigate canned crab meat.

Here in Australia abalone produce blue discolourations

predominantly around the epipodium - a porous muscular region of

greatest hemocyanin content. The copper content has been

reported by Olley (52), inoue and Motohiro (31), and Elliot and

Harvey (16) to be significantly higher in blued meats of crabs

12



and abalone. The most likely source of this copper is hemocyanin

and in fact some investigators (55, 57) have used the copper

content in the blood as a measure of hemocyanin concentration.

To our knowledge, little data is available about the

chemical characteristics of abalone hemocyanin but due to the

probable involvement of hemocyanin in the blueing phenomena, it

became essential to understand the physical and chemical

characteristics of abalone hemocyanin. This chapter attempts to

isolate and characterise the hemocyanin of NL-XUjaer so as to

establish a 'base-line' for further comparative work in later

chapters.

2.2.0 METHODS

2.2.1 purification of abalone hemocyanin

Abalone were collected and immediately washed with water.

The animals were shacked and the flesh portion rinsed with

distilled water and transferred into a beaker. The temperature

was kept low (approx. 4°C) to reduce spoilage and bacterial

action. Blood was drained from the abalone overnight and

collected in a beaker. [Up to 40% of the body weight can be due

to blood (53).]

The isolation of hemocyanin involves a two step procedure.

The first is the precipitation of crude protein in a modification

of the procedure used by Koning et al. (42). The final

purification involves gel chromatography of the protein. A detailed

flow chart of the procedure is shown on Figure 2.1.

2.2.2 precipitation of hemocyanin

The hemolymph was centrifuged (8 000 rpm, 45 min., 4°C) to

remove cells and other debris. The clear supernatent was diluted

13
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FIGURE 2.1 FLOW CHART FOR THE ISOLATION AND PURIFICATION OF ABALONE
HEMOCYANIN.



with an equal volume of ammonium acetate/acetic acid buffer

(0.5M, pH 6.2). The hemocyanin was then precipitated with an equal

volume of [(NN4)^303]. The precipitated protein was stored

overnight and the next morning centrifuged (8 000 rpm, 45 min).

The precipitate was a crude protein containing 61% water.

Hemocyanin in this form may be stored for extended periods at

4°C.

2.2.3 Gel filtration chromatography

Crude protein (500mg) was dissolved in 0.5M Trizma buffer

(pH=7.0, 1=1.0, l.SmL) overnight. The solution was separated

through Sephadex S-300 producing a major peak and a smaller minor

peak with a positive UV absorbance at 280 nm. The initial high

molecular weight hemocyanin fraction was dialysed against distilled

water and lyophilised with sucrose in a ratio of 2.75:1. The final

purified protein was used for most of the subsequent experiments.

2.2.4 Ion exchange chromatography

Abalone hemocyanin was isolated as previously described.

The sample (500 mg) was dissolved in starting buffer (1.5 mLs)

and left to equilibrate overnight at 4°C. DEAE-Sepharose CL-6B

(Pharmacia) is an anion exchange gel suitable for macro molecular

proteins. The gel was prepared by removing initial contaminants

with a concentrated salt solution (I.OM NaCl) and re-

equilibrating with starting buffer (Tris-HCl, 0.05M, pH 8.2).

This was then packed under flow as recommended by Pharmacia

(38). A linear salt gradienfc of 0 to 0.5M NaCl was chosen and

fractions were collected every 5.0 mLs. The UV absorbance

was individually determined and plotted at 280 nm and 340 nm.

14



2.2.5 Ultraviolet/visible absorption

Abalone hemocyanin was prepared as previously described. The

sample (10 mg) was dissolved in Tris-HCl buffer (pH 6.8 1=0.01)

and the UV/Vis absorbance spectrum recorded on a Varian

Superscan 3. This simulated natural hemocyanin concentrations.

A much greater amount was dissolved (500 mg) in order to monitor

the presence of the 540 nm absorption band. The same buffer

solution was used as a reference in each case.

2.2.6 Agarose gel high voltage isoelectric focussing of

hemocyanin

The pharmacia modular flat bed electrophoresis system was

used for the determination of isoelectric points. This comprises

of a power supply (ECPS 3000/150), a flat bed apparatus

incorporating a cooling plate (FBE 3000) and a volfchour

integrator (VH-1). Agarose gel, cast on to hydrophobic plastic

sheets, was chosen as the most suitable and convenient medium.

Agarose (Pharmacia) is a suitable medium for the focussing of

high molecular weight proteins due to its relatively high

porosity. A linear pH gradient of 3-10 was used in each case.

Conditions of focussing were within the limits set by Pharmacia

(39). Isoelectric gradient calibration was performed using marker

proteins (Pharmacia). The final gel was stained using coumassie

blue and finally de-stained with a water:efchanol:acetic acid

(55:35:10) mixture.

2.2.7 High performance liquid chromatography (HPLC)

Bio-Rad's TSK-60 column and complementary guard column

were used in Gel filtration HPLC to determine molecular

weights. The column is suitable for the separation of macro

polymers up to 20 million Daltons. UV absorbance at 280 nm was

used in detecting the protein. All buffers were made using

tris(hydroxymethyl)methyl amine (BDH, AR grade) dissolved in

15



MilliQ water. Concentrated hydrochloric acid (33%, AR grade)

was used to adjust the buffer to the desired pH. Calibration

proteins (Pharmacia) were dissolved in buffer overnight before

being applied to the column. The calibration graph obtained is

shown on Figure 2.2. Extrapolation past the highest molecular

weight marker (thyroglobulin- mwt.699,000) was necessary but

work by Brouwer and Kuiper (9) produced comparable molecular

weight estimates using gel filtration to those obtained by

other methods.

2.2.8 Infrared analysis of abalone hemocyanin

Abalone hemocyanin was isolated and purified as described

previously. However, the sample for IR analysis was dialysed

against distilled water and freeze dried without the addition of

sucrose. The dried protein (1.0 mg) was mixed with Potassium

Bromide (400 mg, oven dried, 110°C, 48 hours). The sample was

mechanically homogenised (2 X 30 sec) on a modified dental

amalgamator (PROGRESS - TAG DENTAL 135/A). KBr disks were

produced under vacuum and pressure (8 tons). The spectrum was

obtained on a Perkin-Elmer 983G previously calibrated with a

polystyrene film. For a more elaborate spectral output, a

Hitachi 270-30 infrared spectrophotometer with a 270-30 data

processing unit was used. This instrument was capable of storing

up to 4 spectra and providing difference, first and second order

derivative plots.

2.2.9 Amino acid analysis of S^. ruber hemocyanin

Hemocyanin was previously isolated (Section 2.2.1 -2.2.3) from

abalone hemolymph and lyophylised before analysis. An accurate

mass recorded and the proteins hydrolysed with hydrochloric acid

(6M, 2 mLs) in an evacuated sealed ampule (ll0°c, 24 hours). The

hydrolysate was then dried in a dessicator (NaOH) and eluted on a

Beckman system 630 High Performance Analyser. Amino acids were

identified by comparisons of relative retention times (TR's) with

16



elated standards.

2.2.10 preparation of apo-hemocyanin

Hemocyanin was prepared from the hemolymph of HLs_r.uber. as

previously described. A solution of hemocyanin (40mg/mL) was

dialysed with several changes against Tris-HCl buffer (0.05M, pH

9.0, 1=0.1). This was further dialysed against the buffer A

(48 hours at 6°C). The apo-hemocyanin was then dialysed against

buffer B to remove excess cyanide. The pH was reduced by

further dialysis with Tris-HCl (pH 7.0, 1=0.1) before analysis.

Buffer A: Tris-HCl (pH 9.0, 1=0.1)

KCN (50 mM)

KC1 (200 mM)

(NH4)2S04 (70 mM)

EDTA (20 mM)

Buffer B:' Tris-HCl (pH 9.0, 1=0.1)

KC1 (200 mM)

(NH4)2S04 (70 mM)

EDTA (20 mM)

2.3.0 RESULTS AND DISCUSSION

2.3.1 isolation of abalone hemocyanin

Abalone blood or hemolymph has a steely grey-blue colour in

the oxidised form and a yellow colour in the reduced form. The

protein in the blood is almost exclusively hemocyanin (l, 56).

The protein was isolated by precipitation at pH 6.2 (the

isoelectric point determined by isoelectric focussing). -

Hemocya.nin was a light blue colour and is readily soluble in water,

The addition of metabisulfite to a solution of the oxygenated

blue protein caused it to become colourless within seconds.
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The wet isolated protein consisted of 61% moisture. The

protein was further purified by gel chrmatography and freeze-dried

in the presence of sucrose added in a ratio of 2.75:1. if

sucrose is not added, the protein obtained will not redissolve,

presumably due to some conformational modification during the

drying process.

The coagulation temperature of purified hemocyanin was

determined to be 77°C in distilled water. First sign of

precipitation was noted at 67 C although this may possibly be due

to uneven heating of the test tube surfaces.

2.3.2 Dltraviolet/visible absorption

Abalone hemocyanin shares similar spectral characteristics

with that of other molluscs and arthropods (see Fig.2.3 - 2.5).

Strong ultraviolet and visible absorption peaks were present at

280 nm and 340 nm. The appearance of the first absorption band

(280 nm) is mainly due to the tryptophan and tyrosine residues and

can be used as an estimate of dilute protein concentrations. The

second peak (at 340 nm.) is thought to arise from the oxidation

valency state of the copper (ie Cu (ID) and is specific for the

hemocyanins. The band at 560 nm. reported by Boon (9) for Qis.toeyis

^alS.a.JE.is hemocyanin is extremely weak in the spectrum obtained

for abalone hemocyanin (Fig.2.6) and could only be observed in

a concentrated solution. At natural concentrations (10 to 20

mg/mL), the absorption band is almost absent and below the

detection limits of our instrument (Varian SuperScan 3).

2.3.3 Gel filtration and ion exchange chromatography

Gel filtration of abalone hemocyanin produced only one major

peak at fractions 14 to 20 (Fig. 2.7) within the exclusion

limit of the gel. Minor low molecular weight proteins are

present at fraction 30 and 49, but these are in relatively low

concentrations and assumed to be other components of hemolymph.

18



Ainslie (2) has also reported the appearance of the minor

constituents of abalone hemolymph with UV. maxima absorption at

<260 nm and 320 nm. These compounds were not identified by

Ainslie but later experiments suggests that they may be

phenolic in nature.

Ion exchange at pH 8.2 produces a major peak at fraction 103

and some unretained material at fraction 18 (Fig.2.8). The major

peak showed positive UV absorption at 340 nm (with a 340/280 nm

ratio of 0.195) indicating that the sample was hemocyanin.

2.3.4 Agarose gel high voltage isoelectric focussing of

hemocyanin

High voltage isoelectric focussing is a useful technique for

analytical and semi-preparative separations of proteins. The

technique is based on separating charged proteins in a porous gel

which contains a pH gradient. The protein under the influence of

an electric field, travels in the gel and stops at the pH equal

to its isoelectric point. At the isoelectric point, the protein

has a net zero charge and does not migrate further into the gel.

Using this procedure, proteins differing in isoelectric points by

as little as 0.05 units can be separated.

For the separation and analysis of abalone hemocyanin, we

have used agarose gels which have a relatively high molecular

weight exclusion limit of 2 million daltons. We employed pH

gradients of 3-10 and 4-6.5. Estimation of isoelectric point was

performed by specially purified marker proteins.

Abalone hemocyanin in phosphate buffer (pH 6.8) produces a

single band with an isoelectric point of 6.2 (Fig.2.9). Although

native hemocyanin has an estimated molecular weight of 2.5 million

daltons (ie, greater than the exclusion limit of the gel) it

appeared to travel quite freely from the point of application.

Hemocyanins are well known to exhibit polymorphism (or different

electrophorefcic patterns for different animals of the same
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species) (7). One of the earlier specimens examined produced a

heterogeneous mixture of protein bands (Fig.2.9). This may

have been caused by abalone hemocyanin polymorphism or be the

result of proteolysis by bacterial degradation of the sample.

Later samples showed little or no other protein contamination in

the isolated hemocyanin.

Brouwer and Kuiper (9) focussed Hglix Eamafcia a-hemocyanin

which had been denatured by 6M guanidine-HCl (+ 1% mercapto-

ethanol) and determined that the main component had a pl of

6.35 with a shoulder peak at pl=6.19. Comparison of this with

abalone hemocyanin, however, is difficult because pl's are not

absolute values and are dependent upon variables such as buffer

composition.

2.3.5 infrared analysis of SA ruber hemocyanin

The infrared spectra of abalone hemocyanin has many

absorption peaks common to most proteins. The amide (I) and

amide (II) absorption bands at 1538 cm-l and 1660 cm-1 were

clearly visible from the plot (Fig.2.10) The sample

produced a broad phenolic -OH absorption band approx 3320 cm-1 with

associated and out of plane bending of bonded -OH at the lower

wavelengths (769-650 cm-l). Methyl absorption bands (2) are

clearly visible at 3000 - 2850 cm-l.

The first derivative plot (Fig.2.it) was recalculated from

the hemocyanin spectrum and provides data on additional peaks

that are usually hidden by topographical features of the major

absorption peaks. Many additional absorption bands are revealed

but the complexities of functional group interactions within the

protein matrix make accurate assignments difficult.
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2.3.6 Amino acid analysis of a*, ruber hemocyanin

The complexity and size of the hemocyanins make amino acid

sequencing extremely difficult. It is only recently that the

sequence for fragmented subunits of the hemocyanins from Ejuryplma

sa.lifamiao. and £anu.iiay.S. irifcerj.uEt.ua (72) have been determined.

However, the amino acid content of the hemocyanins from many

arthropods andmolluscsare summarised by van Holde and

Van Bruggen (68).

Table 2. Amino acid analysis of a sample of hemocyanin isolated

from the hemolymph of an abalone specimen (N^ ruber)

Amino acid

LYS

HIS

ARG

ASP

THR

SER

GLU

PRO

GLY

ALA

CYS

VAL

MET

ILEU

LEU

TYR

PRE

Mole (%)*

4.9

4.0

4.4

11.9

6.2

5.8

10.4

6.0

7.4

7.5

1.4

5.5

1.3

4.5

8.6

4.5

5.6

(t) 0.13

0.10

0.12

0.44

0.43

0.55

0.12

0.15

0.33

0.56

0.42

0.33

0.20

0.78

0.40

0.29

0.27

Total :! 100.0

* Calculated as the average of duplicate determinations

The amino acid content of N. r.y.fcer. He as shown in Table 2

was calculated from duplicate determinations and expressed as
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mole percentage of total amino acid content. These results are

characterised by high proportions of the acidic groups (up to

22%). The non-polar amino acids such as leucine, aspartic and

glutamic acid is also present in larger quantities showing strong

similarities when compared with the hemocyanins of other

molluscs. Very little of the sulfur containing amino acids are

present although acid hydrolyses are non quantitative for

tryptophan residues.

2.3.7 High performance liquid chromatography (HPLC)

HPLC gel chromatography is a convenient method of determining

the molecular weight of a protein. The technique may also be used as

a method of separating and characterising proteins according to

relative retention times (TR's). Unfortunately, no commercial proteii

standard could be obtained beyond 670.000 daltons (thyroglobulin) and

extrapolation of the graph was necessary. Brouwer and Kuiper (9)

investigated various methods of m.wt. determination and produced

similar results for gel filtration (also extrapolated past the last

standard protein) when compared with other methods.

At pH 7.0, Na. ru.h.er. hemocyanin produced a single absorption

peak with an estimated molecular weight of 2,300,000 (±) 200,000

daltons (Fig.2.12). The value was calculated from an average of 8

determinations derived from individual abalones collected over the

course of the study. On some samples, a minor component of high

molecular weight 05,000,000) could be observed. It was assumed that

this artifact may be the result of two or more aggregated whole

hemocyanin molecules as the peak was too broad to have been produced

from a single homogeneous component. The whole molecule is known to

be stable at pH 7.0 (1=0.1) but undergoes dissociation into smaller

subunits with higher pH conditions (Section 9.0)
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2.3.8 preparation of apo-hemocyanin

The removal of the copper from the active sites of mollusc

and arthropod hemocyanins has been reported by several

investigators (5, 42). For Qs.to^y.g. y.als.a.E.is. hemocyanin,

cyanide treatment removes 98% of total copper compared to only 80

to 90% for mollusc He.. Beltramini e.t al. (5) showed that the

effects of cyanide treatment on £>£tofiug. valga_ri§ hemocyanin was

completely reversible. The addition of copper (I) cations to apo-

He produced a reconstituted hemocyanin with similar spectral

properties and oxygen capacity when compared with the native

protein. Similarities in the copper content of both hemocyanins

suggested specific re-absorption at the active sites.

Apo-hemocyanin from N. r.y.b&I. was produced by treatment with

cyanide buffer in a method similar to that used by Beltramini et

al. (5). It was assumed from spectcal evidence (loss of

characteristic 340 nm absorption) that a significant percentage

of the active copper had been removed from the native protein

(Fig.2.13). This apo-Hc. was stored and used in further

experiments in later chapters.

2.3.9 Comparison of bay and ocean black lip abalone hemolymph

A visual comparison was made between bay and ocean

hemolymph. Bay hemolymph was a deep blue colour and had a milky

appearance. When NH4Ac and (N84)^804 were added to precipitate

the hemocyanin a deep blue flocculant precipitated out. On the

other hand, ocean hemolymph was a clear pale green/blue colour

and less viscous. Upon the addition of NH4Ac and (N114)^804 a

dense white coagulant precipitated. Bay hemocyanin could easily

be redissolved with Tris-HCl (0.5M) overnight, whilst ocean

hemocyanin didn't fully redissolve.

Ultraviolefc/visible scans of bay and ocean hemolymph

(Fig.2.14) were made on a Varian Superscan 3 spectrophotometer

over the wavelength range, 200-600nm. A shift of 25nm (340nm to
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365 nm) was observed between ocean and bay hemolymph traces. Both

traces were of similar shape but a lower absorbance value at 340nm

for ocean hemolymph was observed (1.9 compared to 3.5).

Absorbance at 340nm-350nm has been used to allow

appoximations to be made of the % hemocyanin in an oxygenated

state. The lower absorbance measured at 340nm for ocean

hemolymph, 1.9, compared to 3.28 at 365nm for bay hemolymph, may

suggest less hemocyanin in an oxygenated state. This could be a

possible reason for the visual difference observed between ocean

and bay hemolymph.

Abalone were bled overnight and the hemolymph treated to

yield purified and stable hemocyanin samples. It was noted that

ocean abalone yield less hemolymph compared to bay, 18.36/lOOg of

shacked weight compared to 25.42g/l00g shacked weight

respectively. A difference in volume could be due to greater

fluid loss on transport. It is known that abalone will lose

fluid once removed from water and when under stress. Differences

in salinity may also be reflected here.

Hemocyanin/water solutions (Img/mL) were prepared and

absorbance scanned between 200-600nm. Traces for bay and ocean

hemocyanin were of similar shape except ocean hemocyanin recorded

lower absorbances over this wavelength range. A peak recorded at

360nm for bay hemocyanin was absent for ocean hemocyanin.

Differences in diet may be responsible for the visual

differences in hemolymph and precipitated hemocyanin, as well as

minor differences in ultraviolet/visible scans for stored, freeze

dried hemocyanin.
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5.0
21

PloJb oJL 1°£ mwt. ys^ tr^

Standard Mwt. log mwt. tr

Thyroglobulin
Ferritin
Cafcalase
Aldolase

699 000 5.825
440 000 5.643
232 000 5.365
158 000 5.199

21.37
21 .90
22.73
23. 10

Equation: y = 13.4362 - 0.35592x

22 23
RETENTION(MIN)

FIGURE 2.2 CALIBRfi.TION CURVE FOR MOLECUALR WEIGHT DETERMINATIONS.
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FIGURE 2.9 ISOELECTRIC FOCUSSING OF N. RUBER HEMOCYANIN AT pH 6.8.
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SAMPLE :HEMOCYANIN
REMARKS :S-300 TB

FIGURE 2.10 TRANSMISSION IR SPECTRUM OF N.\UBER HEMOCYANIN
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FIGURE 2.11 FIRST DERIVATIVE IR SPECTRUM OF HEMOCYANIN ISOLATED

FROM N. RUBER HEMOLYMPH.
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û<
:

Jcq<Mu0sMHyCL,
co>3-d

-
r
"
"
t

<N

uuna
:

QU
)n<1

W
A

V
E

LE
N

G
TH

W
AVELEN

G
TH

SE
T U

PPE
R

 ^

SC
A

N
 R

A
N

G
E

X
 A

X
IS

PR
E

SE
N

TA
TIO

N

&
0
0
 n

m
40 n

m
 ( I n

m
/cm

)
in

 "
 (?

 •
•

 )

u
n

 "
 )

CdKu

P
H

O
T

O
M

E
T

R
IC

 P
R

E
S

E
N

T
A

T
IO

N
T

IM
E

 P
R

E
S

E
N

T
A

T
IO

N

M
O

D
E

F
U

L
L

 SC
A

L
E

Y
 A

X
IS

%
T

, ^
6
«) D

«r,
0'06 A

b«
8
'1

0
 "

B
.6

0
 "„ •

*

Z-f

U
N

IT
S

S
e
c
, M

ln
,

F
U

L
L

 S
C

A
L

E
 2

0
X

 A
X

I
S

 4
0I OB

S
«m

p
]« i F

o
rm

u
la

O
C

E
A

^ B
A

J\O
< ^(P

 H
fcW

L
^R

'P
H

C
on

ctn
tra

tion

R
.l.r

.n
c
a

 ^
0

°- A
3

/3
/8

7



PART II. ANALYSIS OF ABALONE FLESH CONSTITUENTS RELATED TO THE

BLUEING PHENOMENUM

3.0 HEMOCYANIN CONCENTRATIONS IN TASMANIAN AND VICTORIAN ABALONE

HEMOLYMPH

3.1 INTRODUCTION

Variations in hemocyanin (He) concentration in abalone

hemolymph have been reported. Pilson (55) monitored the He

levels of four species of Califorian Halififejs. and found

variations of up to 900 fold for members of H^ currugata (ave.

3.8 mg/mL). Other species studied included H.. fu.lg.eo.s. (ave. 5.4

mg/mL) and H. cra.cherodn (ave. 1.5 mg/mL). The changes recorded

could not be correlated with weight, sex, reproductive stage,

depth of water from which the animals were collected, or the time of

year.

Ainslie (1) published results of a similar study on three

species of South Australian abalone. Large differences in

concentrations were observed that could not be correlated with

any biological pattern. The species studied were H. la.evjg.ata

(ave. 5.9 mg/mL) and li^. mbec. (ave. 4.1 mg/mL).

Betzer and Pilson (6) however, suggested that abalone have

lower overall levels of He during the winter months when the

animals are less active. In summer when the animals require more.

respiratory oxygen, up to a 4 fold increase in He concentration

was observed.

This chapter investigates the seasonal variation in He

concentrations of Victorian N. r.nber.. Four collections of

abalone specimens were collected from February 1987 to June 1988

(representing 2 summer and 2 winter samples). The results are

also compared with the He concentration of Tasmanian Hj. ruber

collected in March 1987.
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3.2 MATERIALS AND METHODS

The He concentrations of ILa. £u.b.er. were recorded at capture

during various times of the year. Blood samples were collected

by the insertion of a syringe into the median pedal vein and

withdrawing approximately 1 mL of blood from the animal. Samples

were stored in ice and kept at 6°C until analysis.

Each blood sample was centrifuged to remove cells and other

debris. The remaining plasma was quantitatively diluted with a

saline solution (O.IM NaCl) and oxygenated by shaking before

measurement. Hemocyanin content was estimated with UV

absorbance at 340 nm assuming El%=2.23 (58)

Table 3. Variations of hemocyanin concentrations (mg/mL) in the

hemolymph of H^. ruber species

Specimens collected at Flinders. Victoria

13

14

20

24

Date

Feb.

Hay 8

Jan.

June

87

7

88

88

Ave.Cone

18.1

8.9

17.2

10.2

High

27.4

12.0

25.5

19.1

LOW

12.4

6.9

8.4

3.7

Specimenscollected off DoyeiL. Tasmaiiia

March 87 Specimen No.

1

2

3

4

5

Cone.

16.5

22.9

21.1

16.4

20.9

Specimen No.

6

7

8

9

10

Cone

45.0

21.6

28.5

19.8

15.7
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3.3 RESULTS AND DISCUSSION

The average He concentrations of N. £nb.e£. were found to be

14.6mg/mL (range 6.9 - 27.4) for Victorian samples and 24.4 mg/mL

(range 16.8 - 48.0) for Tasmanian samples as set out in Table 3.

The average concentration (14.6 mg/mL, from 35 animals) was

higher than the 4.1 mg/mL reported by Ainslie (1) for South

Australian E}. rjib&r.. Large variations in He concentration have

been recorded even for specimens of the same genetic pool

[Pilson (55)]. This may produce the differences observed for

Victorian, and Tasmanian IL. £uher., and South Australian H.a. r^.b.er..

The specimens of N. rjiber. were collected from Flinders in

Victoria at various intervals during the course of the study and

the seasonal variations in He content are shown in Figure 3. All

samples were taken at low tide from the same location (many off

the same rock) in order to provide a better comparison between

the samples which presumably have had similar environmental and

dietary input. Seasonal data indicates lower overall He

levels in the winter months. The lowest He content for an

individual animal was also found during May/June.

Betzer and Pilson (6) suggested that abalone have higher levels

of He during the summer months possibly due to an increase in

metabolic activity.

A comparison of the He content of Victorian and Tasmanian

specimens suggests that Tasmanian abalone have a naturally higher

level of He when compared with either Victorian or South

Australian samples (see Tables 3.1-3.5). The maximum of 48.0 mg/mL

being significantly higher than any figure reported in the literature

for any species of abalone (Pilson - 20.3mg/mL, Ainslie - 15.1

mg/mL). This particular animal (specimen No.6) produced the most

intense blueing after brining and also after canning (see

attached photograph (Figure 11.3 in Section 11).

Abalone are known to undergo dramatic changes in He levels

(1). Ainslie sampled, tagged, and released animals to determine

the changes in the animals over a period of time. Recaptured
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animals produced all three variations (fall, stable, rise) that

could not be adequately explained. However this does indicate

that the abalone metabolism may produce or remove He from the

circulatory system in a relatively short time. There are

suggestions that He may be catabolised in order to maintain

energy supplies for the organism (2). Since copper is highly

toxic to most marine organisms (including abalone) its storage

must be in the form of either another metal/protein complex or as

granules completely engulfed by cellular amebocytes. It is

likely that this stored copper plays an active role in the

blueing phenomena.

3.4 CONCLUSIONS

The data reported in this Section represent a monitoring

over two summers and two winters. The specimens analysed at any

one sampling are numerous enough, and selected carefully enough

to allow us to have confidence in the trend which clearly shows

that hemocyanin concentrations in the hemolymph are higher during

warmer summer months.

Of special interest is the observation that Tasmanian

abalone have a significantly higher average concentration of He

than samples from Victorian waters and in turn these show a

higher concentration than South Australian abalone. Our

understanding is that Tasmanian and Victorian abalone show

blueing on canning but the problem is not so pressing in

South Australia.
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Table 3.1

Sample Area

Date

Flinders (Vie.)

13th Feb 1987

Specimen Cone.(mg/mL)

1

2

3

4

5

6

7

8

20.8

14.7

12.4

27.4

17.2

21.5

16.6

14.3

min,

max,

Average 18.1 mg/mL

Table 3.2

Sample Area

Date

Flinders (Vie.)

14th May 1987

Specimen Cone.(mg/mL)

1

2

3

4

5

6

7

8

9

10

11

12

6.0

10.5

10.4

7.2

7.8

11.2

10.0

6.9

9.0

7.8

7.9

12.0

mm.

max.

Average 8.9 mg/mL
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Table 3.3

Sample Area

Date

Flinders (Vie.)

20th Jan 1988

Specimen

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

verage

Cone.(mg/mL)

12.5

10.6

13.8

20.5

11.6

25.4

20.0

24.6

8.4 mi

18.7

19.0

14.5

13.9

25.5 ma

19.7

17.2 mg/mL

30



Table 3.4

Sample Area

Date

:' Flinders (Vie.)

24th June 88

Specimen Cone.

1

2

3

4

5

6

7

8

(mg/mL)

19.1

12.9

3.7

19.1

9.1

7.6

11.3

4.2

max

mm,

Average 10.2

Table 3.5

Sample Area

Date

:i Dover (Tas.)

:i 6th March 1987

Specimen

1

2

3

4

5

6

7

8

9

10

11

12

Average

Cone.(mg/mL)

30.2

32.4

17.7

24.5

22.5

17.5

22.2

48.0 ma

23.0

30.4

21.2

16.8 mi

24.4 mg/mL
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4.0 THE INDUCED BLUEING OF N.RUBER

4.1.0 MATERIALS AND METHODS

4.1.1 Abalone

Abalone were supplied by Australian Abalone Exports

(Laverton, Vie.). The abalone were kept alive in an oxygenated

tank until collection. Just prior to transportation to the

University of Melbourne the abalone were packed in a foam esky

lined with hesshen that had been soaked in sea water. Transport

was by van (ambient temperature) and undertaken within 45

minutes.

4.1.2 Induced blueing

Black lip abalone, shucked/unshucked, were left at room

temperature (24h) and in saturated salt/ice solution (2L/450g)

shacked weight) for four days in an attempt to induce blue

discolouration. Abalone were observed everyday for signs of

blueing.

4.2 Results and discussion

Abalone were left at room temperature and in a saturated

salt/ice solution in a shocked and unshucked state. The

following results were observed-
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Table 4a The effect of storage at room temperature and in

saturated salt ice solution on the colour of unshucked

abalone

Ambient temp,

25°C, 24h

Saturated salt/ice solution (4days)

30 min.,room temp,

exposed to air

Shucked No visible

change

No visible

change

No visible

change

Unshucked Blueing of

frill

No visible

change

Deep blue/grey frill

area.When cut in half

the exposed flesh

took on a darker

colour

The process of shocking and the removal of viscera resulted

in the immediate loss of hemolymph and therefore hemocyanin. The

rapid revoval of hemolymph and therefore substrate/enzyme needed

for the formation of hemocyanin sulfide complex and catalyst for

phenolase-produced melanin compounds was also removed. This

would support the observed results of no visual change in shacked

abalone samples.

The saturated salt/ice solution concentrated the hemocyanin

in the flesh by osmosis, especially in the frill region which is

used for oxygen transfer. The transport of abalone out of water,

handling, confinement and rapid temperature change would result

in stress (Wagner, 1987). In a stressed state utilization of

carbohydrate, protein and lipid stores would increase as well as

energy demands. It is possible that unshucked abalone in

saturated salt/ice solution showed no visual signs of bl-ueing due

to the hemocyanin in the flesh becoming deoxygenated due to near

total ufcilization of dissolved oxygen in the salt/ice solution.

Upon exposure of wet surfaces to the atmosphere, hemocyanin would
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oxygenate and because of being in high concentration, give a deep

blue/grey colour to the frill and flesh.

4.3 CONCLUSIONS

Table 4 leaves one in no doubt that if the abalone is bled

of hemolymph no blueing is induced in the frill or the flesh.

This points strongly to the involvement of He in the blueing

reactions. It also suggests a method of prevention.
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5.0 AMINO ACID CONTENT OP HEMOCYANIN AND ITS OSE IN THE ANALYSIS

OF ABALONE FLESH EXTRACTS

5.1 INTRODUCTION

The amino acid content of various extracts and protein

fractions were determined on a Beckman auto analyser. Selected

samples were extracted by a modification of a method used by

Pyeuns et al. (56). Some of the samples produced characteristic

amino acid compositions which were also exhibited by the

hemocyanin standard.

A statistical method developed by Teller and used by Van

Holde and Van Bruggen (68) allows the use of amino acid

composition data to test the relatedness of proteins. The

general equation is shown below:'

D=1/N E (X^ -Y^)2

D=measure of relatedness in proteins

N=number of amino acids

X^=mole fraction of an amino acid from sample X

Y^=mole fraction of an amino acid from sample Y

Teller was able to demonstrate that related hemocyanins will

produce low values of 'D'. Obviously from the equation,

identical proteins with identical amino acid compositions will

have D = 0. This same calculation can also be used to

numerically compare the similarities of protein fractions. It

can also be used to estimate the influence of the hemocyanin

amino acids upon the composition of the overall extracts of the

flesh.

5.2 MATERIALS AND METHODS

Hemocyanin was previously isolated (see Section 2)
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from abalone hemolymph by the method of Koning et al. (42)

Extraction of salt and base soluble proteins is described in

Section 11. All samples were freeze dried overnight and an

accurate mass recorded. The proteins were hydrolysed with

hydrochloric acid (6M, 2 mLs) in an evacuated sealed ampoule at

110°C for 24 hours. In later determinations, phenol (0.2%) was

added during hydrolysis in order to obtain quantitative

recoveries of tyrosine. The hydrolysate was then dried in a

desiccator (NaOH) under reduced pressure (48 hours). The samples

were quantitatively diluted and eluted on a Beckman system 630

High Performance Analyser.

5.3 RESULTS

Samples analysed included the following in Table 5:

Table 5. Samples used for chemical extractions

(1) Canned treated abalone (white flesh)

(2) Canned untreated abalone (bluish frill)

(3) Unprocessed abalone (bluish frill)

(4) Unprocessed abalone (blue spotted)

(5) Hemocyanin

(6) Coagulated Hemocyanin

(7) Hemocyanin Sulfide complex (after H^S treatment)

Samples (1) to (4) were extracted using salt (l.OM KCl) and

basic (0.1M NaOH) solutions. Hence, KC1 (1) refers to the salt

soluble extract of sample (1) and NaOH (2) is the alkali soluble

fraction of sample (2). Untreated flesh samples of each flesh

type were also hydrolysed. The results are expressed as a

percentage of total amino acid (moles) and are summarised in

Table 5.1. Further calculations of 'D' are shown (Table 5.2) for

comparisons between the various samples.
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Table 5.1

Sample

Lys
His
Arg
Asp
Thr
Ser
Glu
Pro
Gly
Ala
Cys
Val
Met
lieu
Leu

Amino
the total

H'cyanin

4.75
4.12
4.32

12.32
5.80
5.29

10.32
5.88

7.04
6.95
0.97

5.79
1.52

5.27
9.01
4.81

content

KC1 1

2.24
0.00

5.76
9.17
2.93

5.39
12.00

8.22
30.01
9.39
0.00
2.86

1.58
1.69
4.11
1.98

expressed

KC1 2

1.37
1.19
5.88

8.67
2.81

5.71
11.62

8.99
32.89
9.41
0.00
2.56
1.14
1.40

3.57
1.17

as a percentage

KCl 3

2.32

2.78
5.91
8.78

2.96
5.61

11.83
7.90

29.92
9.28
0.00

2.84
1.20
1.60

3.97
1.34

KCL 4

8.16

1.33
5.23

11.14
5.31
4.88

16.02
5.15

7.16
8.63

Trace
6.17
2.24

4.53
7.75
2.79

Phe 5.85 2.68 1.62 1.75 3.51

Sample

Lys
His
Arg
ASp
Thr
Ser
Glu
Pro
Gly
Ala
Cys
Val
Met
lieu
Leu
Tyr
Phe

H'cyanin

4.75
4.12
4.32

12.32
5.80

5.29
10.32
5.88

7.04
6.95

0.97
5.79
1.52

5.27
9.01

4.81

5.85

NaOH 1

5.27
1.80

5.48

10.78
5.44
5.20

12.02
6.16

13.26
7.89

Trace
6.03
2.23

4.61
6.99

3.03
3.82

NaOH 2

3.48

0.99
5.05

10.09
4.58

5.63

11.83
6.79

18.33
7.89

0.00
4.81
2.03

3.54
6.03

3.71
5.22

NaOH 3

5.74
1.49
5.32

10.97
5.78
6.58

13.24
5.20
9.38

8.02

Trace
5.97
2.41

4.72

7.78
3.34
4.07

NaOH 4

5.85

2.19
6.24

10.84
5.03

5.89
14.32
3.83

7.27
8.39

Trace
5.55

2.58

4.82
8.99

3.53
4.69



Table 5.2 Calculated 'D' values of the extracts from samples

listed in Table 5.

KC11 KC12 KC13 KC14 NaOHl NaOH2 NaOH3 NaOH4

He 38.2 48.1 37.9 *4.2 3.8 9.7 *2.2 *2.3

KC11

KC12

KC13

KC14

0.0 *0.8 *0.6 37.1 19.9 9.9 29.5 36.3

0.0 *0.8 47.3 27.5 15.5 38.7 46.1

0.0 37.2 20.0 10.4 29.7 36.6

0.0 *3.8 10.6 *1.3 *1.0

NaOHl 0.0 *2.2 *1.2 *3.2

NaOH2 0.0 5.9 9.3

NaOH3 0.0 *0.7

NaOH4 0.0

* Refers to those samples that have D<5

5.4 DISCUSSION

Hydrolysed abalone flesh contained very similar amino acids

between blued and white specimens as shown by the relatively low

'D' values. This is not unexpected as the blueing compound

is expected to make a minor contribution to the overall amino

acid proportions. However, differences become more evident

between the various extracted protein fractions.

The extraction procedure produced two different groups of
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proteins. The salt soluble fraction was characterised by high

levels of glycine and glutamic acid while in the base soluble

proteins, glycine, glutamic acid and aspartic acid predominated.

The amino acid composition of N. ruber hemocyanin compared well

with other molluscs reported in the literature and contained a high

proportion of aspartic acid, glutamic acid and leucine. No

tryptophan was found in our samples although acid hydrolysis does

not yield quantitative recoveries.

Cysteine was determined to be present in hemocyanin but

absent in KCl (D, (2), and (3) extracts. Trace amounts were found

in KC1 (4), NaOH (1), (3), and (4) which also show a remarkably

similar amino acid content to hemocyanin. Since cysteine was not

found in abalone flesh, it is assumed its presence relates directly

to hemocyanin, which is in relatively small amounts in unextracted

flesh samples. It is likely that the trace amounts of cysteine

found in the latter group is due to the presence of hemocyanin in

the flesh samples. Perhaps, cysteine content may be used as an

estimate of hemocyanin levels in abalone samples including flesh.

The calculated 'D' values separated the extracted samples

into two distinct groups. Statistical comparisons (D values)

between KCl (1), (2), and (3) produced values below 5 indicating

similarities in amino acid composition. The other similar group

of proteins consisted of KCl (4), NaOH (1), (3), and (4) although

the latter two (which represented alkali soluble extracts of

blued unprocessed abalone) had the lowest 'D' value when compared

to hemocyanin. Intergroup comparisons produced 'D' values of 35

to 50 indicating dissimilar amino acid composition.

Our experiments (Section 2) have shown that heat coagulated

hemocyanin is insoluble in saline solution but is soluble in

aqueous alkaline solvents. Thus the results suggest that

hemocyanin was extracted into the base soluble extracts. KCl (4)

contained the salt soluble proteins extracted from a blue spotted

unprocessed abalone (Figures 5 and 11.3). The amino acid content of

KC1 (4) and in particular, the presence of trace levels of cysteine

suggests unusually high levels of hemocyanin in this fraction.
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5.5 CONCLUSIONS

Amino acid content of the flesh extracts has been

successfully used to demonstrate relatedness of the various

extracts. The salt (KCl) extracts are differentiated from the

base extracts. In relatedness one would conclude that base

extracts bring out a protein component which is clearly very

similar to He itself. In section it was shown that heat

denatured He is soluble in base but insoluble in saline solution.

The data in Table 5.2 suggests that base is extracting He from

the abalone flesh. The KC1 extracts in general did not extract

from the flesh except in the case of sample (4) (Unprocessed

abalone showing blue spots). The relatively low value for D in

the KC1 4 extract does suggest that the base spot area is very

high in hemocyanin to overcome the other extractables which would

otherwise lead to high D values. Figure 5 confirms this

relatedness as the histograms show a close resemblance overall.

It is interesting to note that even after processing. He can

still be released from the flesh by base extraction.
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6.0 THE COPPER CONTENT OF AUSTRALIAN N.ROBER FLESH

6.1 Introduction

Many investigators agree that copper is associated with the

discolouring found in processed crab meat. From the various

proposed blueing reactions, several are attributed directly or

indirectly to the presence of copper. These include inorganic

copper precipitates, copper catalysed oxidation of phenols

(melanin formation), biuret complexes and hemocyanin compounds.

A reasonable correlation was found for copper concentration and

blueing intensity for Dungeness crab by Elliot and Harvey (16),

Babbit efe g.1. (3) and in King crab by Inoue and Motohiro (31).

Unpublished data by Olley (52) indicated that the copper content is

significantly higher in blued abalone samples. Reducing agents

have also been shown to reduce discolourations which suggests

that the oxidation state of copper plays an important role in the

reactions.

Copper content of flesh samples were determined by Atomic

Absorption Spectrophotometry (AAS) as described in Section 6.2. The

results show dramatic increases from white to blued flesh (see

Table 6). However, comparison between investigators is difficult

because many calculate percentage copper from a wet mass of flesh

which is both unreliable and unreproducable.

The extremely blued sample (c) contained a relatively high

content when compared with white flesh (a) or even abalone

hemolymph (d). This would suggest that the extremely blued

flesh was either saturated with hemocyanin or contained copper in

another form possibly another metalloprotein or as granules. The

mildly discoloured sample (b) contains a proportionately lower

concentration of copper. The results obtained by Inoue and

Motohiro (31) and by Olley (52) also show similar increases in

copper content of blued flesh.
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6.2. MATERIALS AND METHODS

Copper content was determined by AAS (Atomic Absorption

Spectrophotometry). Samples of flesh were freeze dried and

crushed to a fine powder. An accurate mass was taken (approx.

O.lg) and the samples dissolved in Aqua Regia with heating

(3HN03:1HC1, 100°C). Heating was continued until a clear

solution was obtained. The acid level was also maintained with

further additions of cone. nitric acid when necessary. Copper

standards of 1 to 20 ppm were prepared from copper metal (BDH) and

a fresh calibration curve prepared for each determination. The copper

content of the flesh samples were determined from a standard

curve and calculated as a percentage of total mass.

6.3 Results

Table 6. The » copper found in a range of abalone samples

Sample Origin [Copper*]

(a) White Tasmania 0.0007 to 0.001

(b) Blue Tasmania 0.007

(c) Extremely blue Tasmania 0.013

(d) Abalone Hemolymph Victoria 0.026

(e) Hemocyanin Victoria 0.035 to 0.044

6.4 CONCLUSIONS

The data in the Table clearly relate blued flesh with

increased copper content. Indeed, the concentrations in-blued

flesh exceed the controls by xlO to x20. The more probable

source of copper will be the He.
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7.0 SULFIDE DETERMINATIONS

7.1 MATERIALS AND METHODS

The sulfide content in abalone was determined by a

modification of a method by Ohashi. In this technique, the

labile sulfur (predominantly organic sulfides) in a sample was

quantitatively reduced to hydrogen sulfide by heating the

sample to high temperatures in the presence of tin(II)-strong

phosphoric acid. The evolved hydrogen sulfide gas is carried

in a stream of helium gas from the reaction vessel to the

absorption vessel. The hydrogen sulfide is then absorbed into

a zinc acetate solution where a zinc sulfide complex is formed.

The amount of sulfide extracted was determined directly by using

the methylene blue method of Fogo (18) and form part of AOAC

standard method of analysis for gaseous hydrogen sulfide.

7.2 RESULTS AND DISCUSSION

Inoue and Motohiro (31) suggested that the blueing found in

king crab is due to a hemocyanin sulfide complex. Their results

indicated that greater levels of sulfide was found in the flesh

of discoloured crab meats. Examination of our results indicates

that coagulated hemocyanin exhibits the greatest percentage mass

of labile sulfide. The increase in sulfide content is caused by

a denaturation process which opens the polypeptide chains and

exposes more labile sulfide groups. Generally, a higher

sulfide content was given by blued flesh when compared to white

flesh but this may be due to the presence of coagulated

hemocyanin rather than hemocyanin sulfide. Since sulfide is

thought to coordinate through the copper active sites, its

contribution to the hemocyanin sulfide complex is relatively

small compared with the natural organic sulfhydryl present. This

is shown by a comparison between heat coagulafced hemocyanin and

hemocyanin sulfide complex (also heated) which shows no

significant increase in sulfide levels.
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Table 7. Analyses for sulfide content of abalone flesh and

various extracts of the frill.

Flesh:!

White Frill

Blue Frill

White Foot

Blue Foot

Hemocyanin

Hemocyanin/sulfide*

Coagulated He.

Sulfide

content

(ppm)

1.84

2.46

1.34

1.62

0.63

3.09

3.46

Extracts:

Water Sol.

Blue

White

KCl Sol.

Blue

White

NaOH Sol.

Blue

White

Residue.

Blue

White

Frill

Frill

Frill

Frill

Frill

Frill

Frill

Frill

2.00

1.66

0.27

0.15

0.77

2.00

1.55

1.72

* Obtained by H^S treatment of a hemocyanin solution
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7.3 CONCLUSIONS

The data obtained show a trend only which suggests that blued

samples have a higher sulfide content. This is best illustrated by

the analyses of the flesh samples themselves. In such cases it would

be reasonable to expect that we are dealing with coagulated He.

Interestingly it is coagulated (denatured) He which gives a

higher sulfide value than is found for He itself. The water soluble

extract is not necessarily associated with He (the latter, as

coagulated He is likely to be insoluble) and hence the

results from the extracts are not helpful to an interpretation.
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8.0 SCANNING ELECTRON HICROSCOPY

A scanning electron microscope (SEM) is a useful tool that

has the capacity for a detailed investigation of microstructure

within a sample. When a specimen is illuminated with an electron

beam, backscattered and secondary electrons are given off and

collected to provided a 3-dimensional visual image of the sample.

Electrons share similar characteristics with light but have

wavelengths hundreds of times shorter. Since resolution is

inversely proportional to wavelength, an electron microscope has

resolving power and depth of image that is far greater than can

theoretically be achieved with an optical light microscope. Apart

from the obvious advantages in increased resolution, a SEM may

also provide a basic semi-quantitative elemental analysis from

the characteristic x-ray emission patterns.

This technique was applied to the investigation of the

microstructural features of white and blued abalone flesh and

also to provide an elemental compositional comparison between the

samples.

8.1 MATERIALS AND METHODS

Abalone flesh were obtained from a freshly opened can

purchased from Dover Fisheries. These specimens were

deliberately processed without the addition of any reducing

agent (MBS) to allow any natural discolourations to occur.

Blued and white samples were selected from the same can which

suggests that the abalone experienced identical handling and

processing and were also likely to be collected from the same

general area.

Transvecse sections of flesh (approximately 0.1 cm thick)

were cut to fit on to a 1.5cm diameter carbon stud. Each specimen

included adjacent connected sections of epipodium and foot muscle

rather than discrete pieces (from various positions on the animal)

so that differences associated with the foot and frill muscle could
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also be directly compared.

The samples were prepared by initial removal of water in a

dessicator (P205» 24 hours) followed by vacuum drying (24 hours)

to ensure complete dryness. The samples were secured on to the

carbon stud with general purpose glue (bosh-sfcick) and allowed to

dry (70°C, 60 min). A conductive layer of carbon was applied

before analysis.

8.2 Results and discussion

The spectral output showed peaks that had positions

characteristic of the elements in the sample area. Although each

element can produce several peaks, the position and intensity observec

allow confident assignments of the elements found. In theory,

the intensity of a given peak is proportional to the

concentration of a particular element in a sample. This

intensity is influenced by matrix effects so that calculated

corrections must usually be applied to obtain quantitative

values. However, with the determinations on abalone flesh, it is

assumed a constant flesh matrix exists between the samples so

that the results are directly comparable.

Pilson (55) determined the proportions of ions in the

abalone H. £u[lgens and found that chlorine concentrations were

almost identical with the surroundings sea water suggesting a

passive uptake. Sodium and magnesium also remained constant

while potassium, calcium, and phosphate appeared to be regulated

by the abalone. The results presented in Table 8 are the x-ray

elemental output from the SEM which have been corrected (relative

to the chlorine concentration) for direct comparisons between the

samples.

The spectra show strong K shell emissions for sodium,

magnesium, phosphorus, sulfur, chlorine, potassium and calcium

with smaller peaks corresponding to silicon and iron detected in

a few samples.
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PROPORTIONS OF ELEMENTS STANDARDISED TO CHLORINE

Sample

1 :b foot overall
2:b foot vascularised
3:b frill overall
4:b frill particles
5:b frill overall
6:b frill fibres
7:b fril' particles
8:b foot overall
9:w frill overall
10:w frill fibres
11 :w frill flat region
12:w frill particles
13:w frill flat region
14:w frill particle from 13
15:w frill fibres
16:w foot particles
17:w foot fibres/overall
18:w foot overall 80x
19:w frill/foot overall 80x
20:w frill fibres 80x
21 :b foot overall 80x
22:b frill overall 80x
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PART III. STUDIES OF BLUED ABALONE FLESH

AND SIMULATION EXPERIMENTS

9.0 THE HEMOCYANIN SDLFIDE COMPLEX

9.1 Introduction

As discussed in Section 1.4 extensive studies on the blueing

of crab meat have shown that a reaction between hemocyanin and

sulfide produces a stable 'blueish' protein complex. Inoue

and Motohiro (31 - 36) published a series of papers that

investigated the blueing discolouration of canned crabmeat

and concluded that the hemocyanin sulfide complex was

responsible for the following reasons:

(i) There was an observable increase in both copper and

sulfur content of blued crabmeat.

(ii) Hemocyanin was detected in blued meat but was absent in

white meat.

(iii) Reflectance UV/Vis spectra of the hemocyanin sulfide

complex was similar to the blue meat.

(iv) Isolation of the blueing agent by proteolysis

produced similar crystals to the hemocyanin sulfide

complex.

(v) The hemocyanin sulfide complex forms under similar

conditions to those encountered during the canning of

crab meat.

It is not known whether the blueing discolouration -of

Australian abalone is a hemocyanin sulfide complex, but some

evidence suggests that this is possible. Johnson and Vickery

(42) measured the evolution of hydrogen sulfide during the
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heating of meat as a function of time and pH. Up to 50 ng of

hydrogen sulfide per minute (per 100 g of meat) was released in

the first 4 minutes of heating. Hydrogen sulfide production was

also shown to increase with pH reaching a maximum at pH 11.0.

Gruenwedel and Patnaik (27) measured the release of hydrogen

sulfide from sulfur containing amino acids and found that the

reaction was catalysed by the presence of such cations as

Al(III), Fe(Ill), and Fe(II) (in order of effectiveness). The

presence of Fe (from anodic dissolution of defective cans) and

sulfides was thought to be responsible for the darkening of

the dead space found in some cans and may also cause the

observed discolourations in abalone.

This chapter investigates the formation of the abalone

hemocyanin sulfide complex in an attempt to determine its

involvement in the blueing problem.

9.2.0 METHODS

9.2.1 preparation of hemocyanin sulfide

Abalone hemocyanin was isolated as described in Section 2.

3 mLs of hemocyanin solution (0.5g/5mL) were prepared and

separated into three tubes. Hydrogen sulfide was bubbled for 30s

through the first tube. To the second test tube, a basic

solution of sodium sulfide was added. The third test tube

contained only hemocyanin and represented the 'control'. All

test tubes were heated to 100°C for 15 minutes and cooled. The

'control' was then treated with hydrogen sulfide (similar to test

tube (D) and heated to 100°C for a further 15 minutes.

9.2.2 Solubility and stability of hemocyanin sulfide

The solubility and stability of the hemocyanin sulfide

complex was examined with the following solvents:
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i) Sodium hydroxide (0.1M)

ii) Urea (8.0M)

iii) Sodium dodecyl sulfate (1.0%)

9.2.3 Comparison of a model copper sulfide system to hemocyanin

sulfide complex

Aqueous solutions of copper (II) nitrate were reacted with a

hydrogen sulfide solution. The test was performed with and

without the presence of a reducing agent such as metabisulfite

(MBS). Hemocyanin solutions as prepared in 9.2.1 were also

reacted instead of the copper (II) nitrate and the results

compared.

9.2.4 Sulfide induced blueing in Victorian abalone

Abalone specimens were collected from Flinders and washed

thoroughly in distilled water. The animals wece left overnight

in the cold room (4°C) and processed the following day. The

abalones was shacked and the viscera removed by manual scrubbing.

The cleaned meat was used for the following experiments. One

specimen was divided into two portions, one of which was

subjected to the standard industrial canning procedure. The

second sample was placed into a solution containing a high

concentration of hydrogen sulfide. This sample was removed the

following day and processed identically to the previous half.

Both samples were stored (4°C) for extended observations.

9.2.5 Ultraviolet/visible spectrophotometry

Hemocyanin sulfide was prepared by the reaction of hydrogen

sulfide and hemocyanin (Section 9.2.2). The product was centrifuged

and washed with several changes of distilled water to remove

excess sulfides and other soluble contaminants. The isolated

hemocyanin sulfide was treated with basic solution (O.lOM NaOH) and
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centrifuged after 30 mins.. The residue was further extracted with

base and centrifuged after 15 hours of storage. Both alkali extracts

were extensively dialysed against Tris-HCl buffer (0.05M, pH 8.2) and

the UV/Visible spectra determined on a Varian SuperScan 3.

Hemocyanin was heat coagulated by heating in solution (distilled

water) to 100°C. The white precipitate was centrifuged and

washed with several changes of distilled water. The protein was

dissolved in basic solution (O.lOM NaOH), dialysed against Tris-

HCl buffer and the UV/Visible spectrum recorded for comparison.

9.3.0 RESULTS MSD DISCUSSION

9.3.1 preparation of hemocyanin sulfide

The formation of the hemocyanin sulfide complex has been

suggested as the cause of blueing discolourations in canned

crab meat (33). A similar coloured complex was produced when a

solution of abalone hemocyanin and sulfide is heated to 100°C.

Very little literature is available concerning the reaction

mechanism but evidence suggests that it proceeds in two distinct

steps during the heating process. The first is the initial

coagulation of hemocyanin at 77 C (a white powdery precipitate)

followed by reaction/complexation with sulfide at 100°C to form

the green product. The formation of the blue/green precipitate

occurs even for denatured hemocyanin (see results in Table 9.1)

which suggest that the reaction proceeds via the coagulated

intermediate. This observation is relevant to abalone canning as

ifc indicates that even denatured hemocyanin may react with

sulfides during the canning process.

A basic solution of sulfide was used in a second test in place

of hydrogen sulfide, to provide sulfide anions. The test

produced a clear solution when heated to l00°c but the

coloured complex formed on neutralization. Similar results were

obtained by Inoue and Motohiro (31) for arthropod hemocyanin.
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Table 9.1. Solubility characteristics of hemocyanin samples

Solvent Systems

Sample Urea SDS NaOH

Hemocyanin (Wet)

Hemocyanin sulfide (F.D)

Coagulated He. (F.D)

vs

i

i

vs

i

i

vs

vs

vs

SDS - Sodium Dodecyl Sulfate (0.1% soln.)

NaOH - Sodium Hydroxide (0.1M) with overnight storage

Urea - 9M solution

F.D - Samples lyophilised (freeze dried)

9.3.2 Solubility and stability of hemocyanin sulfide

The solubility characteristics for hemocyanin sulfide has

not been reported in the literature. For chromatographic analysis,

the solubility of the hemocyanin sulfide complex was determined

in some common protein solvent systems (see Table 9.1). Urea and

sodium dodecyl sulfate (SDS) are popular solvents for proteins

but showed little solvency effects towards hemocyanin sulfide.

Inoue and Motohiro reported the presence of hemocyanin in basic

extracts of crab meat. The sulfide complex was also found to be

soluble in 0.10M sodium hydroxide after overnight storage.

Stronger solutions of NaOH (up to l.OM) solubilised the sulfide

complex in a much shorter time but a slower process would

minimise any modification to the protein structure. In contrast

heat coagulated hemocyanin was shown to be soluble in sodium

hydroxide (O.IOM) after only 30 minutes. The blue/green protein

complex retained its colour in solution indicating that the

chromophore is still intact under these basic conditions.
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9.3.3 Comparison of a model copper sulfide system to hemocyanin

complex

Inoue and Motohiro (33,36) suggested that the complex formed

between hemocyanin and sulfide had the general formula Cu-S-Cu-R

or R-Cu-S-, where R represented a protein molecule. This formula

suggests that the chemistry of copper and sulfur are intimately

involved in the reaction. Evidence from the reaction of

copperless apo-hemocyanin (prepared in Section 2.3.8) with sulfide

produced no blue precipitate suggesting the involvement of the

copper site in the formation of the protein/chromophore.

The solubility product for copper (I) and (II) sulfides are

1.28xl0~36, 2.24xl0~48 (SI Data, 1984) respectively and can be

considered very high. However, the addition of MBS before the

reaction with sulfide for both copper and hemocyanin prevents the

formation of the coloured precipitate (see Table 9.2) but does not

reverse the reaction of either (CuS or HcS) once the product has

formed.

Table 9.2 Comparision of He and Cu2+ reactions

with sulfide ions.

Cu + S2- CuS (s)

Cu + S2- + MBS No precipitate

He + S2- Hc/S precipitate

He + S2- + MBS No precipitate

The addition of MBS to canned abalone would prevent/inhibit the

formation of the hemocyanin sulfide complex by removal of

sulfides through a series of chemical reactions. This observation

suggests that the observed blueing in canned abalone may be due

to sulfides since MBS has been commercially proven to be

effective in preventing such blueing discolourations.
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9.3.4 Sulfide induced blueing in Victorian abalone

The abalone was cleaned and discolouration was induced in

the flesh. Due to a high individual dependence reported for

blueing, the abalone was divided into two portions so that the

results of the test may be directly compared with the control

sample.

The results of the experiments, lead to the conclusion that

discolourations in the frill of abalone specimens occur in the

presence of hydrogen sulfide when treated under canning

conditions and in the absence of MBS. However, the colour was

more intense than that generally found in untreated canned

abalone. Factors that may have contributed to the colour

intensity found in this specimen may be due to the following

reasons:'

1. A higher concentration of hydrogen sulfide was used than is

encountered in production-line specimens.

2. The discolouration of canned abalone has previously been

shown to be individual dependent.

The frill represents the area of respiratory exchange of gases

and hence may be expected to contain the highest concentration of

hemocyanin in surface membranes. The reaction with hydrogen

sulfide has been observed to occur only in the

frill and seems to be quite specific since other

areas of flesh remained unaffected. It seems reasonable to conclude

that the colouration involved hemocyanin in the frill membranes.

9.3.5 Ultraviolet/Visible spectrophotometry

The solubility of denatured hemocyanin was shown to be

different to those of the sulfide complex. In basic solution,

coagulated hemocyanin dissolves in a relatively short time

(approx. 30 min.) while the sulfide complex requires overnight
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storage. This difference in solubility was exploited to obtain a

'pure' fraction of hemocyanin sulfide by a two stage separation.

Initial treatment of hemocyanin sulfide with basic solution

removed unreacted coagulated hemocyanin and a second extraction

produced the green protein solution of hemocyanin sulfide.

The UV/Visible spectra of coagulated and sulfide treated

hemocyanin is illustrated in Figure 9.1. The spectra were

originally plotted in absorbance units but have been replotted as

percent transmittance to provide a better comparison with the

diffused reflectance spectra obtained by Inoue and Motohiro

(34). The maximum transmittance was at 600 - 610 nm. compared

with 530 - 580 nm. reported for crab hemocyanin sulfide.

However, examination of the overall appearance of both hemocyanin

sulfide spectra indicate similarities that may imply comparable

chromophoric sites (Fig. 9.2).

Treatment of blued flesh with 0.10 M sodium hydroxide and

subsequent plotting of the UV/Vis absorbance did not produce any

observable maximum at 600 - 610 nm. (Fig.9.1). The spectra

produced resembled that of coagulated hemocyanin which suggests a

greater influence from this form of the protein. However, the

solution was also likely to contain other proteins (solubilised

during the extraction) that may interfere or alter the overall

characteristics of the spectrum.

9.4 CONCLUSIONS

The results recorded in this Section allow us to put into

perspective much of the inferences which can be drawn from

earlier Sections.

In part II it became clear that He and Cu were involved in

all cases of blueing. One potential cause is reaction with

released sulfide anion or sulfhydryl groups on the protein of the

flesh. To model this reaction and particularly to test

solubilities and stabilities to heat and reducing agents such as
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MBS, He was reacted with a solution of H^S. Ablue/green complex

precipitated out at acidic pH. This precipitate was soluble in

base and stable in basic solution (overnight was the most

extended test). Apo-Hc produced no colouration or precipitate

when treated with sulfide. This conclusively involves the He copper

in the formation of the complex. More interestingly, if the

reaction is carried out in the presence of HBS no precipitate

forms. Once the complex has been formed, however, MBS does not

reverse its formation. On this basis, MBS during canning is likely

to be effective only if the blueing has not already occurred. The

complex is soluble in basic solution but not in reagents which

conventually solubilise proteins. Basic extraction of the. blued

flesh did not extract out the coloured complex. The UV/Vis

spectrum of the extract resembled coagulated He most closely but othei

components were likely to be present. The important point to

take is that the blueing agent was not extractable from the

flesh. Given that He has been strongly implicated in the

formation of the complex this result suggests that the Hc-complex

is strongly held by the proteins in the flesh.

Related to the last of these inferences is the observation

that a sulfide wash blues the frill of the abalone but not the

flesh in the foot. Whilst this result is understandable in terms

of He being readily accessible through the membraneous tissues of

the frill, it does not explain other observations we have made

that the blueing can occur throughout the flesh of the epipodium.

Some additional interactions must be occurring.
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10.0 PHENOLASE ACTIVITY IN N.RUBER

10.1 introduction

Tyrosinases are copper containing enzymes that catalyse the

o-hydroxylation of monophenols and oxidation of diphenols to

melanins and other polyphenolic compounds. They are widely

distributed in both plants and animals and are responsible for

the dark surface pigments found in abalone viscera. They are

physically and chemically similar to the hemocyanins

exhibiting reversible oxygen binding characteristics from a

dimeric copper pair. Huber and Leach (30) compared two

tyrosinases with several hemocyanins and noted spectral and

physical similarities. The amino acid ligands around the

copper binding sites of SL-g.lausesseas tyrosinase showed

remarkable similarities to those of E. .c a, 1 i f o r n icu m

hemocyanin. It is suspected that many hemocyanins may also

possess phenolase activity which may be related to the blueing

problem.

Babbit et al. (3) postulated that the blueing of Cao.cer

ma.g.is.ter: is due to the oxidation of phenols to melanins. It was

shown that the phenol oxidation reaction is catalysed by the

presence of ionic copper and is optimal at pH 8.0. phenols such as

dopa and tyrosine were tentatively identified by TLC (3) and the

blood shown to exhibit phenolase activity. However, Groninger

and Dassow (26) studied blueing in the king crab, £. <5a.mtsshat.iaa,

and decided that polyphenols were not the cause of the

discolouration because of the absence of both phenols and

phenolase activity in the blood.

It is not known whether the discolourations found in abalone

are caused by oxidation of phenols but some basic observations

indicates that this is possible. Abalone already contain dark

surface pigments that are formed from naturally occurring

'melanin-like' oxidation reactions. The copper catalysed

(non-enzymic) oxidation of dopa has an optimum pH of 8.0 and
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is inhibited by acidic conditions. Similarly, abalone are

canned in a phosphate 'soup' that buffers the pH at around

8.9. The addition of reducing agents prevents the formation

of polyphenols (3) which is also consistent with observations

on the blueing of abalone.

10.2.0 MATERIALS KffD METHODS

10.2.1 Qualitative determination of phenolase activity in

N. ruber hemocyanin

Abalone blood was previously isolated and stored as

lyophilised protein, 20mg was dissolved in NaCl (5%, imL)

solution. Tyrosine (5mg) was added and dissolved with gentle

agitation and heated to 55°C for 30 mins. The temperature was

then caised quickly and maintained at 100°C for a further 30

mins. This procedure was repeated with the addition of DL-dopa

(lOmg) instead of tyrosine. A metabisulfite (MBS) solution (5%)

was added to the dopa/hemolymph reaction to determine the effect of

a reducing agent on melanin formation. A 'blank' was also performed

without abalone hemolymph to observe the effects and contribution

of atmospheric oxidation and also to provide a better basis for

comparison.

10.2.2 Gel permeation chromatography (GPC)

Hemolymph (SOOmg) was reacted with dopa (lOOmg) at 100°C in

a procedure similar to that outlined above. The resultant solution

was isolated by centrifuging and the residue retained for further

analysis. The solution was separated on Sephacryl S-300

(Pharmacia) which had been previously equilibrated with 0.05M

Tris-HCl (pH 7.0 1=0.01). 5ml fractions were collected-and the

elution profile determined by UV absorption at 280nm.

57



10.2.3 Extraction of phenols from abalone

Blued abalone frill was removed from a sample of canned

abalone. Trichloroacetic acid (TCA) solution (5%, lOOmL) was

added to abalone flesh (20g) and macerated. The solution

was left overnight at 4°C and centrifuged the following day

(8,000 rpm, 45min) to remove any solid material.

10.2.4 Isolation of phenols

Phenols extracted by TCA (outlined above) were separated on

activated alumina following the method used by Drell (14). This

involves the absorption of phenols on activated aluminim

hydroxide (BDH). The various classes of phenols were then

selectively desorbed by buffers of decreasing pH. Alumina (2g)

was packed into a suitable column and equilibrated by acetone

(20mL) followed by distilled water (20mL) and buffer A (20mL).

TCA extract (lOmL) was diluted with buffer B (8mL) and applied to

the column followed by buffer B (20mL) wash solution. Distilled

water (30mL) and buffer C (lOmL) were passed through the column and

catechol amines collected. The remaining phenolic compounds

were elated with solution D (O.lM, 40mL). The composition of

buffers A, B, C and solution D are shown below:

Buffer A - 0.2M NH4AC pH 6.1

Buffer B - 0.5M NH4AC pH 6 .1

Buffer C - 0.01M NH4AC pH 4 .0

Solution D - O.lM HCl

All buffers were made from analar reagent (AR) grade chemical

and adjusted to the required pH with glacial acetic acid.

Initial determinations of dopa by the above procedure were

used to calculate percentage recoveries. Dopa concentrations

were estimated by UV absorption at 280 and 2l8nm and determined

by reference to a freshly prepared standard curve.
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10.2.5 Supply of abalone for the quantitation of phenolase

activity in hemolymph and flesh

Ocean and black lip abalone were supplied by Australian

Abalone Exports (Laverton, Vie.). The abalone were kept alive in

an oxygenated tank until collection. Just prior to transport-

ation to the University of Melbourne the abalone were packed

foam esky lined with hesshen that had been soaked in sea water

Transport was by van at ambient temperature and undertaken within

45 minutes.

10.2.6 phenolase quantitation of abalone hemolymph and flesh

L-proline (10mM) and catechol (10mM) solutions were prepared

daily in phosphate buffer (67mM, pH=6.4). 25.00mL of each

solution was mixed in a SO.OOmL standard flask. Abalone

hemolymph/flesh extract (ImL) was immediately added to the L-

proline/catechol solution and mixed thoroughly. This mixture

(3mL) was transferred to a 1 cm light path cuvette. Absorbance

values were determined using a Varian Superscan 3

spectrophotometer at 520nm against a reagent blank every five

minutes over a period of forty minutes.

A standard curve was constructed to allow the quantitation

of phenolase activity. Abalone blood was isolated as lyophylised

protein and stored in a freeze dried form. Hemocyanin (20mg) was

mixed with L-proline/catechol solution (0.0005-0.0025M, S.OOmL),

allowed to react for one hour then analysed as above against

corresponding blanks.

The phenolase activities of bay and ocean black lip abalone

hemolymph were determined using a spectrophotometric method in

which catechol was used as a substate for determining changes in

enzymic activity. o-Benzoquinone formed from catechol reacted

with proline to form l,2-benzoquinone-4-pyrrolidine-carboxylic

acid with an absorption maximum at 520nm.

It was determined that 8.97xl0~6 and 2.99xl0~6 umoles of
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catechol reacted over the fifteen minute interval for bay and

ocean black lip hemolymph respectively. The change in absorbance

during the 15-minute interval, between 15 and 30 minutes after

mixing was multiplied by 0.0013 to determine the micromoles of

catechol oxidised during this time interval. The plots for these

measurements are shown in Figure 10.1 (ocean samples of N.ryber.)

and Figure 10.2 (bay samples of N. rafa^r.). Figure 10.3 is a

calibration curve.

Tris-HCl and KCl extracts of minced white and blue flesh were

prepared as outlined in Figure 11.1. When analysed neither Tris-HCl

nor KCl extracts showed an observable change in absorbance at 520nm.

These results would suggest that the hemocyanin was tightly bound

to the flesh and was not extracted.

The Tris-HCl extract of freshly shacked, unbled abalone

flesh showed minimal phenolase activity. Absorbance readings at

520 nm were of the order of six times less than that observed for bay

black lip hemolymph.

10.3.0 RESULTS AND DISCUSSION

10.3.1 Qualitative determination of phenolase activity in

!LL ruber hemocyanin

The discolouration of dungeness crab (Caa£££ magister) was

thought to be caused by the oxidation of phenolic compounds to

dark melanin-like pigments (3). This reaction may be initiated by

phenolase present in the hemolymph but at higher temperatures

experienced during canning, the oxidation may proceed non-

enzymically in the presence of copper and ferric cations and at

alkaline pH.

Preliminary testing on abalone hemolymph indicated similar

reactions to those observed for (,L._mag.i§.te£. by Babbitt et a.1.

However, no mono-phenolase (tyrosinase) activity was apparent
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under the conditions tested (see Table 10). Perhaps the mono-

phenolases if present are at low concentrations as reported by

Summers (64) for hemolymph of the fiddler crab, U. pygnax. Since

tyrosine is also present in the blood (see amino acid analysis -

Section 5.0) the coexistence of both enzyme and substrate can

only occur if the concentration of tyrosinase is extremely low

and reducing substances are present in the blood .

Dopa (3,4-dihydroxyphenyl alanine), on the other hand produced

severe discolourations in the presence of abalone hemolymph when

heated to 50°c for l hour. Further heating to l00°c produced a

light greyish/blue precipitate on cooling. The solution exhibited

enhanced blueing after storage overnight at 4°C indicating that

further oxidation reactions are occurring. When the sample was

heated again to 100°C, loss of dark bluish colour occurred

leaving a light greyish/blue suspension. This suspension was

centrifuged producing a green solution and a greyish/black

precipitate. These results are summarized in Table 10.

Table 10. Colour changes observed in phenolaes activity of

abalone bemolymph using Dopa as substrate.

Sample

Treatment Blood Blood Control

NaCl(10%) NaCl(10%) NaCl(10%)

DL-Dopa DL-Dopa DL-DOpa

MBS(1%)

50°C. Slightly No Change No Change

60min. darker

2.5mLs Blue/black Colorless Colorless

left for tint

observations
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Seqy.egt.ial. l£.ea.tm£ata

100°C Bluish/

60min. 9^ey color

Colorless Colorless

Slight cloudiness

Cooled

1 hour

Grey color Colorless Clear

Dark tint

24 Hours

later

Very dark

blue/grey

Colorless

slight cloudiness

Clear

Dark tint

10.3.2 Chromatog raphy

Gel permeation chromatography (GPC) of the blue/green

solution produced a major peak at the exclusion limit of

Sephacryl S-300 (Pharmacia). Some low molecular weight material

was present with a similar retention time to those previously

found in abalone blood. Dark melanin-like pigments were

still produced from the hemocyanin fraction after 2 days

storage indicating that dopa is present and may have been weakly

coordinated to the hemocyanin and further oxidation reactions are

occurring. In contrast, natural hemocyanin heated above 77 C

denatured to produce a white precipitate that could not be

chromatographed.

10.3.3 The Hemocyanin/dopa complex

In the presence of dopa, some hemocyanin heated to 100°C

remains soluble producing a blue/green complex. This complex

(Dopa/Hc) exhibits unique oxidative/reductive properties towards

reducing agents such as MBS. Exposure to a solution of-MBS

results in a lessening of colour similar to the effects of heat

treatment at 100°C (Table 10).
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10.3.4 Determination of phenols in abalone

Phenols were extracted from abalone flesh with Trichloro-

acetic acid (TCA) and were isolated by a method of Drell (14).

This involves the absorption of catechol derivatives on active

aluminium hydroxide and selective desorption by various

buffers of decreasing pH. The phenols are tightly bound

to the alumina in their ionic form but the binding is totally

reversed by acid. Drell (14) reports that phosphates are

potential competitors for binding sites but this problem was

overcome by the use of larger columns that had a sufficient

capacity to bind both phenols and any residual phosphate

anions from solution. Initial determinations using known

amounts of dopa indicated a recovery of 82% . A sample of

flesh extract was processed following the above procedure and

repeated with the addition of a known amount of dopa followed by

passing the solution immediately through the same column.

Results indicated that the alumina media was not saturated as 79%

of dopa was recovered from the second determination.

10.3.5 Ultraviolet spectrophotometry

The UV spectra of the extracts indicated successful

separation of the phenolic compounds. The catechol amine

fraction of canned abalone extracts showed broad absorption bands

at 258 and 355 nm (Figs.10.4 - 10.7) while the brined blue sample

(Fig.10.5) produced a lower but sharper peak at 247 nm with a skewed

profile caused by absorption at 258 nm. There seems to be a

difference in the types of catechol amines found in extracts of

brined and canned abalone flesh (Figs.10.5 and 10.7) which may be

attributed to the canning process (e.g. differences in E values).

In contrast the second set of extracts from the flesh samples

(Figs.10.9, 10.10) produced similar absorption profiles -for all

samples and are 'typical' of phenolic compounds. Bands at 207

and 260 nm are clearly defined (eg. Fig.10.5 and 10.9) but

comparison with the spectrum of dopa (Fig.l0.4)indicates clear
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differences. Further attempts to characterise and identify these

phenolic compounds have failed. Adaptations of GC and HPLC methods

for the identification of phenolic biomolecules in plants were tried

(54) but produced no data possibly due to the complexities and

size of these compounds.

10.4 CONCLUSIONS

There are few reports in the literature which have shown

that hemocyanins can have phenolase activity. Probabily the most

directly related work was the blueing of Ca,nse,r, mag.iste£. - There,

it was shown that phenol oxidation was catalysed by the presence

of ionic copper, was optimal at a pH 8.0 and was inhibited by

acidic conditions. In the canning of abalone, the phosphate

buffer 'soup' is about pH 8.0. In our test experiments not one

showed any development of colour when abalone hemolymph and Dopa

were reacted together in the presence of metabisulfite (MBS).

These observations accord with experience in the canning process.

Abalone hemolymph was found to have no tyrosinase activity

which is in accord with the fact that it is unlikely that a.

monohydroxy phenolase would co exist with the tyrosine substrate

present in the He. When we tested for dihydroxy phenolase

activity using Dopa, a strong colour developed in the solution.

In quantitative measurements, hemolymph from bay abalone was more

reactive by a factor of 3 than hemolymph from ocean abalone

samples.

Flesh taken from shacked, but unbled abalone also gave

a positive test for dihydroxy phenolase activity. This is in

keeping with our data that :i (1) He can be extracted from

uncanned abalone flesh, particularly when the abalone has not

been bled, (2) He is associated with blueing.

Experiments using Dopa and abalone He with heating to

100°c (similar to canning treatments) led to the formation of a

light grey/blue suspension. This colour is similar to that
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observed throughout the epipodium of blued samples of abalone.

The data in Table 10 suggest that colour production can continue

after the initial reaction with Dopa despite 100°C treatment.

Extracts of precanned abalone flesh from frozen samples and

other treatments showed UV absorptions samples which can be

associated with 'phenolic' components. This was found not to be

the case for samples after canning. Neither of these sets of UV

spectra resembled that for Dopa and we must conclude that if it

is present is a minor component. Colour development, however, would

require only a minimal concentration level to give the deep

colourations observed.

The dihydroxy phenolase activity of unbled, shacked abalone

flesh was measured. Attempts to extract the blued abalone

flesh by methods which were successful (Section 2 and 5) earlier

did not succeed. We must conclude that the molecular complex

causing the blue colouration is tightly held to the flesh.
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PART IV. ANALYSES OF BLUED COMMERCIAL ABALONE

11.0 ANALYSIS OF BLUED ABALONE SAMPLES FROM TASWANIAN WATERS

ll.l.o The post-harvest handling of abalone

Abalone are caught from their natural habitat by commercial

divers. The transport of the catch is governed by regulations

that vary between different states. Tasmanian law require that

the catch is delivered to the processing plant 'live' whic.h

serves to reduce the number of undersize specimens captured and

also to improve the quality of the catch. Unfortunately, no

specific regulations exist for the handling of live abalones

which are left to the individual divers. This leads to varied

holding procedures which are likely to affect the quality of the

final canned product.

Small runabouts used to harvest abalone, stay out at sea for

periods of up to 10 hours and keep their catch live in nets or

bags. These day trips avoid many of the problems associated with

transport and storage as the catch is taken from the jetty and

delivered to the factory that same day. Larger vessels that

operate in the heavy seas around the south-west coast of

Tasmania may collect several tonnes of abalones over a period of

several days. Here the catch is usually stored in steel baskets

and kept live by circulating sea water. Several problems arise

from such handling practice. The animals are usually kept in

crowded environments to maximise available space thus reducing

water circulation and oxygen supply. Abalone stored under such

restricted conditions are likely to revert to anaerobic

respiration with accompanying changes in physiology. The

blueing problem has been commonly reported to occur to animals

that are held in the center of the holding tanks which suggests

that stress and overcrowding are factors to be considered in

this investigation.
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Commercial canned abalone (without the addition of MBS)

provided initial samples to establish techniques for extraction

and analysis. However, experience from local and overseas workers

have shown that handling plays an important role in the formation

of the discolorations found in both crabs and abalone.

Environmental factors such as water temperature, storage

temperature, holding time, availability of oxygen etc, leads to

related changes in the animals. CSIRO investigators in Tasmania

have received reports of blue spot in abalones that often

coincides with summer months and abnormally high water

temperatures (65). Based on feedback from experienced fishermen,

it seems that handling practices such as water temperature- and

circulation affects the quality of the final product. The

animals in the center of the holding wells are likely to

experience warmer temperatures and are most prone to blue spot.

The death of an abalone is also difficult to determine. The lack

of activity from a specimen does not automatically imply death

and although the catch is required to be delivered 'live', many

of the unfortunate animals in the center and bottom of the

holding vessels may have already been dead many days

before arrival. Dead abalone undergo slow break down of

glycogen (glycolysis) within the muscle along with many

unknown chemical reactions that also affect muscle

quality.

Abalone held in air have been shown to undergo physiological

changes that are not well understood. Olley (52) monitored the

loss of liquid from abalones held in air and determined that the

initial liquor had very little protein content. However, after a

period, the liquid lost becomes a blue color and is composed

almost entirely of hemolymph. The reasons for this bleeding is

still unknown but the phenomenum relates to the initial handling

and almost certainly affects the final product.

In order to understand the handling problems and to' better

follow the treatment phases in the cannery, a detailed study of

the handling and processing of abalones from Tasmanian fishery was

undertaken in March 1987. With help from local divers, we were
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able to monitor the treatment of individual abalones from capture

through to the final canned product. This provided us with the

precise knowledge of environmental factors of our samples such as

temperature, hemocyanin concentrations, blood pH and first hand

experience of the various stages up to the final product. The

samples were then analysed in our laboratory and the results

evaluated with consideration to the history of each animal.

11.2.0 PRECANNING BLUEING

11.2.1 MATERIALS AND METHODS

11.2.1.1 Collection of experimental abalone

Abalone (flaliatia ryt^er) were collected by hookah divers

around the south coast of Tasmania in March 1987. Ten specimens

were chosen to be monitored from the point of capture through to

the initial canning stages. The animals were carefully handled to

ensure minimum stress that may lead to related changes in their

physiology.

Blood samples were taken by the insertion of a syringe into

the median pedal vein running the length of the foot.

Approximately one mL of hemolymph from each abalone was

collected. The blood was sampled shortly after capture and

within 24 hours (before the brining process). No blood could be

obtained after the brining.

The animals were transported to the factory and stored in a

refrigerated room. A salt/ice bath kept the abalone at below

-10°C overnight. They were shacked, brined, cleaned

manually, and canned approximately 18 to 24 hours after-

capture.
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11.2.1.2 Qualitative testing

Three blued portions of abalone epipodium were subjected to

initial testing, (i) A sample was suspended in a solution of

0.25% sodium metabisulfite (standard pre-canning. reducing, dip)

overnight at 4°C, (ii) the control was suspended in distilled

water and treated under similar conditions, (iii) the third

sample was heated to a boil for 10 minutes.

11.2.1.3 Hemocyanin concentration

Samples of blood had been refrigerated at between 3-5°C and

transported back to the University of Melbourne for analysis. In

each case, the blood was centrifuged to remove cells and other

debris. A dilution by a factor of 15 was also necessary to obtain

an absorbance within the linear range of the instrument. A

vigorous shaking ensured oxygention of the hemocyanin. Estimates

of hemocyanin concentration were made spectrophotometrically at

340 nm where E was taken to be 2.23 abs. units (13).

11.2.1.4 Column chromatography

Blood/protein samples were obtained from brined blued

abalone that were frozen then thawed. Olley (52) reports that a

contraction of the flesh occurs during this slow freezing

process. This leads to a loss of body weight through the

expulsion of the blood and other body fluids. The deep blued

sample obtained after thawing was fractionated by gel permeation

chromatography over Sephacryl S-300 (pharmacia.). The portion

elating in the exclusion region (greater than 1,500,000 Daltons)

was further separated on Sepharose CL-4B (Pharmacia, m.wt. range

60,ooo-20xlo6). Samples were dialysed overnight with two changes

of Tris-HCl buffer (0.025M, pH 7.0) before application to the

column. Buffers were made up in distilled water and adjusted

with a calibrated pH meter. GPC fractions obtained were further

analysed by both HPLC/GPC and isoelectric focussing. The
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centricon microconcentrator (Amicon Corp.) was used as a

convenient method of concentrating small volumes of dilute

fractions for further analysis.

11.2.1.5 Extraction of abalone flesh

Strongly blued frill was removed from three brined abalones

and subjected to extraction by aqueous buffers. A modification

of the method of pyeun et al.(56) was used to separate the

proteins into four main groups. A detailed flow chart of the

separation scheme is given in Figure 11.1. The temperature was kept

below 6°C at all times to minimise possible denaturation of the

proteins especially during maceration/blending of the flesh.

11.2.1.6 High performance liquid chromatography

Bio-Rad's TSK-60 was used in gel filtration HPLC to

determine molecular weights. The column is suitable for the

separation of macro polymers up to 20 million Daltons. The

complementary guard column (Bio-Rad TSK-Guard) was also used. UV

absorbance at 280 nm was used in detecting the protein. All

buffers were made using AR grade tris(hydroxylmethyl)methyl amine

(BDH) dissolved in Milli Q. water. AR grade hydrochloric acid was

used to adjust the buffer to the desired pH. Calibration

proteins (Pharmacia) were dissolved in buffer overnight before

being applied to the column. The calibration graph obtained is

shown on Figure 11.2. Extrapolation past the highest molecular

weight marker (thyroglobulin - mwt. 699,000) was required but

work by Brouwer and Kuiper (9) produced comparable molecular

weight estimates to those obtained by other methods.

11.2.1.7 Isoelectric focussing

Isoelectrjc focussing of the proteins were performed as

previously described in Section 2.3.4 for abalone hemocyanin.
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Blued Abalone Flesh/Frill
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protein protein
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FIGURE 11.1 FLOW CHART SHOWING THE EXTRACTION OF ALKALI, SALT AND WATER

SOLUBLE PROTEINS FROM ABALONE FLESH.
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11.3.0 RESULTS AND DISCUSSION

11.3.1 Hemocyanin concentration

Concentrations of hemocyanin in the blood of Tasmanian

abalone Ha.liptis £U.ber (mean cone. 22.8mg/L. Table 11) were

compared with samples of Victorian ILjc.y.bgr (determined from 43

specimens captured at Flinders. Mean cone. 13.9 mg/L). These

results indicate a naturally higher concentration of hemocyanin

in the blood of Tasmanian abalone. There was also a significant

increase in the effective hemocyanin concentration through the

the processing stages for all specimens (Table 11).

11.3.2 Qualitative testing

The results of qualitative testing indicated that with

sulfite dip and heat the blueing agent is easily reduced to

a colourless form. Heat treatment without the sulphite dip also

resulted in the loss of colour, suggesting that the blue material

is heat labile and possibly proteinaceous in nature.

11.3.3 Extraction of abalone flesh

Abalone specimens showing the most intense discolourations

were collected from the production line (these are shown in

Fig.11.3). The extraction of the abalone frill with aqueous

buffers gave a blue solution in the KCl/watec soluble fraction.

Spectrophotometric analysis of this sample gave positive UV.

absorbances at 280 and 340 nm (Fig.11.4). These resemble the

characteristic spectrum of oxygenated abalone hemocyanin. The

appearance of the first absorption peak (280 nm) is mainly due to

the tryptophan and tyrosine residues and can be used as'an

estimate of dilute protein concentrations. The second peak

(approx. 340nm) is thought to be due to the oxygenated state of

copper and is characteristic of mollusc hemocyanin. Its
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isoelectrophoretic pattern produced two bands, with pl's of 6.2

and 5.3 corresponding to undissociated hemocyanin (major

component) and an unidentified hemolymph protein (relatively

minor component) respectively. HPLC/GPC molecular weight

estimations gave values of approximately 2,300,000 Daltons for

the extracted blued protein. This compares well with the

molecular weight of hemocyanin (Fig.11.5). The minor blood

component with an apparent molecular weight of 29,000 Daltons

remains unidentified. Similar low mol. wt. compounds have also

been reported by Ainslie (1) to be present in the blood of

different abalone species, but these were not adequately

characterised.

11.4 Analysis of thawed blood

Sephacryl S-300 gel permeation chromatography gave one major

peak in the exclusion region (mol. wt. 1,500,000). Minor peaks

were observed but these are within the limits of uncertainty.

The fraction was further separated using Sepharose CL-4B

(Fig. 11.6). This produced a single major peak with two early

minor shoulder peaks. Isoelectric focussing of fraction 19

(major component) produced a strong band with a pl of

approx. 6.2. No visible protein band appeared in the focussing

of fractions 9 and 14 (high mol. wt. minor components).

Spectrophotometric determinations show characteristic

oxy-hemocyanin absorptions at 340 nm and were similar to

the spectrum of the KCl soluble extract of blued frill.

The concentration determined at 340 nm was 92.5 mg/mL,

almost 5 times higher than the average natural concentration

measured (Table 11).
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11.5.0.0 POST CANNING BLUEING

11.5.1.0 MATERIALS AND METHODS

11.5.1.1 Sample history

Abalone specimens were collected during our March visit to

a Tasmanian seafood cannery. These were monitored from the

time of capture through to the processing stages. Most samples

had discolourations to varying degrees.

Samples 1 to 10 were canned without the sulfite reducing dip

so as to stimulate a high level of 'blueing' (cf Fig.11.3).

A heavily blued specimen (No.6, Table 11) was chosen for chemical

analysis. Abalone No.1 showing least colouration was used as the

control for all extraction procedures.

11.5.1.2 preliminary testing

Discoloured abalone flesh was subjected to various

qualitative testing. Samples were removed in wedge shaped pieces

which were refitted after treatment. This allowed better

comparisons of the treated sections with that of the original

coloured flesh.

Blued abalone flesh samples were treated in a similar method

to that used for the preliminary testing of brined blue abalone

(refer to Section 11.1.2.1). Heat stability of the blueing agent was

tested by heating the sample to 100°C in distilled water. The

section was then refitted and left overnight (6°C). Another

section was subjected to a 1% solution of sodium MBS for 30 min

at 20°C. The dependency on oxygen for the discolouration was

investigated. Two samples were immersed in Milli Q water and

helium was bubbled through for 120 mins. Another sample was

exposed to a reduced pressure of 0.5 Tore for two mins. All
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Table 11. Hemocyanin concentrations measured in Tasmanian
abalone hemolymph 'at capture' and after storing
overnight.

He. concentration (mg/mL)
at capture pre-brining •BluenessSpecimen

1
2
3
4
5
6
7
8
9

10

Average

* Blueness was a subjective comparison with the highest
discolouration obtaining a rating of 5.

16.5

22.9
21.1
16.4

20.9
45.0
21.6

28.5
19.8

15.7

22.8 mg/mL

29.3

37.8

30.9
43.0
59.9

39.0
50.2
52.1
38.0

42.2 mg/mL

1

3
1
2
5
1

2
3

Figure 11.3



samples showed little apparent reversion of colour under these

conditions.

11.5.1.3 Extraction of blued flesh

The blued frill of specimen No.6 was subjected to extraction

with various buffer solutions. This method was used for the

extraction of brined blue samples (Section l0.2.6.Fig. 11.1) produced

water soluble proteins, salt soluble proteins, base soluble proteins

and an insoluble residue. Extraction was carried out with a

simultaneous control sample (mentioned earlier). The colour of

the residues after each extraction provided a basis for

comparison to indicate the solublising medium for the blueing agent.

11.5.2.0 Results and discussion

11.5.2.1 Initial examination

The canned abalone showed very similar blueing when compared

to the photographs of the fbrined' blue samples collected at the

same time in March (Section 5). The discoloured areas after

canning remained blue/grey with the same approximate intensities

as those before canning (see attached photographs). This 'before

and after' observation strongly suggests that the blueing observed

after brining is related to that occurring after canning.

Heating of the sample (100°C, lOmin.) resulted in loss of

most colour. The loss of colour was observed to begin at approx.

60°C with the most striking colour change at 80°C. The sample of

flesh had lost most of its colour with only a slight pale grey

remaining. Reversion of colour in the heat treated flesh

occurred on storage overnight at -15°C. Treatment of another

blued section with MBS resulted in loss of colour similar to

those observed for the heat treatment. No reversion of colour

could be induced under the reduced oxygen conditions used.
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The initial testing indicates that the compound exhibits

oxidative/reductive properties as well as other reversible

reactions when subjected to heat and chemical treatment.

11.5.2.2 Extraction of blued flesh

Specimen (6) was extracted with buffered solutions in an

identical method as used for brined blued abalone (11.5.1.3).

A control sample was also extracted to provide a more accurate

comparison between the specimens. Results suggest that the

blueing agent was not extracted from the flesh by either t-he

potassium chloride or sodium hydroxide solutions. The insoluble

residue remained coloured by comparison with the control. The

extraction produced pale white solutions indicating that the

blueing agent was not successfully extracted.

11.6 CONCLUSIONS

In this particular Section we report on a study which

encompassed the harvesting of abalone on board ship and a follow

through to the canning stage. This situation allowed us to take

blued abalone samples at various stages in the 'catch-to-can'

process.

We were able to observe in the factory that as the abalone

were thawed for brine washing, blue fluoresence showed in the

draining water. This presumably relates to the gradual loss of

Hc/hemolymph from the abalone. Table 11 reports the very high

concentration of He in the hemolymph taken after storing at -10°C

in an ice-salt bath. These values are significantly greater than

found at capture. One likely reason is that the ice/salt mix

removes water from the abalone hemolymph thereby increasing the

concentration of the He. What is of interest is that a-fter

brining in the factory (49°C treatment), no hemolymph from the

animals bodies was yielded by the abalone samples. A surprising

number of abalone were blued before factory brining was commenced.
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At this point in the precanning process, the blued frill of

the abalone could be made colourless by dipping in a solution of

sodium metabisulfite (MBS) and also by boiling at 100°C for 10

minutes. These results are what one would expect of He in the

oxygenated form. A KC1 aqueous extract of blue abalone frill

gave a salute which had a UV spectrum which agreed with that for

He. HPLC/GPC chromatography gave a fraction with a protein of

M.wt 2.3xl06 Daltons and Isoelectric Focussing further confirmed

the presence of He. Figure 11.5 illustrates well the

relationships between the various samples analysed. These data

appear to link He with this form of blueing.

Samples examined after canning, but without the MBS dip gave

distinctly different results from those described in the above

paragraphs. The abalone were part of the catch used in the

prebrining tests. The blueing after canning was comparable in

colour intensity to that before canning. The canned and blued

flesh was heated to 100°C for 10 minutes when it lost most of

its colour. Most loss of colour appeared to occur at

approximately 80°C which also corresponds to the temperature when

He is denatured by heating. When the flesh was washed and stored

overnight at -l5°C it reverted to its original colouration. When

the blued flesh was 'deoxygenated' it did not lose any colour.

MBS dip at 1% concentration at room temperature (20°C) caused the

flesh to lose its blue colouration. It did not revect to the

original colour on storage overnight. Finally, aqueous KCl and

NaOH solutions did not extract any of the blueing agent.

These observations leave one in no doubt that the heat

treatment during canning 'fixes' the blueing agent in the flesh

since it cannot be extracted by chemical procedures which do

succeed at the precanning stage. Our observations also suggest

that once the abalone is blued, either at the frill or through the

flesh of the epipodium, the blueing will continue through and

become 'fixed' during the canning stage. It would seem'that a

MBS dip can reduce the colouration. The action of the dip is not

to remove oxygen as physical procedures to acheive this end had

no effect. Rather, it must be a chemical breaking in part of the
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complex with copper in the He. Once the sample has been heated

during canning, however, the He appears to bind strongly to the

protein of the flesh. Two distinct forms of blueing are thus

recognisable. In the early pre-canning steps the blueing is almost

certainly due to the presence of He in the oxygenated form. This

can be relatively easily removed. However, as He is invariably

left throughout the circulation system of the abalone flesh the

'fixing' during canning is due to a further reaction of the He

with reactive centres in the flesh proteins or even in the

hemolymph itself. The reactions which impart the permanent blue

to the abalone are accentuated when or if the He concentration in

the residual hemolymph is raised.
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PART V. SUMMARY OF RESULTS

12.0 CONCLUSIONS AND RECOMMMENDATIONS

Although it is generally agreed that blueing of abalone meat is

caused by some constituent of the hemolymph, there is little

agreement as to the actual cause. The major reported mechanisms of

blueing relate to crab meat and may be separated into five broad

categories which are not necessarily mutually exclusive. These are

the formation of (i) iron compounds, (ii) copper compounds, (iii)

melanin, (iv) copper proteins and biuret complexes, and (v).

hemocyanin compounds. Very little previous work has been reported

specifically for abalone as the five classes mentioned above are

essentially related to research on different crab species. These

reported mechanisms for discolouration in crabmeat were taken as our

starting point for a specific study of abalone, and the results

indicate that several different types of blue discolouration are

possible. We have been able to identify the following specific types

of blueing in abalone -

(i) heavy blueing within major veins of the hemolymph system,

(ii) pale blueing to heavy blueing of the frill,

(iii) blueing throughout the flesh of the foot.

(iv) blueing as a concentration of oxygenafced hemocyanin

The involvement of hemocyanin

Fifty years of investigations into the blueing of canned

crabmeat have provided little agreement as to the cause(s). However,

it is often postulated that hemocyanin plays an active role as either

a reactant or a source of inorganic copper. In our study of abalone,

we naturally put a high priority on attempts to find sound chemical

grounds for implicating hemocyanin in causing the blue colouration.

The copper content of abalone flesh samples were determined and

the results indicated that heavily blued frill may contain up to 100

times the concentration found in white flesh. Olley (52) monitored

both copper and iron content of normal and discoloured flesh and
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found that iron content varied between the samples but copper content

was clearly much higher (up to ten fold) in blued sections. Inoue

and Motohiro (31) also reported a ten fold increase in copper content

between white and blued canned crabmeat and suggested that blueing

may be noticeable whenever the copper levels reach 2 mg%. The most

likely source of this copper is hemocyanin and in fact some

investigators have used copper content in the blood as an estimate of

hemocyanin concentration.

The results of amino acid determinations on the various abalone

flesh extracts have shown that blue areas of flesh contain a

relatively high proportion of the hemocyanin amino acids. She salt

soluble protein extract of blued frill flesh was pale blue in colour

and remarkably similar to hemocyanin when statistically compared.

These observations suggest strongly that hemocyanin concentration

plays a key role in the formation of this form of blueing. The

reported spasmodic occurrence of blueing is probably the result of

the great variation in the hemocyanin concentration of a particular

abalone population. We put effort into comparative analyses of

Tasmanian and Victorian abalones in order to obtain some 'hard' data

on this variation. It is not known why different abalone living in

the same environment may have such a wide variation in hemocyanin

levels. This study has noted a four fold difference in hemocyanin

concentrations of some abalone caught within 10 meters of each other.

[This compares with a nine hundred fold difference reported by

Pilson(55)]. Blueing is often observed to occur in only one of two

abalone in the same can, suggesting that the phenomenon must be due

to an individual-dependent factor such as hemocyanin levels.

This is a particularly important observation in understanding blueing

as a whole.

During a visit to a Tasmanian seafood processing factory, the

hemocyanin concentration of ten animals was monitored at various

stages up to canning. Heavily blued specimens were collected from

the production line and analysed at the University of Melbourne. The

results suggested that the animals monitored had higher overall

hemocyanin levels when compared with Victorian specimens. One

Tasmanian specimen recorded the highest level of hemocyanin and also
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exhibited the most pronounced blueing. From the samples analysed, it

was clear that discoloured animals contained an extraordinarily high

level of hemocyanin when compared with normal specimens.

Monitoring local (Victorian) populations of abalone over a two

year period suggested that average hemocyanin levels are higher in

the summer months. Coincidently, most reports of blueing and

fatalities in abalone populations occur during the warmer summer

months or during periods of abnormally high water temperature.

During this time the abalone may suffer heat stress and be prone to

blueing through a combination of higher levels of natural hemocyanin

and accelerated deterioration which may ultimately lead to the

formation of sulfide associated problems.

Our data has led us to conclude that Victorian bay abalone

differ from ocean abalone in the concentration of hemocyanin in the

hemolymph. In turn,Victorian abalone have on the average much less

hemocyanin/ml of hemolymph than the Tasmanian abalone population. It

is not within our area of expertise to suggest why this can be the

case, but rather to note that since we conclude that the degree of

blueing is related to hemocyanin concentration,it is likely that

Tasmanian abalone will be more prone to blueing than are Victorian

abalone.

Since blueing is reported more often from periods when seawater

temperatures are raised and/or when the animals have suffered stress,

it was a reasonable approach to explore the reaction of sulfide ion

with hemocyanin as one possible cause of the blue discolouration.

The hemocyanin sulfide complex

Extensive studies on the blueing of crabmeat have shown that a

reaction between hemocyanin and sulfide produces a stable 'blueish'

protein complex. Inoue and Motohiro (31-37) published a series of

papers that investigated the blue discolouration of canned crabmeat

and concluded that the hemocyanin sulfide complex was responsible.

Hydrogen sulfide has been shown to react with N. jc.u.bsr
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hemocyanin to produce a protein complex with similar chemical and

uv/visible spectrophotometric properties to that reported by Inoue

(33). The mechanism is thought to proceed via the coagulated

hemocyanin intermediate because it does not form unless the reaction

vessel is heated. This requirement implies that even denatured

hemocyanin is still reactive towards free and bound organic sulfides.

Once formed, the protein complex is insoluble in many common solvent

systems and the colour cannot be reversed by treatment with chemical

reducing agents such as metabisulfite (MBS).

The hemocyanin sulfide complexation proceeds under similar

conditions to those experienced during canning and is inhibited by

the presence of MBS. Reactants are readily available with many

sulfides forming part of the organic matrix. In addition, bacterial

degradation or putrification of the flesh can occur releasing large

amounts of hydrogen sulfide. Sulfides are also released by thermal

degradation of sulfur containing amino acids. Johnson and Vickery

(42) reported that up to SO^tig of hydrogen sulfide may be released

from 100 g of meat within the first four minutes of heating. This

reaction was shown to increase with pH and be catalysed by the

presence of aluminium and ferric cations which may be introduced

directly from a defective can wall surface or through the canning

process.

Artificial blueing of the abalone flesh was induced by the

addition of hydrogen sulfide to the abalone soup before processing

under standard canning conditions. The abalone portion showed

pronounced discolouration concentrated around the epipodium with

other areas being unaffected. However, the colour did not resemble

that of 'normal' canned blued specimens and was of an intense

green/blue colour more closely resembling the shade of New Zealand

specimens.

Sulfide determinations on canned blued and white flesh varied

but could not be correlated with the observed colour. A-lthough Inoue

(31) found higher levels of sulfides .in-blued meats, data from this

study indicate that even purified hemocyanin sulfide complex has an

organic sulfide content comparable to that of coagulated hemocyanin,
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making its detection in the flesh matrix unlikely by the analytical

method we have used.

It is possible that sulfide blueing may be responsible for the

intense green/blue colouration found in the low grade New Zealand

specimens but we conclude that this discolouration is completely

different to the blueing experienced by local animals.

These experimental observations would lead to the conclusion

that if a sulfide ion concentration developed in the flesh and

reacted with hemocyanin a discolouration would result. The intensity

of the colour, however, would be dependant upon both [S ] and

[hemocyanin] concentrations. More importantly this form of blueing

requires heat to form it and therefore would be observed after

canning. The reaction would involve denatured hemocyanin and could

occur throughout the flesh. The amino-acid content of abalone flesh

contains potential sources for the generation of sulfide ion,

particularly if stress releases taurine into the hemolymph and if

poor storage after capture caused the death of the animals. MBS

treatment can reduce the intensity or prevent this form of blueing,

but once the complex has formed it has no observable effect. The

colour cannot be extracted from the flesh of the frill suggesting

that the protein matrix binds strongly to the Hc-S complex. We

associate this form of blueing primarily with the frill.

Phenolase activity

A form of blueing was observed which penetrated throughout the

whole of the flesh and was unaffected by MBS treatment. This form of

blueing did not correspond to a sulfide - hemocyanin derived

discolouration since it was present already at the brining (pce-

canning) stage. Furthermore, the colouration could not be extracted

from the abalone flesh requiring that the complex be associated with

the protein matrix. This extensive form of blueing was brought to our

attention rather late in the project when we were provided with

suitably discoloured samples. It also seems to be the leasfc desirable

form of blueing from the Industry's point of view.
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Polymerisation of phenols has been investigated as a possible

cause of blueing in canned crabmeat. Babbit sfe a.1. (3) postulated

that the blueing of Caac.SE. ffla.g.iat.er. is due to the oxidation of

phenols to melanins. It was shown that the phenol oxidation reaction

is catalysed by the presence of ionic copper and optimizes at pH 8.0.

Phenols such as dopa and tyrosine were tentatively identified by TLC

(3) and the blood was shown to exhibit phenolase activity. Our study

indicates that N. rubber hemocyanin cafcalyses the oxidation of

dihydroxy phenols (dopa) but not tyrosine to any significant extent.

The data from our tests showed that a dark blue complex forms

between hemocyanin and dopa when heated to 50°C, under simalated

standard brining conditions. The enhanced blue complex had similar

oxidative/reductive properties as observed in the body fluids

obtained from heavily blued abalones. In particular the dopa-induced

colouration could be prevented by an MBS dip. However, after induced

blueing of the flesh by treatment with a dopa solution (in the

absence of MBS), the colouration could not be extracted from the

flesh (protein) matrix by procedures which were successful in

removing hemocyanin. Treatment of He with dopa led to the formation

of an intense blue/green solution. Gel permeation chromatography of

this solution showed that the colour was associated with the He

fraction and not with the low molecular weight protein fraction which

is also present in abalone hemolymph. Discolouration of the

hemocyanin/dopa mixture continued slowly on standing even after l00°c

treatment.

A major conclusion which can be drawn from these observations

is that a dihydroxyphenolase activity can be associated with abalone

hemolymph. The reactant is hemocyanin. Once the discolouration forms

in the abalone flesh it is bound strongly to the protein matrix

suggesting that the o-dihydroxy constituent is part of or becomes

part ofthe protein matrix thereby binding the hemocyanin to it in the

process of forming the complex.

Analysis of blued abalone samples

Abalone specimens were collected around the southern coast of

Tasmania and carefully monitored from capture through to canning and
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final analysis. Extremely blued samples were also collected off the

production line for extraction and analysis. The results suggest

that current commercial processing procedures concentrate the

hemocyanin at two separate stages.

Olley and Thrower(53) have shown that live abalone held in air

lose body fluids which had very little amino acid content initially

but eventually became a blue colour composed exclusively of

hemolymph. The abalone monitored were kept overnight in a salt/ice

bath and produced a two fold increase in hemocyanin levels. This can

be regarded as the first step in concentrating hemocyanin in the

hemolymph.

Further losses in body fluids and a concentration of the

hemocyanin occurred during the cleaning brine. Brine solutions with

greater than 4% salt led to loss of body fluids through osmosis,

mostly in the form of water, and brine cleaning may be regarded as

the second step in concentrating the hemolymph. Although no hemolymph

samples could be obtained from abalone after the brine washing. body

fluids extruded from the muscle during a subsequent freezing process

were analysed. The hemocyanin concentration of the fluid was almost

twice that of the highest recorded level in the hemolymph.

HPLC gel filtrafcion of the body fluids produced a large low

molecular weight absorption peak. This peak is usually an

unidentified minor component of the hemolymph but UV/Visible

spectrophotonietric analysis suggests that it may be phenolic in

nature. However, GPC separation of the dopa-treated hemolymph did

not appear to involve this protein fraction in the blueing

colouration. Our data show that the processing techniques are

providing the ideal situation for phenolic induced blueing in abalone

by concentrating the reactants (hemocyanin) and providing suitable

conditions.

Blueing as a consequence of the presence of oxygenated hemocyanin.

This is a form of blueing which occurs as a consequence of

hemocyanin binding with oxygen from the seawater and/or the air. This
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form of blueing is hemocyanin-dependant and hence is observed in

organs of the abalone which allow greatest exposure of hemolymph to

oxygen. It is reasonable to consider precanning blueing of the frill

in fresh and properly handled abalone to be due to this chemical

complex. An important property of the complex is that the colour can

be discharged by heating after about 60°C which is well below the

canning temperature of 100°C. The colour can also be removed by

dipping in a MBS solution. These observations are also reproduced by

solutions of isolated hemocyanin. The deep blue colouration often

observed in abalone after low temperature treatment in ice/salt

mixtures is probably due to this form of blueing. The colour is

accentuated because of the concentration of the hemocyanin-in the

hemolymph through loss of water.

A sample in which a deep blue stain was clearly apparent in one

section of the circulatory system of the abalone showed on analysis

to contain a high concentration of hemocyanin, and is almost certain

to be another example of this form of blueing.

This particular form of precanning, oxidative blueing is

normally not a problem in that the colouration will be reversed

either on heat treatment or by a reducing dip. However. because

hemocyanin is invariably left within the circulatory system which

itself extends to quite fine veins within the flesh, the blueing can

be 'fixed' by the canning procedure. In such cases further reactions

which we identify as sulfide-Hc and phenolase-Hc complexes can occur

through reactive centres in the protein matrix. These bind the

hemocyanin and hence the colour to the flesh.

Hemocyanin concentrations and possible mechanisms for prevention

Our data, whilst pointing to three distinct mechanisms which can

lead to a blue discolouration always involve hemocyanin. These

reactions also appear to centre upon the presence of copper metal. It

is known (from work in Dr.J.D.Smith's Laboratory. University of

Melbourne) that there can be other centres of accummulafcion of copper

in addition to hemocyanin. It is possible that the hemocyanin

provides a biological mechanism for distributing the metal throughout
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the animal's body which may aid concentration or dilution. From the

point of view of this Report, however, the invariable involvement of

hemocyanin copper points not only to a cause, but also to a mechanism

of prevention.

Treatments which concentrate hemocyanin in the precanning stages

are potentially deleterious to the quality of the canned product.

Removal of hemolymph and thereby hemocyanin as early after

capture as convenient would appear to be advantageous in that bled

animals will have a strongly reduced propensity to undergo subsequent

blueing. With a reduced He concentration, the forms of bluelng which

can become 'fixed' by canning will have a much lowered intensity of

colouration as a consequence.

More direct ways of preventing blueing by the use of reducing

dips do not show much promise. A brief survey of possible chemicals

to replace MBS usually led to the conclusion based on literature

comments, that possible alternatives leave an unacceptable flavour in

the abalone meat. Furthermore, such dips are predicated on the basis

that the blue discolouration is chemically reversible or reducable.

Whilst this is true of blueing due to oxygenated hemocyanin, it is

not true of blueing formed by sulfide or phenolase action. It is this

form of residual blue colour which is undesirable in the canned

product, and if the abalone is placed in the can already blued, i.e.,

after brining, it is probable that fche discolouration will persist,

albiet at a lower intensity even if a dip has been used.

The answer to the blueing problem would appear to lie with its

prevention. This involves careful handling and storage before arrival

in the factory and up to the brine-cleaning step. From the limited

information in the literature which can be taken over to the abalone

case, there is little doubt that stress factors will generate

chemical substrates in the plasma which will facilitate the

undesirable forms of blueing and which appear to become -'fixed'

during the canning treatment.

Finally, the obvious method of prevention is to bleed the animal
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soon after it has been caught. Whilst this procedure would not

disadvantage weight loss, because no hemolymph is exfcractable after

brine-cleaning and before canning, it does run up against current

legislation controlling the handling of abalones before they reach

the factory.
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Appendix A

A HISTOLOGICAL INVESTIGATION OF BLUED FRILL.

I. A histological investigation of blued Tasmanian abalone was

undertaken by Mr Chris Russel (Department of Zoology, University of

Melbourne), and is reported as Parts II and III of this Appendix. Blued

section of flesh were examined under an optical microscope using a variety

of different staining techniques and compared with similarly prepared white

tissue sections. An in-depth investigation of hemolymph and accurate cell

structural identification was difficult due to the poor quality of the -

samples, however, the study revealed definite differences between the white

and blued flesh.

Large numbers of unidentified bodies (UBs) were found throughout

the muscular tissue matrix of the foot muscle and the epipodium (see Fig.

Al, A2, A3). Comparisons of the different samples indicate that the UBs

are more prevalent in the New Zealand abalone (all blued) , with an

intermediate amount in the blued frill tissue, and almost totally absent in

the white tissues - which were used as a control. Examination of canned

blue and white abalone tissue sections produced a similar distribution that

seems to correlate the presence of these UBs to the observed

discolourations. A summary of the main features of the UBs is as follows -

(i) The UBs consisted of non-staining, spherical bodies, 6 to 10 ^m in

diameter in the blue (frill) tissue, and 10 to 18 ^m in diameter

in the "all Blue" (New Zealand) abalone tissue.

(ii) An encapsulating pellicle appeared to surround the bodies.

(iii) The contents of the bodies appear granular - the single granules

being approximately 1 to 2 p,m. in diameter.

(iv) The UBs appear to lack a nucleus.

(v) Many of the spherical bodies appear to have lysed, releasing their

contents into the surrounding tissues. Whether this is a result

of the tissue processing techniques or not is uncertain.
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(vi) It is probable that the UBs are trapped within the smaller blood

channels. In abalone, such blood channels exists as spaces within

the muscular connective tissue matrix of the foot and are

difficult to recognize in the distorted tissue investigated here.

Preliminary identification attempts from local sources (within the

University) were unfortunately unsuccessful. However, zinc and copper

containing amoebocytes have been reported to be concentrated in the gills

of green sick oysters (0. edulis) (21). It is thought that these cells

serve to detoxify the metals that may accumulate by active intake through

the food chain or passive osmotic diffusion from the environment. They- are

also thought to serve in a defensive role against bacterial infections

(11).

The processes of metal ion uptake from aquatic environments are

not well understood. It has been proposed that for some metals, the

concentration within the organism is directly equivalent to the environment

suggesting a passive uptake mechanism. Although many ions are essential

for most biological processes, the metals accumulated often exceed the

required amount many times over. Such accumulated excess metal must be

detoxified and stored in a form that can be moved around the animal for

utilisation or expelled from the animal. The poorly developed kidney in

bivalves such as oysters has led to the loss of metal-containing amebocytes

from the body surface as the major route of metal excretion.

Ruddell (59) found copper to be concentrated around wounded areas

of oyster muscle and proposed that metal bearing amebocytes play an

essential role in its inflammatory response. It was reported that 2-12

hours after making an incision in the oyster mantle, the areas directly

adjacent to the wound became a pale green colour which has been attributed

to the deposition of copper by cellular amebocytes. Hence, the presence of

green discolourations in oysters may be associated with a disease process.

It has not been confirmed whether the UBs observed here are

cellular amebocytes similar to those reported for other molluscs but the

existence of such mechanisms are likely. The extremely high levels of

copper in flesh found in blued abalone (see Section 6) and also noted by

Olley (52) would probably involve some sort of copper transport and storage
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other than hemocyanin. Little is known about the pathogenic defence system

of molluscs but the lack of a blood clotting mechanism suggests the need

for amebocyte-like cells. The amebocytes of C. gigas as described by

Lytton et al., (47) also show remarkable similarities in size and micro-

cellular features to those found in abalone. Further examinations under

electron microscopy of our samples did not prove to be practical.

In yet unpublished work by Dr J. D. Smith (Department of Inorganic

Chemistry, University of Melbourne) it has been found that copper tends to

be distributed more evenly throughout abalone flesh unlike some other

metals examined. This observation does not conflict with the likely

concentration of copper in the UBs which appear to be associated with blued

regions; it does help however to explain generalised blueing throughout the

flesh observed in some samples where phenolase activity can be suspected.

II. Materials and Methods.

The following samples of abalone underwent histological

investigation:

1. "Control" - white flesh.

2. "Blue frill" - blue discolouration of the flesh of the epipodium

and extending approximately 5 to 8 mm dorsally from the ventral surface of

the foot.

3. "All blue" - more intense discolouration of the flesh in the same

distribution as blue frill. In addition, a slight discolouration

throughout the remaining flesh of the foot and shell muscle .

4. "Canned blue" - specimens possessing discolouration approximately

that of "blue frill", but which have undergone the canning process.

5. "Canned control" - canned white flesh.
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Routine histoloev:

Pieces of tissue extending from the epipodium to the ventral

surface of the foot were dissected from each of the samples and thawed at

room temperature if frozen. Tissues were fixed in both Bouin's fluid with

3% NaCl and 10% formalin in sea water. Fixed tissues underwent routine

paraffin embedding, were sectioned at 10 /un, and stained with Delafield's

haematoxylin and eosin or Mallory's triple stain.

III. Results and Discussion.

Comparison of gross tissue morphology did not reveal any

recognizable differences between the blue and non-blue samples.

Investigation at this level was made difficult by the poor quality of the

tissues, with a large degree of cellular distortion and patchy staining

characteristics occurring. Such distortion, caused by ice crystal

formation within the tissue, made conclusions regarding differences in the

predominating muscular/connective tissue matrix difficult. To avoid such

ice formation in the future, tissues should be either snap frozen in liquid

nitrogen or placed in fixative when fresh.

Blood vessels and haemolymph:

Very little haemolymph remained in the blood vessels in the

prepared sections. This may be due to large amounts of blood draining from

the animals as a result of shell and viscera removal. When haemolymph was

visible, no abnormalities were observed, however the resolution of the

light microscope is too low for useful study of haemolymph - an electron

microscopic study would provide more information in this regard.

Smear samples of haemolymph exhibited large amounts of bacteria

within the plasma. The origin of the bacteria is most likely due to

contamination of the sample after extraction from the animal (pers. comm. -

Microbiology Department, University of Melbourne), however this coul-d be

further investigated by ensuring totally aseptic conditions from the time

of sample extraction to microscopic examination.
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Abnormalities in the discolured tissue :

The histologial study revealed large numbers of unidentified

foreign bodies (F. Bs.) throughout the muscular/connective tissue matrix of

the foot muscle and the epipodium. The F. Bs. were present in very large

numbers in the "all blue" tissue, were almost totally absent in the

"control" tissue, and were present in an intermediate amount in the "blue

frill" tissue. The F. Bs. were present in the "canned blue" but were

absent in the "canned control". Details of the F. Bs. are as follows:

- Distribution of the F. Bs. appears to correlate with the

distribution of the discolouration in the raw tissue - "blue frill" tissue

contained many more F. Bs. in the epipodium (frill) and in the region of

the ventral surface of the foot than deeper within the foot. The F. Bs.

within the "all blue" tissue was much more evenly dispersed.

- The F. Bs. consisted of non-staining, spherical bodies, 6 to 10

p,m in diameter in the "blue frill" tissue, and 10 to 18 /^m in diameter in

the "all blue" tissue.

- An encapsulating pellicle appeared to surround the bodies.

- The contents of the bodies appeared granular - the single

granules being approximately 1 to 2 fim. in diameter.

- The F. Bs. appeared to lack a nucleus.

- Many of the spherical bodies appeared to have lysed, releasing

their contents into the surrounding tissue. Whether this is as a result of

the tissue processing techniques or not is uncertain.

- It is probable that the F. Bs. are trapped within the smaller

blood channels. In abalone, such blood channels exist as spaces within the

muscular/connective tissue matrix of the foot and are difficult to -

recognize in the distorted tissue investigated here.
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- Identification attempts:

The lack of a distinct nucleus suggests that bodies are

prokaryotic, however they are too large to be bacteria.

The possibility that the F. Bs. were fungal spares of some type

was suggested, however this was ruled out following assistance from

Dr Harry Swart (Botany Department, University of Melbourne).

The F. Bs. may represent a stage in a parasitic life cycle, with

the nucleus not taking up stain. Parasites usually cause an obvious

disruption to the surrounding tissue, a phenomenon which has not occurred

in the tissues examined.

The possibility remains that the F. Bs. are a type of algae.

General Comments:

As the abalone apparently possessed, or were predisposed to, the

blue discolouration immediately after removal from the water, it appears

that some factor is affecting the abalone in their natural habitat. The

discovery of the F. Bs. in a distribution and abundance approximating the

degree of discolouration in the affected abalone strongly suggests that the

bodies are relevant to the condition.




