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95/082 & 97/307 Feasibility study to evaluate non-lethal measurements of health of
farmed tuna using biochemical methods and surrogate species

PRINCIPAL INVESTIGATOR: Dr. K.L. Soole
ADDRESS: School of Biological Sciences, Flinders University

GPO Box 2100
Adelaide SA 5001
Telephone: 0882012030 Fax: 0882013015

OBJECTIVES:
1. To compare biochemical methods of assessing the effects of pollutant stress in farmed southern

bluefm tuna (Thunnus maccoyii) with methods currently used. Methods include measurement of
adenylates and ATPase in fish tissue samples.

2. To evaluate methods of sampling fish or fish tissues which will reduce handling stress and

improve the predictive capacity of samples used to estimate farmed tuna health and stress levels.

3. To evaluate the use of the biochemical responses of other species (e.g. Australian herring -
Arripis georgianus, blue mussel - Mytilus edulis,jack mackerel - Trachurus declevis) which
cohabit with tuna in farm pens as surrogate indicators of stress experienced by tuna.

NON-TECHNICAL SUMMARY:

OUTCOMES ACHIEVED:

This project has successfully evaluated a variety ofbiochemical indicators of fish health to be
applied to aquaculture of southern bluefin tuna. In addition, the project successfully demonstrated

the potential for using common species as surrogate indicators of tuna health, reducing the need for
expensive quality assurance assessments in the harvestable resource.

^

The importance of these approaches to momtoring aquaculture species health is demonstrated in
other FRDC research projects, including those on oyster, tuna flesh quality, and prawn bycatoh
stress measurement. Following the wider dissemination of this report, it is anticipated that industry
and fishery managers will be able to use these data to further investigate health and product quality
in the aquaculture industry.

Aquaculture of various species is common worldwide. Wild caught southern bluefintuna are kept in
cages at Boston Bay (Port Lincoln, South Australia) until they reach marketable size or market
conditions are favourable for sale. Potential water contamination in Boston Bay may affect health

and value of tuna. Various indicators have been used to evaluate nutritional conditions, growth rates

and health status in fish. These studies generally fail to predict that fish health is compromised at a
stage when intervention may prevent further deterioration in health or quality. Biochemical markers

of the changes caused by envu'onmental stress are useful as a way of predicting ill health or poor
quality in farmed fish. In addition, the use of surrogate species in which the biochemical indicators
predict or parallel the responses in tuna reduces the need to use tuna for this testing.

Biochemical methods used in this study include measurement of tissue energy balance (liver and gill

adenylate energy charge [AEC], inosine monophosphate load [IMP load] and the ratio of IMP to
ATP in tissues), and the measurement of sodium/potassium ATPase (Na /K -ATPase, an enzyme

important in controlling water and salt balance). These were measured in tuna, Australian herring
and blue mussels in aquaculture nets at Port Lincoki in 1996 and 1997. Validation of the field

studies was performed using aquarium experiments, where Australian herring and blue mussels

were exposed to ammonia to simulate conditions of poor flushing of wastes from aquaculture nets.
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Gill ATPase in mussel and fish varied widely between monthly samples although this variation was
less marked in tuna. There was a general association between ATPase in cohabitmg fish and tuna,
and also between mussel and tuna. ATPase increased over the month following stocking of tuna
nets at the end of 1996 and this increase persisted until a decline between August and November

1997. The initial low level may have resulted from collection and transport stresses from which tuna
initially recovered. The later decline may represent an accumulated burden of stress over the 1997
season, or normal physiological and biochemical variation during this time.

AEC in tissues were generally low and displayed considerable variation, especially in gill. Tuna gill
AEC dropped to levels associated in the literature with poor health. la tuna liver, values were less
variable, but were at levels associated with sub-optimal conditions. This suggests that gill may be

more responsive to environmental stress than liver. Correlations between species, although based on

few data sampling points, indicate some association between values, suggesting this marker in

surrogate species may be useful as a predictor in tuna.

IMPL in tuna were highly correlated with IMPL in cohabiting fish species. This correlation was
better m liver samples than in gill. Similarly, ATP/IMP ratios in liver were relatively stable

throughout the sampling period and correlations between ATP/IMP in tuna liver and cohabiting fish
were stronger than those of gill, suggesting that these two indicators in surrogate species may hold
greater potential as predictors of tuna health and quality. There was no correlation between tuna and
mussel IMPL or ATP/IMP.

In aquarium studies, mussels with ammonia treatment had enhanced ATPase activity at low

ammonia concentrations superimposed by a reduction in activity at higher concentrations. A similar

pattern was seen in mussel energy balance. Generally, ammonia did not change ABC in mussel up
to 7 days exposure, but there was a slight, significant increase in AEC at 14 days. However, mussel
AEC was low in control animals (<0.5) suggesting that these changes may have been an artefact in
mussels already stressed by collection and handling. IMPL in mussels fell significantly in all
animals, including controls, within 2 hours of commencing ammonia exposure, and levels remained

depressed for the 14 day observation period. In Australian herring, ATPase was not consistently nor
significantly altered by ammonia treatment. GUI AEC declined after 7 days in all treatment groups
(including controls) and declined further at 14 days, ultimately reaching approxmiately 0.3 - 0.4
compared with commencement values of about 0.6. Liver AEC varied without any apparent pattern.

Gill IMPL declined in all groups at 7 days and did not recover by day 14, whereas liver 1MPL did
not change until day 14 when a statistically insignificant reduction was seen in all groups.

The project found that the biochemical indicators were highly sensitive to sampling and transport

procedures resulting in degradation. Sampling strategies have been identified that minimise these
effects, ensuring that data collected are representative of events occurring in the field.

The results from this project are not unequivocal, although they suggest that biochemical markers
may be useful as indicators of farmed tuna condition. In particular, ATPase, AEC and IMPL in

cohabiting fish may closely follow those in tuna, and may provide a basis for a predictive marker of
tuna condition and health status. While some of the field data demonstrated poor correlations

between markers in mussel and in tuna, others (e.g. mussel AEC vs. tuna liver AEC) were more

positive. Pilot experiments using mussels seeded onto tuna farm nets suggested that ATPase and
possibly other biomarkers may differ from these measurements in control mussels seeded onto
nearby structures. This suggests that biochemical events m mussel may be useful indicators of

environmental quality. Further studies based on this feasibility study are strongly recommended.

KEYWORDS: BlueHn tuna, Australian herring, blue mussel, jack mackerel,

biomarkers, adenylates, adenylate energy charge, Na /K -ATPase, IMP load.
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Background

Various indicators have been used to evaluate nutritional conditions, growth rates, and health status
in a variety of fish and shellfish species. These indicators have then been used to determine
improvements and decrements in fish quality or health. However, the majority of studies examining
negative impacts on health have concentrated on crude markers that indicate that detrimental effects

are already in evidence. They generally fail to predict that fish health is likely to be compromised at
an early stage when inter/ention may prevent further deterioration in health or quality. Biochemical
markers of the strain caused to fish by environmental stress are attractive in that these may occur

prior to more serious physiological consequences. Intervention at this point may pre-empt the
development of frank adverse effects.

Biochemical methods, which have previously been investigated in fish and other marine species,
include the measurement ofadenylates in various tissues, the estimation ofadenylate energy charge
(AEC) in these tissues, and the measurement ofsodium/potassium ATPase (Na /K. -ATPase). These
represent indicators of tissue energy balance and a key enzyme responsible for whole body
osmoregulation. The role ofinosine monophosphate (JMP, a metabolic precursor of the adenylates)
has also been investigated with IMP load (IMPL) and the ratio ofATP to IMP being used to
evaluate further the validity of these energy-dependent indicators as biomarkers of stress-response.

Adenylates

These represent the pool ofmetabolic energy stored iti tissues as adenosine nucleotides (adeaosine

mono-, di-, and tri-phosphates; AMP, ADP andATP). Depletion of tissue levels of these
components or impairment ofadenosine nucleotide synthesis will result in a reduction of available

energy and will compromise physiological functions. The role ofinosine monophosphate (IMP), a
metabolic precursor of the adenylates, has also been investigated, with IMP load and the ratio of
ATP/IMP being used to evaluate further the validity of these energy-dependent end-points as
biomarkers of stress responses in fish.

Adenylate energy charge (AEC)

AEC is indicative of the metabolic energy available to organisms from the adenosine nucleotide

pool. This energy is primarily available as ATP, although there is some energy available from ADP.
Hence, the AEC is estimated as ([ATP] + 0.5 x [ADP])/([ATP] + [ADP] + [AMP]), and represents a
weighted estimate of energy status in tissues. The values for AEC can range from close to 1 in

imstressed animals, to 0.4 - 0.5 in animals whose energy status is compromised. Previous work in

molluscs (1) and fish (2) have suggested the potential of this measure as a nonspecific indicator of
the response to a variety of environmental stresses.
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Na/K¥-ATPase

This enzyme is the prime mediator of ion transport across epithelial membranes m gills, and is a key

euzyme for whole body osmoregulation m aquatic animals (3). Specific activity of this enzyme in
gill tissue, the main organ ofosmoregulation, has been selected for this project because of its
potential as a reliable indicator ofmetabolic competence in marine organisms. Contaminated
environmental conditions have been shown to produce an inhibitory effect on the activity of this
enzyme (4,5). The sampling technique is non-lethal, requiring the collection of only a small amount
of tissue, permitting the release of animals after sampling. This allows comparative measurements

to be made on individual fish on a number of occasions.

IMP load

IMP load (D.4PL) is determined by the ratio of the concentration of IMP to that of the adenylates
combined (i.e. IMPL = [IMP]/([ATP] + [ADP] + [AMP]) (6) and represents a breakdown product of
AMP which allows the maintenance of a high ABC under stress conditions.

ATP/IMP ratio

This is the ratio of the highest energy store to its precursor and represents an overall energy balance
marker that varies under the influence of a variety of stressors including handling stress and storage

(7).

Each of these assays, or a combination of them, is potentially useful as a method to evaluate the
effects of stress in fanned fish. The stresses that are likely to be important in the farming of southern
bluefin tuna (Thunnns maccoyii) include overcrowding due to high stocking densities, poor flushing
of cages and the accumulation of excess nutrients and fish waste products, and environmental

contamination such as sewage effluents and urban or rural run-off.

In some cases, such as where the target species is rare or valuable, or there are other reasons
preventing sufficient numbers to be collected for analysis, the health of alternative species may be
investigated as surrogate indicators of the health status of ecosystems or specific ecosystem

components. The authors have previously earned out a study ofbiochemical and cytogenetic effects
measured in whiting and mullet in South Australian gulf waters, and found that these indices were

associated with environmental stresses such as industrial pollution, urban and agricultural run-off,
and sewage treatment effluents (2). Hence the examination of these biochemical indicators in

species cohabiting with tuna in farming cages (such as Australian herring, Arripis georgianus, jack
mackerel, Trachuris declevis or blue mussel, Mytilus edulis) may provide an indirect method of

assessing tuna health.

Need

Reduced quota levels and the need to value add the tuna caught has seen the development of

methods for farming tuna in Boston Bay at Port Lincoln. Fish caught from the wild are transferred
to holding pens in Boston Bay where they are maintained until they reach a size suitable for sale or
until market conditions are favourable for sale. The water quality in Boston Bay is affected by a
variety of potential contamination sources, mcludmg treated sewage emissions from Port Lincoln,

urban and agricultural run-off, and in the areas of the holding pens by nutrients released from the
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fish feeds and fish excreta. These factors may affect the health of growing tuna, causing them to be
more susceptible to infection, and reduce tibe quality of their flesh hence reducing their market
potential.

la 1993, when the market value of Port Lincoln farmed tuna was over 30 million dollars, 2.5% of
the farmed animals were lost due to disease mortality. In 1994/5 up to 10% of animals in some nets

died. Assuming an average loss of 5% this represent a potential loss of over 5 million dollars (of an
estimated market value of 50 million dollars per annum) over this period. la addition, there is a
perception amongst consumers that farmed fish are of poorer quality than wild caught tuna. This
difference m quality may be due to stress-related factors associated with their confinement.

Present methods of assessing fish health result in high mortality of fish which are caught and
returned to the pens, or require sampled fish to be killed, further reducing the yield of the farming
process. Non-lethal and less stressful methods of assessing tuna health and environmental quality

need to be developed to allow fish to be harvested before any deterioration occurs. This may be
achieved by either improving capture and restraint procedures and sampling techniques to reduce

mortality in the sampled individuals, or by use of alternative surrogate species in which fhe selected
indicators predict or parallel the responses in the target species. This project is an experimental
approach to the development of indicators that may in future be used in the evaluation of alternative

farm management protocols.

The approach described in this project also complements other research protocols, such as

investigations of disease or nutrition in farmed species, and may provide a method of assessing
stress in fish associated wifh disease or nutritional status.

Objectives

1. To compare biochemical methods of assessing the effects of pollutant stress in farmed southern
bluefin tuna (Thunnns maccoyii) with methods currently used. Methods include measurement of
adenylates and ATPase in fish tissue samples.

2. To evaluate methods of sampling fish or fish tissues which will reduce handling stress and
improve the predictive capacity of samples used to estimate farmed tuna health and stress levels.

3. To evaluate the use of the biochemical responses of other species (e.g. Australian herring -

Arripis georgianus, blue mussel - Mytilus edulis, jack mackerel - Trachurus declevis) cohabitmg
with tuna in farm pens as surrogate indicators of stress experienced by tuna.

Methods

Phase 1 -field studies

During 1996, tissue adenylates, AEC and Na/K-ATPase levels were measured in gill and livers of

cohabiting fish species (Australian herring, mackerel) and gill of blue mussels from tuna nets.
Groups of 10 - 20 fish and mussels were intended to be collected from tuna nets at intervals of 4 - 6

weeks, coinciding with tuna harvesting or sampling operations. At times, operational factors
superseded collection of research samples. Gill and liver samples were also obtained from harvested

or sampled tuna. During the 1997 season, samples were collected from tuna, mussels, and on a few
occasions from cohabiting fish species.
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Collection methods

Cohabiting fish were caught by hand line, rapidly brought into the boat and killed immediately by a
blow to the head. Gill and liver samples were excised immediately and frozen using liquid nitrogen-

cooled tongs. Tissues were placed into aluminium foil packets, labelled and stored m liquid
nitrogen. Mussels were sampled from nets by hand, were opened in situ, and mantle frozen, labelled
and stored as for fish samples. Tuna were rapidly brought aboard the boat, were pithed with a spike
in the head, and gill and liver immediately excised, frozen, labelled and stored as before. All

samples were transported by road under liquid nitrogen to Flinders University for biochemical

analysis. Samples were stored at -80°C until analysis.

Phase 2 - aquarium studies

During 1996, Australian herring and blue mussel were collected from control sites remote from
aquaculture sites at Boston Bay. They were transported to the West Beach laboratories of SARDI
where they were transferred to indoor holding tanks. Fish and shellfish were kept in 300 -600 L
tanks with a constant supply ofsand-filtered seawater (5 L/min). Animals were fed daily with 4 mm
formulated pellets (Australian herring) or mixed algal culture (mussel). Groups of 5 fish were
transferred to 40 L tanks and groups of 10 mussels were transferred to 20 L tanks and exposed to

various environmental conditions (elevated ammonia, reduced oxygen) for 1, 7, or 14 days. After
animals were fed their daily allowance, half of the water m the experimental tanks was replaced
with freshly treated seawater. After their exposure to experimental conditions, herring were netted

and mussels obtained by hand. Tissue samples were collected as in phase 1 and were transported to
Flinders University for analysis.

In 1997, aquarium studies ofammonia exposure in Australian herring were repeated. Exposures
were made at 0,1 and 5 mg/1 with exposure periods of 2 hour, 7 days and 14 days.

Analytical methods

Tissue adenylates

Tissue samples were pulverised, homogenised and centrifuged with all tissue handling steps carried
out as expediently as possible and with all tissues maintained in liquid nitrogen to prevent decay of
adenosine nucleotides. Adenylates were extracted, buffered and measured by HPLC using the
method ofStocchi et al (1987) (8)

AEC

This was estimated from the tissue concentrations ofadenosine nucleotides measured by HPLC as
described above. AEC was determined according to the relationship

AEC = ([ATP] + 0.5 [ADP]) / ([ATP] + [ADP] + [AMP])

described by Haya and Waiwood (1983) (5).
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ATPase

ATPase in extracted tissues was measured by the colorimetric assay of Tucker and Matte (1980) (9),
m the presence and absence ofouabain, a specific inhibitor ofNa/K-ATPase. The results were

expressed relative to protein concentrations measured in tissue extracts using the method of

Bradford (1976) (8).

IMP load and ATP/IMP

IMPL and ATP/IMP were determined in tissues following quantitation ofadenylates and IMP by
HPLC as described above. IMPL was determined according to the relationship

IMPL = [IMP] / ([ATP] + [ADP] + [AMP])

described by Caldwell and Hinshaw (1994) (6). ATP/IMP was the molar ratio of these materials in
tissues (10).

Statistical analysis

Data from sample groups were analysed using GraphPad Prism 2.01 for Windows 3.1 (GraphPad
Software Inc, San Diego CA). Data were tested for normality and were analysed using analysis of
variance followed by Tukey's post hoc test to determine differences between groups. Correlation

analysis used a simple linear model (Pearson r), where r represents the proportion of variation in
the Y variable explained by changes in the independent variable (X axis). For example, an r^ of 0.81

in a correlation of gill AEC in herring with gill AEC in tuna indicates that 81% of the variation in
the herring data is explained by variations in the tuna data.

Results and discussion

General

Project 95/082 was to have commenced in July 1995 and original milestone dates were based on
this. Funding from FRDC was delayed until November 1995 and changes were made to the
milestone dates as a result. With this delay, tuna nets were empty at the start of this project and
Phase 1 was not commenced. This time instead was spent on assay development and validation,
logistic details of sampling, freight, and analysis were worked out, and additional planning and

coordination included visits by the research group to Port Lincohi to meet with TBOA staff and

examine facilities. The projected date for conclusion of sampling and analysis was shifted to 30
March 1997. Further funding was granted by FRDC (97/307) to continue the project for a further
season, and to finalise aquarium studies being performed as part of ongoing BSc honours projects at
the School of Biological Sciences, Flinders University.

Major achievements

• The assay for ATP, ADP and AMP was to have been by a colorimetric technique, requiring a

separate assay for each of the adenylates measured. We have developed a high performance
liquid chromatography assay for simultaneous automated measurement of these adenylates. This
assay also permits the simultaneous measurement ofinosine monophosphate (IMP), which is an

important precurser for ATP, ADP and AMP synthesis and maintenance.
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• Establishment of an assay for ATPase and its stability, and reliability. While this assay has
proven reliable we hope in future to modify if so we can use the same HPLC technique as that
used for measuring ATP, ADP and AMP. This will streamline analyses in further studies.

• Analysis of tissues from tuna, cohabiting fish species and mussels from the 1996 and 1997 tuna

farming seasons. These have been correlated and seasonal changes have been noted in the
biomarkers examined.

• Changes in B/EPL, AEC and ATPase in tuna were associated in the 1997 season with capture
and transport stress. Further changes in these markers in tuna, mussel and cohabiting fish

species may have been related to environmental stresses or to seasonal physiological changes.

• Useful correlations were observed between IMPL, AEC and ATPase in tuna and cohabiting fish
species. The approach to monitoring farmed tuna stress responses using data collected from

surrogate species, cohabiting in tuna nets, appears promising and may provide the basis for
predictive markers of stress response in fanned tuna.

• Biochemical markers m mussel may be useful as indicators of environmental conditions in nets
of farmed tuna.

Progress against milestones

(i)Phase 1 (Originally 1/10/95, revised to 1/12/95 with agreement ofFRDC)

Phase 1 measurements were incorporated in the design as part of Phase 2 studies, and were
measured during the course of the project.

(ii)Phase 2 (Originally 1/3/96, revised to 1/5/96 with agreement ofFRDC)

It was planned that Phase 2 would begin m April 1996, as harvesting operations from tuna nets
began. Sampling was to be on a 6 weekly cycle. In April 1996 the tuna aquaculture industry at Port
Lincoln suffered a major setback when a severe storm caused adverse conditions in Boston Bay
which resulted in the death of 70% of tuna stocks. We had to redefine the samplmgplan in the light
of reduced fish stocks and a delayed harvesting program. Sampling resumed in June 1996 with

samples being collected on a 4 weekly cycle. This sampling regime was continued until the end of

the 1996 season. (November/December 1996). Further funding (97/307) permitted sampling from
tuna nets to continue until November 1997.

(iii)Phase 3 (Originally 1/11/96, revised to 1/1/97 with agreement ofFRDC)

Mussel aquarium studies began in April 1996, examining the influence of environmental factors on
biomarkers. Factors examined were temperature, salinity, nitrate levels and reproductive status of
mussels.

Aquarium studies ofcohabitiug fish species and their response to these environmental factors are
have been completed, but the inconclusive nature of the results led us to believe that these studies
should be repeated in 1997. These studies were performed by BSc Honours students at the School of
Biological Sciences, Flinders University in 1997 and 1998.
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Scientific findings

1. Gill ATPase - This is shown in figures la and Ib with data for samples from tuna, mussel

and cohabiting fish species represented. These show wide monthly fluctuations in ATPase,

although this variation was less marked in tuna. Statistically significant elevations m tuna

ATPase were seen only m June 1996 and May 1997. These may represent seasonal
fluctuations in ATPase activity. It is unclear whether this was a consequence of the earlier
storm and its associated high mortality or to normal seasonal physiological events.

Seasonal variation ofATPase in cohabiting fish species was most marked, with significant
elevations in winter 1996. The seasonality of this response in Australian herring and

mackerel could not be confirmed in 1997 due to reduced sampling activity. ATPase levels
in cohabiting fish species were greater than those in tuna in winter 1996. ATPase activity,
measured here in tuna, Australian herring and mackerel, was similar in magnitude to levels

measured in wild fish (yellow eye mullet) in South Australian waters (2).

Correlations between ATPase in cohabiting fish and tuna, and in mussel and tuna were

generally poor, both in 1996 and 1997 seasons and in the combined 1996/1997 seasons
(figures 1c, Id, Ie and If), the outlying value (June 1996) represents samples collected
soon after the severe storm of 1996. This data point may be unrepresentative, and its
omission substantially improves the correlation between data (e.g. fig Ie. Pearson r
changes from 0.231 to 0.582). One explanation for the unrepresentativeness of this point
may be that the tuna, captive in the nets at the time of the storm, were more severely

affected than the cohabiting fish species (that were able to leave the nets to seek shelter)
and the mussels (able to close and survive under anaerobic conditions for substantial

periods). Alternatively, June 1996 samples were the first to be collected in this project and
sample quality and viability of results may be suspect. Notwithstanding these concerns, it

appears that the predictive capacity ofATPase in cohabiting species with respect to
ATPase in tuna is reasonable, but requires further investigation to be developed as a useful

field marker.

2. AEC in gill (figures 2a and 2b) - This was quite low in gill of some species and displayed
quite a lot of variation. In tuna, this dropped to levels associated in the literature with poor

health. In tuna liver (figures 2c and 2d), values were less variable, approximating 0.6 -
0.75; levels associated with sub-optimal condition. AEC in liver and gill ofcohabiting
species were also generally low (between 0.25 and 0.60) with occasional mean values
around 0.75. These values were considerably below those reported by Hamann et al (2) in

wild fish from South Australian waters exposed to urban and industrial outflows. This
parameter is most sensitive to tissue collection and storage conditions. Although the liver

tissue collection in particular required dissection of the tuna, the sample was still rapidly
obtained after tuna were removed from nets (i.e. within 45 sec). Correlations between

species (figures 2e to 2h) indicate some association between values, suggesting this marker
may be useful as a biomarker in tuna. The correlations may have been skewed by the

extreme conditions during the period when tuna mortality was high, although samples were
not available from that time for comparison. Correlations were generally improved by the
omission of the data from June 1996.

3. Variations m JMPL are shown in figures 3a, 3b, 3c and 3d, and the correlations between

IMPL in tuna and in cohabiting fish and shellfish are shown in figures 3e, 3f, 3g and 3h.
IMPL and AEC are not independent. It appeared that as tuna gill AEC varied in monthly
samples, IMPL varied in the opposite sense. That is, the changes in D/GPL were mirror
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images of the changes in AEC. This may be a consequence of the role of IMP as a regulator
ofAEC by the deamination of AMP (12). Although depression of AMP m favour of IMP
occurs in crustacea only at high levels of stress (11), this reduction of the adenylate pool
occurs in exercising vertebrates as a means to remove inhibition of enzymes by AMP (12,

13). Changes in IMPL in tuna were also highly correlated with IMPL in cohabiting fish
species. This correlation was better in liver samples than in gill, especially when the

outlying values from June 1996 were censored (e.g. Pearson r for liver IMPL in tuna and
cohabiting fish changed from 0.895 with June 1996 data to 0.935 without). There was no
correlation between tuna IMPL and mussel IMPL.

4. ATP/EMP ratios (figures 4a to 4d) and their correlations between species (figures 4e to 4h)
are shown. ATP/IMP ratios in liver were relatively stable throughout the sampling period,

excluding samples from tuna in June 1996, and from Australian herring in August 1996.
Gill sample data were more variable during the same period. Correlations between
ATP/IMP in gill of tuna and cohabiting fish were weak (Pearson r = 0.547) whereas those
in liver were strong following censoring of June 1996 outlying data (Pearson r = 0.963).
Mussel ATP/IMP data did not correlate with those in either gill or liver of tuna.

5. Aquarium studies were performed to investigate the effect ofammonia on these
biochemical markers in Australian herring and mussel. Ammonia ta'eatonent resulted in

sporadic changes in ATPase in mussel, most of which were not statistically significant. The

main observation (figs 5, 5a), reproduced in other studies, was an enhanced ATPase
activity at low ammonia concentrations (1 mg/1) superimposed by a reduction in activity at

higher concentrations (5 mg/1). Generally, ammonia did not change AEC in mussel up to 7
days exposure (figs 6, 6a), but there was a slight, significant increase in AEC at 14 days.
However, mussel AEC was low in control animals (<0.5) suggesting that these changes
may have been an artefact in mussels already stressed by collection and handling. IMPL in

mussels (figs 7, 7a) fell significantly m all animals, including controls, within 2 hours of
commencing ammonia exposure, and levels remained depressed for the 14 day observation
period. ' '

In Australian herring, ATPase was not consistently nor significantly altered by ammonia

treatment (figs 8, 8a). Gill AEC (figs 9, 9a) declined after 7 days m all treatment groups
(including controls) and declined further at 14 days, ultimately reaching approximately 0.3
- 0.4, compared with commencement values of about 0.6. Liver AEC (figs 10, lOa) varied
without any apparent pattern, although there was an initial, concentration-dependent
decline in liver AEC in all groups at 2 hours. Gill IMPL (figs 11, 1 la) declined in all
groups at 7 days and did not recover by day 14, whereas liver IMPL (figs 12,12a) did not
change until day 14 when a statistically insignificant reduction was seen in all groups.

These data support the field data observations that biochemical markers in gill may be
more responsive to environmental stresses than the same markers in liver. The data are also
consistent with the biochemical model in which IMP mediates the attenuation of changes
inAEC.

6. Other studies were conducted by BSc Honours students at the School of Biological
Sciences, Flinders University, that were complementary to the investigations performed in

this project. Westcott (1996) (14) showed that mussels seeded onto tuna farming nets had
significantly lower ATPase than mussels of the same age and size seeded onto a marker
buoy over 100 metres from the tuna nets. This work also showed that in the mussels seeded
onto the tuna nets, those attached to the inner ring of the net had lower ATPase than those
attached on the outer side.
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Baker (1998) (15) determined the conditions under which various tissue samples could be
taken from fish (Australian herring) exposed to an acute stressor (capture from the wild by
hook and line) such that tissue AEC and IMPL values were not compromised (figs 13,
13a). By sampling groups of fish at various times up to 30 minutes after capture it was
determined that:

liver AEC was significantly decreased (by up to 50%) after only
10 minutes of confinement (no shorter time period tested)
5 minutes ofanaesthesia using benzocaine solution

10 minutes after fish were killed immediately following capture

liver IMPL was
not significantly affected by confinement stress or anaesfhetic (although there
were trends for both to increase with time)
was significantly increased at 30 minutes post-mortem

gill AEC and IMPL were not affected by 30 minutes of confinement stress

The conclusions taken from this study were that for Australian herring:

capture and handling stresses need to be minimised to avoid possible confounding

effects on AEC
IMPL is not as labile as AEC and thus there is a greater window available to take
samples for analysis of in situ levels
there are marked differences between tissues in responsiveness to stressors.

7. The sampling strategies adopted in this project were sound, but were limited by the
sometimes conflicting demands made on personnel. In particular, samples were collected

by a field officer at Port Lincoln, whose major duties were directed at other projects
involving measurements and samples taken from farmed tuna. This dilution of effort, while

unintended, may have compromised fhe quality of the data collected for this project.

Secondly, sample quality may have been degraded during transport to the laboratories at
Flinders University. Although samples were freighted in liquid nitrogen, in some cases
samples arrived at Flinders University after being spilled or after liquid nitrogen had
evaporated. Any further studies of this type would now avoid these difficulties as Flinders
University personnel are now stationed at Port Lincoln and these staff are able to

coordinate and perform field sampling procedures. In addition, development of extensive

laboratoiy facilities at the Flinders University Marine Science Centre means that HPLC and
euzymatic analyses of samples are able to be performed locally. Hence samples can be
processed promptly, mimmising the potential for degradation of sample components.

8. The results from this project appear equivocal, although they suggest that the biochemical
markers may be useful as indicators of fanned tuna condition. In particular, ATPase, AEC

and IMPL in cohabitmg fish may closely follow those in tuna, and may provide a basis for
a predictive marker of tuna condition and health status.

Specifically;
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• Mussel ATPase data are as good as gill ATPase in cohabiting fish
species, and these are reasonably correlated with this marker in tuna.

• Correlations between mussel AEC, IMPL and ATP/IMP and the
corresponding marker in tuna are poor.

• Correlations between ABC, JMPL and ATP/IMP in cohabitmg fish
species and the corresponding marker in tuna indicate that these markers
have promise as surrogate indicators of tuna condition. This is
particularly true of liver-derived measurements.

Biochemical measurements in gill appear to be more responsive to
external stresses than those in liver, and these may provide markers of
short-term changes in environmental conditions.

Of the available biochemical measures, TMPL appears to be the most
indicative ofstress-response in tuna.

•
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Figure 6a. AEC in mussel exposed in aquaria to ammoaia over 14 days
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Figure lOa. Liver AEC in Australian herring exposed in aquaria to ammonia over 14
days (enlargement of plot to day 1)
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Figure 12a. Liver IMPL in Australian herring exposed in aquaria to ammonia over
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Benefits

This was a feasibility study to develop and evaluate techniques that will be applicable to a wide
range ofaquaculture industries in which the health of farmed species maybe periodically assessed.
This includes fish and mollusc aquaculture industnes in all Australian states.

The biochemical measures described here may allow detrimental effects on farmed species to be
detected at an early stage. This will permit remedial steps to be taken to reduce stress or to harvest
aquaculture stocks before their condition deteriorates and reduces their market value.

This project also describes an approach in which surrogate species, cohabiting in nets and pens wifh
aquaculture stocks, may be used as indicator organisms to predict detrimental effects in target

species. This reduces losses ofaquaculture stock in sampling and analysis procedures.

Further development

The variability in the results of this feasibility study were in part a consequence of a variety of
factors beyond the control of the investigators. Most notable of these was the high tuna mortality in

April 1996 which interrupted sampling programs and may have influenced the parameters under
investigation. However, the data appear promising in terms of the establishment of surrogate
biomdicator programs to monitor the health of farmed tuna, and possibly other species. Specific

further studies should include;

• Further monitoring studies using the field protocols of this feasibility study as a model. They
should concentrate on establishing the specific relationships between markers in tuna and in

cohabiting species.

• A biochemical or physiological marker of tuna flesh quality must be incorporated into the
experimental design to allow the objective analysis of the performance of the biochemical
markers as predictors of stress responses in tuna. Current work by Finders University staff at
Port Lincoln aims to investigate some of these potential parameters in tuna muscle.
Combination of these 2 projects would result in exciting outcomes in this area of research.

• Analysis of biochemical markers at the Flinders University laboratories at Port Lincoln,
reducing the potential for sample spoilage in transport to Adelaide.

• Environmental studies ofmussel responsiveness should be better coordinated with mussels
seeded onto tuna farm nets and control sites for convenient sampling throughout the tuna
farming season.

The ultimate benefit of this work will rely upon identifying and quantitating the relationships
between biochemical markers in surrogate species cohabiting with farmed tuna and similar markers
in the tuna themselves. These biochemical markers in tuna will also need to be correlated with

outcome measures more directly applicable to the tuna farming industry. Cmde markers, such as
market value at the time of harvesting or mortality in nets, are likely to be insensitive to the

physiological changes experienced by the tuna at a time when intervention may improve fish
quality. Therefore, markers of tuna quality, relating to the commercial and aesthetic status of the

fish, must be explored.
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Planned outcomes

The development of this approach to monitoring health of farmed tuna may be applied to a wide
range of other aquaculture species. In particular, the identification of factors affecting integrity of
field samples used for biochemical analysis of environmental stress has resulted in the development

of improved sampling and handling protocols that are cuirently being applied to research projects
mcluding those investigating tuna flesh quality, environmental stresses and oyster quality, stress in
prawn bycatch and stress responses m farmed mussels and abalone. This report, and associated
manuscripts submitted for publication in the scientific literature will provide a valuable resource to
investigators m this area of research.

Wider disseminatioa of the findings of this report, through industry publications and primary
industries agencies of State and Commonwealth governments, will also lead to a better

understanding by industry and fisheries managers of the usefutoess of this approach to monitoring

condition and health of the aquaculture species. This may be especially true of the innovative use of
surrogate species as indicators of the health of the target species, reducing the need for destructive
testing ofharvestable resource.

This project has identified specific issues that must be considered in a surrogate monitoring

program, including verification of the capacity of the biomarkers in surrogate species to predict
health outcomes in the target species. This requires understanding ofinterindividual and seasonal
variations in target species and their influence through appetite, condition factor, stocking density
and other factors upon the measured stress indicators. Similar seasonal and individual changes in
the surrogate species must also be investigated.

Conclusion

This project aimed to compare biochemical methods of assessing the effects of pollutant stress in
farmed southern bluefin tuna with methods currently used. Proposed methods included the

measurement of markers of tissue energy balance (tissue adenylates, adenylate energy charge, IMP
load and ATP/IMP ratios) and Na+/K -ATPase in samples collected from tuna. It was observed

early in the project that the use ofcapture-sample-release methods for monitoring health markers in
tuna was labour intensive, time consuming, and stressful for sampled tuna, with a consequent risk of
adverse quality outcomes. Destructive sampling of tuna, where samples were collected from fish

that were then processed for market was also seen as undesirable, since sufficient tuna samples were
required to gain a representative estimate of stress levels with a corresponding negative impact on
yield from the tuna nets. While these sampling procedures may be coordinated with harvesting
operations from May/June each season, this coordination is unlikely during the early pre-harvest

part of the season.

The second aim was to evaluate methods of sampling fish or fish tissues which will reduce the
observed handling stress and improve the predictive capacity of samples used to estimate farmed

tuna health and stress levels. This subsidiary aim was partly successful, as the method of tuna tissue
sampling was refmed to reduce the time tuna were handled prior to pithing and tissue sample

collection.

The major aim of the project was to evaluate the use of the biochemical responses of other species

(e.g. Australian herring - Arripis georgianus, blue mussel - Mytilus edulis, jack mackerel -
Trachurus declevis) which cohabit with tuna in farm pens as surrogate indicators of stress
experienced by tuna. These would then provide an inexpensive pool of subject animals, ia which
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stress biomarkers would predict adverse impacts in tuna. This was achieved by demonstrating that
changes in AEC, IMPL and ATPase in cohabitmg fish species correlated with these same
biomarkers in tuna. Within this part of the project, a HPLC method for simultaneous analysis of
adenylates (AMP, ADP, ATP), IMP and their metabolic precursors in fish and shellfish tissues was
refined and will provide a useful and inexpensive biochemical marker of stress responses m a range

of species.
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Appendix 1. Intellectual Property

The value of intellectual property of this project rests in the strategy and methodology of monitoring
aquaculture species' health using a combination ofbiochemical indicators and surrogate species.

The generation of intellectual property and uses for the strategies developed during the project will
be assessed in future research.
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