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From what little IS kt'lowr'I about the If'\habltants of South Africa before the 

arrival of the San (Bushman) arid Khol (Hottentot) people, It appears that the 

manne fa una wos one of their prlll"pol food sources. The f inding of large 

mounds of shells of edible molluscs, ,"eluding abalone, led to th~e people being 

called ' Shellmound Man" (Sruttaford , 1997) The Kholsan style painting of a 

hunter-gathering fisherman on one of the experimental IDllks used in the 

present study symboliSes one of these flfst people to consume abalone. The 

markings In the middle represent t he three size classes of olxl loftt; investigated 

In the present study and symbol of HahOfl$ mldoe featuN:S on the right. Insert 

A~l olle HohoflS mldoe. 
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Abstract (for abstracting services, < 350 words) 

Toxicity of ammonia, which can reach toxic levels in aquaculture systems, was investigated 

for Haliotis midae. Toxic FAN (free un-ionized ammonia) was estimated from TAN (total 

ammonia nitrogen) measurements. It was found that commonly used Nesslers and Palintest 

methods underestimated TAN. Tolerance of H midae to ammonia increased with increasing 

size, as indicated by 36 h LC50 values; farmed juvenile abalone (1 - 2.5 cm shell length) had 

the smallest LC50 of 9.8 f,lg rl FAN, whereas LC50 was 12.9 f,lg rl FAN in wild cocktail 

abalone (5 - 8 cm), and 16.4 f,lg rl FAN in wild brood stock abalone (10 - 15 cm). H midae 

was found to acclimatize to ammonia (LC50 14.8 f,lg rl FAN) at sub-lethal concentrations, 

with this LC50 value for acclimatized wild cocktail-size abalone being 2.0 f,lg rl FAN greater 

than for non-acclimatized abalone. Ammonia tolerance was greater in farmed (LC50 37.9 f,lg r 

I FAN) than wild (LC50 12.7 f,lg rl FAN) H midae, with a three-fold difference between the 

two LC50 values. Growth of farmed juvenile H midae was inhibited during chronic exposure 

to sub-lethal FAN (7.4 f,lg rl), with mean ± s.d. specific growth rates (0.10 ± 0.03 % dol) 

reduced to 59 % of that in a control group (no added ammonia) (0.24 ± 0.06 % g dol). Heat 

shock proteins (HSPs) and/or P- glycoprotein (P-gp) could be responsible for increasing 

tolerance to ammonia in H midae. Immunological assays showed increase of a ~257 kDa 

protein in the gills after ammonia exposure but not after heat shock, indicating the presence of 

P-gp in H midae. It appeared that HSP 90, HSP 70 and HSP 60 could be implicated in both 

temperature and ammonia tolerance, whereas HSP 27 was solely up-regulated during heat 

stress. Chronic effects of ammonia on farm production were assessed using two growth 

models, which indicated that abalone yield could be reduced to 20% of normal yield (no 

ammonia stress) for sustained chronic exposure. It was proposed that HSPs and/or P-gp could 

be used as biomarkers indicating ammonia stress in farmed animals. 
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Summary 

Ammonia is the major end-product of protein catabolism in abalone, and is excreted into the 

surrounding water. Build-up of ammonia in abalone aquaculture systems can reach high toxic 

levels and impact negatively on farming operations. Ammonia levels therefore have to be 

regulated. Accurate estimates of toxic un-ionized ammonia (FAN) from the total ammonia 

nitrogen (TAN) measured by photometer test kits is crucial as inaccuracies could result in 

major losses of abalone on the farms. The accuracy and applicability of two frequently used 

photometer test kits (the Nesslers method and the Palintest method) were compared. The 

calculated TAN concentrations were regressed against the prepared standard ammonia 

concentrations in seawater for both methods. The predicted slope (~ = 1) if the methods were 

100% accurate was compared to observed slopes using the Nesslers (~= 0.8327) and Palintest 

(~ = 0.7507) methods. Both these test kits underestimated the TAN concentrations, but the 

Nesslers method was more accurate. Nitrites and nitrates are toxic to abalone at much larger 

concentrations than ammonia and exist at low concentrations in natural systems, therefore the 

sensitivity of their tests was not as important. Nitrites and nitrates were monitored using the 

Ferrous sulphate method and the Cadmium reduction method, respectively. The Nesslers 

method was used throughout this study, unless stated otherwise, and all parameters such as 

nitrite, nitrate, temperature, pH and salinity were monitored regularly. 

Toxicity levels of ammonia for South African abalone, Haliotis midae, have not been 

documented and such values are not fully presented for other abalone species. A series of 

experiments is described in which toxicity of ammonia to H midae was investigated. Based 

on findings for other species, it was hypothesised (Hypothesis 1) that the tolerance of H 

midae to ammonia should increase with increasing size, with acclimation at sub-lethal 

concentrations (Hypothesis 2), and in farmed as opposed to wild animals (Hypothesis 3). 

Acute toxicity of ammonia to H midae was investigated for three size classes relevant to 

mariculture operations. Tolerance to ammonia (at pH 7.8 and T = 15°C) was found to 

increase with body size as indicated by 36 h LCso values; farmed juvenile abalone (l - 2.5 cm 

shell length) had the smallest LCso of9.8llg r1 FAN, whereas LCso was 12.91lg r1 FAN in 

wild cocktail abalone (5 - 8 cm shell length), and 16.4 Ilg r1 FAN in wild brood stock abalone 

(10 - 15 cm shell length). When wild cocktail-size abalone were allowed to acclimatize to 
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sub-lethal ammonia concentrations for 48 h, their ammonia tolerance increased compared 

with non-acclimatized abalone of the same size: LCso was 2.0 Jlg rl FAN greater at 14.8 Jlg rl 
FAN. Farmed cocktail-size abalone demonstrated a three-fold larger 48h-LCso value (of 37.9 

Jlg rl FAN) than wild cocktail-size abalone (12.7 Jlg rl FAN). Abalone are susceptible to 

elevated ammonia concentrations, but appear to have some ability to acclimatize. 

Ammonia has been shown to retard growth in a number of abalone species. The long term 

impacts of sub-lethal ammonia concentrations were investigated for growth of farmed 

juveniles (1 - 2.5 cm shell length). It was hypothesised (Hypothesis 4) that elevated but 

sublethal ammonia concentrations would have a chronic effect on H midae by retarding 

growth. Growth was inhibited during chronic exposure to sub-lethal FAN (7.4 Jlg rl) with 

mean ± s.d. specific growth rates (0.10 ± 0.03 % d- l
) was reduced (ANOVA: F = 3.102, df= 

114, P < 0.05) to 59 % of that in a control group (no added ammonia) (0.24 ± 0.06 % g d- l
). 

Two possible indicators of stress have been identified in aquatic organisms: heat shock 

proteins (HSPs; stress proteins) and the P- glycoprotein (P-gp) mediating multixenobiotic 

resistance (MXR). HSPs are known to confer tolerance by folding and refolding of partially 

denatured proteins while P-gp reduces toxins in the system by actively pumping them out of 

the cell. Neither of these responses has yet been demonstrated in ammonia-stressed abalone. 

It was hypothesised (Hypothesis 5) that HSPs and/or P-gp mediated MXR are responsible for 

the observed increased tolerance to ammonia in H midae. Four HSPs (-90, -70, -60 and -27) 

and the P-gp were investigated in the foot and gills of H midae using immunological assays 

(using stress protein-specific antibodies). Induction of HSPs and P-gp by heat shock, a well 

known stressor of HSPs but not P-gp, was also investigated. The amount of protein present 

was quantified using densitometric analysis. It was demonstrated for H midae that heat 

shock had the greatest impact in the foot (increase in HSP 90 and -70, P < 0.05) within the 

first hour, with no significant changes in the gills. In contrast, ammonia exposure had the 

greatest impact on the gills after 24 hours (increase in HSP 70 and -60, P < 0.05 and P< 0.001 

respectively) and after 36 hours (P < 0.01 and P < 0.001 respectively). There were no 

significant differences in HSP 70 and -60 levels in the foot during ammonia exposure, but 

there appeared to be an observed increase during longer exposure for HSP 70 (after 24 and 36 

hours) and HSP 60 (36 hours). HSP 90 was not present in the foot and gills of H midae under 
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normal (control) conditions and was only present in the foot after heat shock and in the gills 

after ammonia shock. HSP 27 was not present in the foot and gills under normal conditions as 

well as during ammonia exposure but was present in the foot and gills after 24 hour heat 

exposure. 

The presence and increase of a ~257 kDa protein (cross reacting with the C219 antibody) in 

the gills after ammonia exposure but not after heat shock, indicates that P-gp might be present 

and playa role in ammonia tolerance in H midae. It appears that HSPs 90, -70 and -60 could 

be implicated in temperature as well as ammonia tolerance, whereas HSP -27 solely increases 

during heat stress and P-gp during ammonia exposure. 

The findings of the present study were synthesised to demonstrate their applicability to the 

management of ammonia stress in farmed H midae. Firstly, the potential consequences of 

chronic effects of ammonia on farm production were assessed using two growth models. 

Modell was applied to H midae from 0.550 years to ~0.772 years (~1.89 cm; 0.730 grams), 

and used specific growth rates (for weights, SGR W) from the present study to calculate 

changes in mass over time. A purely empirical curve (model 2) which calculated growth as a 

function of mass, was fitted to a combination model 1 and a field-based growth model, and 

was applied to abalone from age 0.772 years onwards. The mass of abalone at age 4.5 years 

(when farmed H midae are typically harvested) was calculated for different periods of 

exposure to sub-lethal FAN concentrations. Mass decreased with increasing periods of stress, 

with yield potentially reduced to 20.5% of the normal yield (no ammonia stress) for sustained 

chronic exposure. Monitoring of water quality can contribute to preventing ammonia stress, 

but these indicators of animal stress are indirect. Direct monitoring of the animals can be done 

using biomarkers. Both HSPs and P-gp could be used as biomarkers of ammonia stress and 

poor health in H midae, alt~ough further research and improved (cheaper) technology would 

be needed to make this feasible. 
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CHAPTERl:GENERALINTRODUCTION-l 

General Introduction 

The increase in demand for seafood and declining global fish stocks has resulted in a dramatic 

increase in the farming of aquatic species (aquaculture). Aquaculture is a thriving industry but 

Africa's contribution in comparison to the rest of the world is considered to be fairly 

insignificant; in 2000 Africa produced only 0.4% (117 000 tons) of the total world aquaculture 

production (Stanford, 2004). Mariculture (the farming of marine species) in South Africa is more 

important than freshwater aquaculture because of the high-value niche-market of marine species. 

More than 50 % of the shellfish consumed by humans consists of scallops, mussels and abalone 

(Qian et ai., 2001) and therefore farming these species worldwide is important. Abalone, a flat 

footed mollusc belonging to the family Haliotidae and the genus Haliotis (meaning 'sea ear') 

(Fallu, 1991), is one of the most valuable seafood species in the world. Its demand, especially in 

Asia, exceeds world supply (~22 000 tons/year) (Gordon & Cook, 2004; Stanford, 2004). This 

has ensured high prices but also a decline in natural stocks of abalone because of over-fishing and 

poaching, combined with disease and habitat loss (Gordon & Cook, 2004). Abalone farming was 

pioneered by Japanese farmers after World War II, as a result of problems associated with the 

wild fishery (Fallu, 1991). 

In South Africa, the decrease in wild abalone fisheries has occurred at the same time as the 

increase in abalone aquaculture (Britz, 1996; Troell et ai., 2006). Commercial abalone fisheries in 

South Africa have existed since 1949, but abalone cultivation dates from 1981, with the 

successful spawning of captured specimens to produce spat and juveniles (Sales & Britz, 2001). 

The establishment of commercial abalone farming occurred ten years later, largely as a result of 

research and development by the University of Cape Town, the Council for Scientific and 

Industrial Research, Rhodes University and certain fishing companies (Sales & Britz, 2000). It 

took another twelve years to build an industry, which currently comprises 13 abalone farms 

(estimated investment ofUS$12 million) along the South African coast (Sales & Britz, 2001). In 

2004, the production of farmed abalone in South Africa (~800-900 tons) exceeded the wild 

harvest (~300 ton) (Stanford, 2004) and fetched moderate to high prices (US $30 - 36/kg) 

(Gordon & Cook, 2004; Stanford, 2004). Despite the animal's slow growth and resulting long 

culture periods, abalone aquaculture has become a viable supplier of animals worldwide. 
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2-CHAPTERl:GENERALINTRODUCTION 

Between 75 and 100 species of abalone have been identified worldwide and ~20 species are 

classified as commercially important (Jarayabhand & Paphavasit, 1996). 

There are six Haliotis species indigenous to southern African waters (see Figure 1.1 for their 

natural distribution along the South African coast) but only Haliotis midae is of commercial 

importance (Cook, 1998). H midae, also known locally as perlemoen (from the Dutch 

Paarlemoer, meaning mother-of-pearl) (Steinberg, 2005), reaches a maximum size of 20 cm shell 

length at over 30 years in the wild, with variation in growth rates at different areas along the 

coastline (Sales & Britz, 2001; Tarr, 1995). It has been found, using genetic markers (Evans et 

aI., 2004), that the populations of H midae on either side of Cape Agulhas represent two 

independent reproductive stocks, and this could partly explain some of the variations in growth. 

This herbivorous, nocturnal mollusc grazes naturally predominantly on kelp, Ecklonia maxima 

and Laminaria pallid a, which are abundant on the west and south-west coasts (Barkai & 

Griffiths, 1987; Tarr, 2000). Their diet may also include a mixture of other algae such as 

Plocamium, Viva, Aeodes and Porphyra depending on their distribution and abundance in the 

surrounding habitat (Barkai & Griffiths, 1987, 1988; Sales & Britz 2001). The smaller size 

classes of H midae predominantly consume U/va, possibly because both Viva and small abalone 

occur in shallow water (Sales & Britz, 2001). On abalone farms, H midae are reared on a mixture 

of diets which include Ecklonia maxima, other seaweeds (Gracillaria and Viva) and Abfeed (a 

commercial abalone feed) (L. Schoonbee, pers. comm. 2005). Artificial feeds that contain 

sufficient protein are used to maximise growth (Britz et aI., 1997). 

Britz et ai. (1997) found that the temperature range of 12 - 20°C is optimal for farmed H midae 

according to its growth rates, feed consumption, mortality, protein energy ratios and feed 

conversion ratios. This suggested temperature range corresponds well with the mean monthly 

minimum (12 - 13 DC) and the maximum (21°C) sea temperatures that occur in the natural range 

of H midae (Britz et aI., 1997; Sales & Britz, 2001). This wide variation in sea temperature 

experienced by H midae is a result of its distribution (Figure 1.1), which includes the cold waters 

of the Benguela upwelling system on the west coast and the warmer waters influenced by the 

southward flowing Agulhas Current on the South African south and east coasts (Evans et aI., 
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4-CHAPTERl:GENERALINTRODUCTION 

quality levels that an aquatic farm has to maintain. The tolerance limits of water quality depend 

very much on the species cultivated (Pillay, 1992). 

This present study focuses on the requirements of water quality for farming the South African 

abalone, H midae. Factors affecting water quality include dissolved oxygen, pH, temperature and 

concentrations of nitrites, nitrates and ammonia. Ammonia can enter natural water systems from 

several sources, including industrial wastes, sewage effluents, alternative fuel conversion 

processes, and agricultural discharges (Rand & Petrocelli, 1985). The main source of ammonia in 

the water of aquafarms, however, is the animal itself. Ammonia is the major end-product of 

protein catabolism in most aquatic animals and is excreted into the surrounding water (Wright, 

1995). Build-up of ammonia resulting from the bacterial decomposition of organic matter (faeces, 

unconsumed food, dead animals) (Cheng et aI., 2004) can result in high toxic levels and impact 

negatively on farm operations. This problem is exacerbated when the farm's water circulation has 

to be closed, for example due to harmful algal blooms in the sea (Botes et aI., 2003), 

environmental toxins (oil spills), and high prevalence of harmful ectoparasites (Simon et aI., 

2004). Ammonia levels have been shown to increase with increasing stocking densitieslbiomass 

(Huchette et aI., 2003; Samsukal, 2004), increase in pH and temperature (discussed later), and 

change from natural to artificial feed (Bredberg, 2003). 

All 13 abalone farms in South Africa operate pump-ashore, land-based flow-through systems 

(Troell et aI., 2006). In the last few years, some farms began recirculation of water to improve 

abalone growth by increasing the temperature of the cold water derived from the west coast of 

South Africa (Troell et aI., 2006). There is a risk of a build-up of ammonia in these recirculation 

systems but the use of seaweeds to absorb ammonia has been shown to be effective in these 

systems (Robertson-Andersson, 2003). Of the 13 farms, seven have completely flow through 

systems, three farms operate on a commercial recirculation system (two farms use 100% 

recirculation and one farm use 25% recirculation), two farms have the possibility of 100% 

recirculation and use seaweeds) and one farm has the possibility of 50% recirculation and uses 

seaweed (D. Robertson-Andersson, pers. comm.). There are no specific guidelines for nutrient 

effluents from South African abalone farms but the Department of Water Affairs and Forestry has 

provided guidelines for the maximum TAN (total ammonia nitrogen) concentrations (1.59 mg r1) 
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for coastal marine waters which are used by farms (Troell et aI., 2006). The TAN values obtained 

from seven abalone farms in South Africa ranged from 0.015-0.675 mg r1 (Samsukal, 2004) 

while the TAN value of unpolluted seawater rarely exceeds 0.18 mg r1 (Samsukal, 2004). Higher 

values of TAN on farms have been observed (D. Robertson-Andersson, pers. comm.) but the 

values have not been recorded or the farmers are not willing to disclose this information. 

Key questions addressed in the present study attempt to clarify the influence of ammonia on 

abalone: 1) Does acute toxicity of ammonia differ for different size abalone? 2) Does acute 

toxicity of ammonia differ for acclimatized and non-acclimatized abalone of the same size? (i.e. 

do abalone respond differently to sudden as opposed to steady increases of ammonia levels)? 3) 

Does acute toxicity of ammonia differ for wild and farmed abalone of the same size? 4) Do high 

concentrations of ammonia retard the growth of abalone? (i.e. what is the chronic effect of 

ammonia on abalone?). A fifth key question examined the cellular processes that determine the 

responses of animals to stressors on abalone farms: 5) Are heat shock proteins (HSPs) and/or the 

P-glycoprotein (P-gp) indicators of thermal and chemical stress in the South African abalone, H 

midae? 

The above five key questions have been incorporated into the overall objectives, hypotheses and 

design of this project, which has an overall goal of providing scientific understanding of the 

responses of abalone to environmental conditions that can be experienced on aquafarms. The 

remainder of this thesis is divided into five chapters, which are briefly described here and in more 

detail below. Chapter 2 is a methodology chapter, Chapter 3 addresses key questions 1), 2) and 

3), Chapter 4) addresses key question 4), and Chapter 5 addresses key question 5). Finally, 

Chapter 6 synthesises the results and presents implications for farm management. 

In Chapter 2, the results of a short methodology study are presented. Farms routinely use wet 

chemical tests to measure the sum of un-ionized and ionized ammonia or total ammonia nitrogen 

(TAN). The toxicity of ammonia, however, is determined by the proportion of free un-ionized 

ammonia (FAN) of the TAN. The concentration of FAN is strongly dependent on TAN, pH, 

temperature and salinity (Bower & Bidwell, 1978). It is important to calculate FAN when 

investigating ammonia toxicity as TAN can remain constant throughout the observation period 
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(i.e. during an experiment or during routine measurements on farms), but with change in pH and 

temperature, the FAN levels change. In general, at low pH and temperature, the levels of FAN 

are reduced (ElF AC, 1973). Two wet chemical tests are currently used commonly on South 

African abalone farms to measure TAN. Chapter 2 aimed to evaluate these two tests and the 

corresponding calculations of FAN, leading to selection of the most appropriate measure. 

In Chapter 3, a series of experiments is described in which toxicity of ammonia to H midae was 

investigated. A large body of information is available on the toxicity of ammonia to fish (Jeney et 

al., 1992; Knepp & Arkin, 1973; Leung et al., 1999; Randall & Tsui, 2002; Ruyet et al., 1995; 

Thurston et al., 1981), crustaceans (Koo et al., 2005; Young-Lai et al., 1991; Zhao et al., 1997), 

echinoids (Siikavuopio et al., 2004) and molluscs (Epifanio & Sma, 1975). Knowledge on the 

toxicity of ammonia to abalone is restricted to a few growth studies on juvenile Australian 

species, Haliotis laevigata and H rubra (Harris et al., 1998a,b; Hindrum et al., 2001; Huchette et 

al., 2003), and standard toxicity tests (determinations of lethal concentrations of ammonia in 

abalone) are often not fully presented. Information from other species can be misleading because 

species behave differently in habitat selection and their ability to survive stressful conditions 

(Fallu, 1991). There is no information available for H midae on ammonia toxicity (i.e. lethal

and sub-lethal concentrations, increased survival by adaptation to sub-lethal levels etc.) and the 

influence of ammonia on growth. In toxicity tests, LCso values (mean lethal concentration killing 

50 % of test animals) are used as standards for comparability (Greenberg et al., 1992), although it 

is also important to know at what concentration animals start to die. For such information, other 

values from the same experiments, such as LCs (5 % of animals die) to LClOo (all animals die), 

need to be recorded. 

A number of hypotheses were tested that relate to the effects of ammonia on H midae. 

Hypothesis 1 states that tolerance to ammonia in H midae should increase with increasing body 

size. The relative surface area of an abalone decreases with increasing body size, and therefore 

the relatively larger surface area of small abalone make them more susceptible to external 

environmental stress (Fallu, 1991). Assuming the same toxicity levels of ammonia for abalone of 

different sizes can, therefore, be misleading. For farm management, it is necessary to establish 

exact LC values for a range of size classes in order to minimize stress and to ensure optimal 
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water quality at each life stage. Three size classes were, therefore, selected for these experiments: 

juveniles (l - 2.5 cm shell length), cocktail size (5 - 8 cm shell length) and brood stock (l0 - 15 

cm shell length). Hypothesis 2 states that acclimatization of H midae to sublethal levels of 

ammonia increases their subsequent resistance to lethal ammonia concentrations. Acclimatization 

is a process whereby an organism adjusts to various imposed conditions and it is present in many 

animals, including abalone. It is well established that fish respond to exposure to sub-lethal levels 

of ammonia by increasing their subsequent resistance to lethal concentrations (ElF AC, 1973). To 

date, such an increased tolerance to ammonia has not been documented in abalone. The 

experiments in this chapter used cocktail size abalone (5 - 8 cm shell length) to test Hypothesis 2. 

Hypothesis 3 states that farmed (raised in artificial conditions) H midae have a higher tolerance 

to ammonia than wild H midae of the same size. Farmed abalone are exposed to much higher 

levels of ammonia compared to wild abalone because of higher densities, enclosure and ammonia 

build-up in tanks. Experiments using cocktail size abalone were conducted to investigate 

differences in ammonia tolerance between wild and farmed abalone. 

The effects of ammonia on abalone growth are investigated in Chapter 4. Hypothesis 4 states that 

high sublethal concentrations of ammonia should retard growth in H midae. High ammonia 

concentrations are known to impact negatively on various physiological functions in a number of 

animals, including abalone, impairing their growth (Harris et aI., 1998a,b; Hindrum et aI., 2001; 

Huchette et aI., 2003). Juvenile abalone (l - 2.5 cm shell length) were selected for these growth 

experiments because they exhibit fast growth (Shepherd et aI., 1995), are the least costly size 

class and require less logistical effort (i.e. water volume) because of their small size. 

In Chapter 5, a start is made at identifying the cellular constituents that play a role in the 

responses of abalone to ammonia stress. It is hypothesized (Hypothesis 5) that HSPs and/or P-gp 

are two possible responses of ammonia stress in H midae. Most organisms respond to elevated 

temperatures by synthesising a group of highly conserved proteins called heat-shock proteins or 

HSPs (Lindquist, 1981; Sanders, 1988). Such HSPs are found in organisms as diverse as bacteria, 

molluscs and humans (Burdon, 1982; Sanders, 1993). HSPs act as molecular chaperones, 

promoting the initial folding of other protein at the ribosome and the refolding of unfolded 

proteins when they are partially denatured (Nover & Scharf, 1997). This response is involved in 
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protecting organisms from damage caused by a wide variety of stressors (Sanders, 1993). HSPs 

are activated not only by heat but by other physiological stresses: ammonium chloride is an 

example of an agent that activates HSP genes by inhibiting proteolysis (Ananthan et aI., 1986). In 

Chapters 3 and 4, ammonium chloride was the toxicant used to obtain the appropriate ammonia 

levels in the experiments. Compounds (such as ammonia) that can damage cells in organisms are 

referred to as xenobiotics. A particular response to xenobiotic exposure is to reduce the toxin in 

the system by the P-glycoprotein (P-gp) mediated multidrug resistance (MDR) or multixenobiotic 

resistance mechanism (MXRM) (Eufemia & Epel, 2000). This protein and members of its family 

(ABC-proteins) have been found in almost all organisms investigated (Higgins,1992), including 

in a number of freshwater and marine species such as fish (Ooi et aI., 2001, Luckenbach et aI, 

2003), mussels (Eufemia & Epel, 2000; Hamer et aI., 2004; Luedeking & Koehler, 2004; Minier 

et aI., 2000; Smital et aI., 2004), limpets (Smital et aI, 2000) and clams (Archard et aI., 2004; 

Kurelec et aI., 1996; Legeay et aI, 2005). There are no records, however, of P-gp induction in 

abalone, and there are no studies on aquatic invertebrates demonstrating ammonia as an inducer 

of P-gp. This chapter investigates whether HSPs and P-gp are produced in response to both 

ammonia and heat stress. 

Chapters 3 and 4 describe the responses of abalone to ammonia stress, whereas Chapter 5 

describes the responses at the cellular level. In Chapter 6, the various results at the organismal 

level are synthesized and expressed in terms that can be used for farm management. The potential 

losses in productivity that can be caused by different ammonia environments are calculated, and 

recommendations are made for water quality monitoring and management. The possible use of 

HSPs and P-gp as biomarkers of stress in abalone aquaculture is explored, with recommendations 

for future study. 
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Abstract 

Ammonia is toxic to abalone and therefore the amount of ammonia in seawater has to be 

regulated by monitoring water quality parameters such as salinity, temperature and pH, as well as 

by controlling other factors such as the amount of feed, stocking densities and water flow rates. 

Accurate measurements of toxic un-ionized ammonia (FAN) from the total ammonia nitrogen 

(TAN) measured by photometer test kits is crucial as inaccuracies could result in major losses of 

abalone on the farms. Different methods of calculating ammonia in seawater using appropriate 

tables are investigated. The accuracy and applicability of two frequently used photometer test kits 

(the Nesslers method and the Palintest method) were compared. The calculated TAN 

concentrations were regressed against the prepared standard ammonia concentrations in seawater 

for both methods. The predicted slope (~ = 1) if the methods were 100% accurate was compared 

to observed slopes using the Nesslers (~ = 0.8327) and Palintest (~ = 0.7507) methods. Both these 

test kits underestimated the TAN concentrations, but the Nesslers method was more accurate. 

Nitrites and nitrates are toxic to abalone at much larger concentrations than ammonia and 

therefore the sensitivity of their tests was not as important. Nitrites and nitrates were monitored 

using the Ferrous sulphate method and the Cadmium reduction method, respectively. It was 

concluded that the Nesslers method should be used throughout the present study and all 

parameters such as nitrite, nitrate, temperature, pH and salinity were monitored regularly. 
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2.1. Introduction 

The establishment of aquaculture farms is capital-intensive. Availability of new technology has, 

however, led to a reduction in costs in recent years. A good management programme for water 

quality can further improve the running costs of aquafarms as well as reduce the number of 

deaths of the species cultivated. Requirements for water quality include certain levels of 

dissolved oxygen, pH, temperature, nitrites, nitrates and ammonia. The tolerance limits of these 

water quality requirements are specific and differ strongly among species (Pillay, 1992). 

Ammonia is known to be toxic to fish, crustaceans and molluscs, including abalone (Colt & 

Armstrong, 1981; Harris et aI., 1998a, b; Jeney, et aI., 1992; Leung et aI., 1999; Meade & Watts, 

1995). This project was designed to investigate the impacts of elevated concentrations of 

(especially) ammonia in the South African abalone, H midae. 

Ammonia would usually be removed from the water by bacteria (Pathway 1, Figure 2.1) or taken 

up directly by plants (pathway 2, Figure 2.1). In pathway 1 (Figure 2.1) ammonia excreted by 

abalone or released by their feed is converted to nitrite by Nitrosomonas bacteria, which is in tum 

converted to nitrate by Nitrobacter. Plants utilize the nitrates as nutrients (Francis-Floyd & 

Watson, 1990; Hargreaves, 1998). Pathway 1 utilizes oxygen and if there are insufficient levels 

of oxygen, this pathway can break down (Francis-Floyd & Watson, 1990). Nitrites are considered 

more toxic than nitrates in abalone (Basuyaux & Mathieu, 1999; Harris, et aI., 1997), clams and 

oysters (Epifanio & Sma, 1975), fish (Hamlin, 2006) and crayfish (Meade & Watts, 1995). 

Alternatively, in pathway 2 (Figure 2.1) algae such as kelp convert ammonia-nitrogen into plant 

protein-nitrogen, in the presence of light and dissolved inorganic carbon (either as dissolved CO2 

or HC03). Kelp can be utilized as a food source for abalone (Demetropoulos & Langdon, 2004b; 

Langdon et aI., 2004), and this has led to the establishment of co-culture systems of abalone with 

seaweed in most parts of the world (Demetropoulos & Langdon, 2004 a, b, c; Langdon et aI., 

2004; Neori et aI., 2004). Its potential in South Africa is currently being investigated (Troell et 

aI., 2006). 
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In aqueous ammonia solutions, un-ionized ammonia (NH3) exists in equilibrium with 

the ammonium ion (N~ +) and the hydroxide ion (OR). 

This equilibrium can be written as: 

NH3(g) + nH20(1) ~ NH3.nH20(aq) ~ NH/ + OR + (n-1)H20(l) (Emerson et aI., 1975) 

Wet chemical tests measure the following: 

Total ammonia nitrogen = Un-ionized ammonia + Ionized ammonium 

TAN NH3 + NH4 + (Huguenin & Colt, 1989) 

Toxic Less toxic 

Figure 2.2. Chemical equilibrium of ammonia in water. 

This chapter aims to determine the applicability of tests used in nitrogen (ammonia, nitrate and 

nitrite) analysis, to compare the accuracy and precision of two different methods (Nesslers and 

Palintest) routinely used on farms for ammonia analysis, and to select the most accurate method 

to calculate FAN in seawater. 

2.2. Materials and methods 

A range of nitrite concentrations (0-3 mg.L·1 N02-N) and nitrate concentrations (0-5 mg.r1 N03-

N) were prepared to test the accuracy and precision of the methods. The samples were prepared 

in de-ionized water (according to manufacturer's specifications) using analytical grade NaN02 

(Basuyaux & Mathieu, 1999; Harris et aI., 1997) and analytical grade NaN03 (Basuyaux & 

Mathieu, 1999), respectively. Measurements of the samples were performed in triplicates. Three 

sample concentrations were used for nitrites and four sample concentrations were used for 

nitrates. 
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2.2.1. Nitrite analysis 

Nitrite concentrations were determined colourmetrically using the Ferrous sulphate method, 

which detects nitrites at a high range of 0-150 mg.r1 N02-N. Nitrite in the sample is reduced to 

nitrous oxide by ferrous sulphate in an acidic medium. The nitrous oxide complexes with the 

ferrous ions to form a greenish brown colour and its intensity is in direct proportion to the nitrite 

present (Anon, 1988; htlp:llwww.hach.com): 

NO + FeS04 ~ FeS04 • NO 

The reaction time, once the reagents are added, is ten minutes. The nitrite concentrations in the 

samples were quantified by measuring absorbance at 585 nm with the Hach DRl2000 

spectrophotometer. The same spectrophotometer was used throughout all experiments. 

2.2.2. Nitrate analysis 

Nitrate concentrations were determined colourmetrically using the Cadmium reduction method, 

which detects nitrates at a high to medium range of 0-30.0 mg rl N03-N. Nitrate in the sample is 

reduced to nitrite by cadmium metal (reaction 1, Figure 2.3). The nitrite in tum reacts with 

sulfanilic acid forming an intermediate diazonium salt (reaction 2, Figure 2.3) which in tum 

couples with gentisic acid (reaction 3, Figure 2.3) to form an amber colour. Its intensity is in 

direct proportion to the nitrate present (Anon, 1988; htlp:llwww.hach.com). The reaction time, 

once the reagents are added, is five minutes. The nitrate concentrations in the sample were 

quantified by measuring absorbance at 500 nm with the Hach DRl2000 spectrophotometer. 
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2) N02-+ H2N-o-S03H+2H+- H03S-o-N=:N +2H20 

Sufanilic Acid Diazonium Salt 

3) HQ,'-o-N"N +<O~coo- HO,,-o-N= N~O~COOH + H' 
OH OH 

Diazonium Salt Gentisic Acid Amber Colored species 

Figure 2.3. Three step reaction of the Cadmium reduction method used to determine the 
Amount of nitrates in seawater (adapted from http://www.hach.com.). 

2.2.3. Ammonia analysis 

Dissolved ammonia concentrations were determined usmg the Nesslers and/or Palintest 

colourmetric methods. Seawater samples were analyzed immediately because storage of seawater 

can cause variability in the amount of ammonia present (Degobbis, 1973). 

2.2.3.1. Nesslers method 

The Nesslers method detects total ammonia at a range of 0.02-2.50 mg rl NH3-N. The method 

involves adding Rochelle salt (polyvinyl alcohol, potassium sodium tartrate, propionic acid, and 

demineralised water) to the sample to complex hardness and act as a dispersant. Nesslers reagent 

(sodium hydroxide, sodium iodide, demineralised water) is then added, and it reacts with the 

ammonium ion to produce a yellow colour in proportion to the total ammonia concentration 

(Anon, 1988). The reaction time, once the reagents are added, is one minute. If necessary, a 

mineral stabiliser (potassium sodium tartrate, sodium citrate, demineralised water) is added 

initially to the sample to complex the high magnesium and calcium concentrations found in 

seawater, which can interfere with the Nesslers reagent causing turbidity (Anon, 1988). The total 

ammonia concentration (TAN) in the sample is quantified by measuring absorbance at 425 nm 

with the Hach DRl2000 spectrophotometer. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.2.3.2. l'alintest method 

rilG Pulinle,( method deted' ummoniaJt a range of 0 _ Img 1.1 NHJ-~. Tile le,l is bu,cd on the 

Indophenol hlue method CA non pJ lintest Ins!ruetion manual) und involves the addition of two 

reagents (!able! form): potJs.,ilLm nitroprus,idc/,ulicydie acid and lilhium hydroxide. A 

conditioning reJgent powder (lithium hydroxide) is added iniliall y to lhe ,ample 10 complex the 

high magne.,ilLm Jnd CJkium conccntrations found in scawater. wh ich Can calLs.G lurhidily. 

Ammonia reacts wilh alkaline salicylate in the presence of chlorine and j(lrmS a green-bille 

Indophcnol compkx. Thc reaction time. once (he reagents are added. i~ len minule.'. The 

pcrccntJge transmittance was mca,;ured colourmelrically Wilh a 'vlillon Roy 'peclropholomet.er 

(Spcctronic 200-) at a wavelcnglh of 64Onm. Tolal ammonia nilf()g~n (TAN) in lhe sample WJ' 

determined from a calibration chari Table 2.1. 

T..,l . ~, I C.librati{,n chort for lh., ~olillle'l methGd used '" Oe!<nnine IOto( .mmoni" nilTU~cn iTA") lwm 
,ran,"" " ;,,n ('/. T) reported b), tho 'pcctmpootomctcr, (Adapt<d ,,00 modlfiod from l'al,,,te5t in,mlction mo"u.] . 
Anoll.). Ull i! "01<,., for~/. T or_ g iv.,,, in Ihe coillmn>, 

Total ammon;' nitl"!'g.n (m~ r' TAN) 

~'- l • • , • , , , , • " 
"" 000 0.00 001 0.01 0.02 

'" 0.02 om O.QJ 0,04 0,04 0,05 0.05 0,06 " ., om 

"" 0,07 O, OB 0,09 0,09 0, ] 0 0, II 0.1 1 0 , 12 0.1 3 0. 13 

'" 0.1 ~ II 1.1 01(, 0.1,; 0.17 0.18 0.1 9 o ='0 0.20 0.2 1 

'" 0.22 023 024 0.2.1 0.26 0.27 0.2~ 0,='9 0 . .10 OJ I 

'" 0 . .12 O .. '.l 0"-1 0.36 0,3] 0.38 0,39 0.41 0.4 2 0.4~ 

" 0.4 j 0.47 O.4B 0.50 O.l I 0 .. 13 0.55 0.5 7 0.5Q OJ'! 

'" 0,153 0.(,(, 0.68 0.'1 O.'~ 0.77 o.~o 0,S3 o,n 0,91 

" 0.9(, LOO 



Univ
ers

ity
 of

 C
ap

e T
ow

n

16-CHAPTER2:METHODOLOGY 

2.2.3.3. Calculations of toxic un-ionized ammonia 

Experimental concentrations of free un-ionized ammonia (FAN) in all experiments were 

calculated using the total ammonia nitrogen (TAN) concentration, pH, temperature and salinity 

values (Huguenin & Colt, 1989): 

Un-ionized ammonia (J..lg/l as NH3-N) = 1000(a) (TAN) 

where (a) is the mole fraction of ammonia and is equal to the proportion of un-ionized ammonia 

in a sample. This proportion is extracted from a pH-, temperature- and salinity-specific table 

(Table 2.2) adapted from Bower & Bidwell (1978). The salinity of the seawater during all 

experiments was 35 %0. 
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- ---, 0.396 0.49R 0.6~(, 0.n7 0.9R~ 1.'4 1.56 I .S(, 2,~l -',I)(, H2 

-, 04~(' 0.53(, 0."74 0,H7 ,~ 1.]4 l.M 1.6& '.63 .1.29 1. I I 
, 

'" 0459 0577 0.726 0.912 \.is lA4 1.~0 UO '.83 3.51 ·1 11 

" 0491 0,(,2 2 (I,7U 0,')82 1.23 US 1.~1 I -')., ]04 UO 1.7·1 

" O.~J J OH7\l {I 8-1' I .(>6 1.33 1.67 ',09 '00 3.27 4.0~ 1.0& 

" 0.574 0.7' I 0.90(, 1.14 ! 143 1.79 ,.' 2.' 1 .1.11 4.3~ 
,. ., 146 . 

" 0'(, I & 0.777 11.97(, , "- 1.14 1.9.1 '.4' 2.42 J . 7~ ~. 7 1 j .~j 

" 0.60) 0,S30 1.0~ , , " , '" 2.07 '00 '.60 -10(, 5.05 (" ,~ 

" IUP II.9'(NI I, IJ 1.42 , 1.78 '.'J ',79 <.79 4,.1~ SA' ~,7J 
.. . --

" 0.77" 0,9]0 1.22 1.53 ; 1.92 240 J ,00 3.00 '" U2 ],22 

" 0.~31 1.04 131 1.64 '00 2.5 ~ 3.'3 3.23 5.0' 0.24 ,-u 

" 0.~95 , " 1.41 1.77 p, '.7& 3.4' -'-47 5.39 6.09 8,2~ , 
! 

, .. 

'" 11,963 I ." 1 I ,,12 '''' ".39 '.% 373 3.73 s.n 7.17 U7 

" 1.04 LlO 1.63 ; 2.05 2.57 J,n 4,01 ' 4,01 6,20 7,0') 9.4~ 

" 
, , ' 140 I 76 2 .'0 2.7(, 3.45 ~,30 4.J0 6,65 UJ 10,1 

-- _. - . _.- ., l.iT-LL 1.20 , " ",37 '.97 3.71 4.6' 4 .(,' 7.13 UI 10,8 , 

" l.29 1.62 2,04 2J5 3,19 J,n 4.% 496 7.64 
, 

943 I 1.6 

" 1.3') j 1.7) , 2. 1 ') 2,]4 3.43 4,n .1.3" &.3' ~.I & 10.1 1'.4 

2.2..1. Comparin~ the :-'es,lcrs and raJintest methods 

The cxp~rimcnts dcscribed hcr~ were carried out by a FlS~ HonOUr> '[l!dent (du Buisson. 2005) 

und~r my .Iupcrvision. 

A number (II) of smlld~rd ~mmonlU co"cenlralions (ranging i'rom 0-2.45 mg..! TAN) w~re 

prepared in &eawater, usin~ rcag.~nt ~radc ammonium ~hl(\ride a, loxi~anl (Basupux & >'l~thku . 
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1999; Thlll"S1lln el al., I 'lSI). Th~s~ "tandanJ ,ollilions "el<' LLsed for comparing lh~ Ne"krs and 

Palinlesl method,. The lW(} method, "erc' leswd wilhin their respccliw ddfftion rangc", The 

tulal ammonia concentrulions \,,'ere Lalculalcdusing lh~ ~bsorbancc ,md p~rcenl " ge lransmlllancr 

readi n f'S f('r Ihe Nc'sl~r' and Palmlc,l mdhods, resp~rti\'~ly. 

2.2A.1. Sialisli~al analysis 

rhe c"lculat~d rAN conLentralions "ere regr~;;\ed against Ih~ prepared ,lambrd ammunia 

concentr"tions in scawnter. The ol-",crvcd regres;;ion s lop~;; w~re C(}lnpar~J with the expected 

s lor~ (p - I) using st lLdentst d"trihllliull (STATlSTICA v7, StntSoft- Inc. ~004). 

2.3.1. C31ibrnl iuns of nil rite 3n ,I nitrat£ ana lyses methods 

I he measlLTed nilrite, and nitrales gave identical readings to the prepared smnples (Tahle 2.3), 

There was nu variability among lhe lriplicates (Table 2,3) prob"bly bccmlse the preeisi'}l) "fthe 

mea,urem~nls (lr lhe HaLh 'peclmphotumeler il lu lhe ncaresl 0.04 m gi'. 

lobi. 2,}, .\1,o""'''''nts of 11 itrit« "nO "it""" ill tl,. p"p, ,,,d ,.mpl.,. 

sample Sample Mean ± •. d. 

0.80100.0 00 0,6 010 0.0 

1.5 1.5 ± 0.0 U l.3 + 0.0 

.1.0 .1.0 ± 0.0 2.5 2.50100.0 

5.0 50 010 0.0 
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2.3.2. CUIII[la ring the Ne~'kr' li nd r li lin lcsl melhods 

rhe regression lines oblained n)1' Ih~ \I~"I~l-S and I'alimcst methods I'cslllled in signitkaLlt, 

strong p<Jsilivc correlations (Figure 2.4) bet"""n II", takulattXI I AN concentrJtions and Ihe 

standal'd concentrations (I' - 0.99g and (l_m, r"Sp"ctivdy). Ilowcvcl'. Ihc slopes of both lines 

"ere less than I (l\csskrs: t = -3.9 10, dt'- 9, P <. (l,0!. and Palinksl: I = ·19.803. df= 4, P <-

0,01). illdicoting no.;gativc bias in the TAN measurement>. 
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I 
04i 

"' I 
00 

.... Nessler' y - 0.B327,)( • 0.0461, r ~ 0.S983 
T , f':!lIrltest y=0705r.-00135_r~ 0:«l7 

c' '--c~-c~-c---,:--,~-c:---:-------c---c-cC~cC~cC~C: 
-02 0.0 0.2 O.~ O.G oe 10 12 1 4 1.5 1.8 2.0 2.2 2.4 26 

St~ndard conc~ntra ti on (lIIg 1" TAN) 

Figur. 2 .4 , l' ,lcul<ned LOll1J "nLno"i. nitrogen ITA") e<',"",elllral;,,'" plottod ,,~ain" ,(and",d amm""ia nitrogen 
eoocenlralic<1> for Nl", lers and ['.Ii '''"'' m .. h..."<Js in 'ea"OLer. F,inL dOliOd lillC"S i[ldieaLe 95 ~-, conticicnoo limit,_ 

('or.ph, """inod "sill~ d"", from du Ilui,,,,,,, 1:'0(6)- The cXp"et<d ,lope (11 - I) ;, illd ;~"ed h} 11 .. red line 
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2.4. Discussion 

The Nesslers method was found to be more accurate than the Palintest method, although both 

underestimated the standard concentrations. Ammonia has been measured using the complete 

Indophenol blue method (Koroleff, 1983) in a number of growth studies on abalone (Basuyaux & 

Mathieu, 1999; Harris et aI., 1998a,b; Huchette et aI., 2003). However, when ammonia 

concentrations need to be monitored at regular intervals and when changes in ammonia can occur 

rapidly (within hours), the Nesslers method is preferred. The Nesslers method has a reaction time 

of one minute and a preparation time of ~ 1 0-15 minutes compared to the complete Indophenol 

blue method which has a reaction time of 24 hours (although this can be reduced to ~two hours; 

H. Waldron, pers. comm.). Additional benefits of the Nesslers method are that it is portable, it 

has a large ammonia detection range, and it is much simpler compared to the Indophenol blue and 

Palintest methods. The Nesslers method can be used by scientists (for toxicity testing and water 

analysis) as well as by abalone farmers, who are interested in a quick, easily accessible, fairly 

accurate and reproducible method for ammonia measurements in seawater. 

The concentration of toxic unionized ammonia (FAN) is dependent on and can be calculated 

tt~m me.as.u.re.me.u.ts of T AN, QH, temQerature and salinity. FAN increases with increasing pH and 

temperature and decreases with increasing salinity (Bower & Bidwell, 1978). As a consequence, 

T AN can remain constant throughout an observation period (i.e. during an experiment or during 

routine measurements on farms), but with changes in pH and temperature, the FAN 

concentrations will change (Table 2.4). 
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'I ,biL 2A. flomo">"nt;oo of th. >"",itivlty uf!"A '-I (0 tomp<raturo, pH ,od I >\I( ",iog. siogl. n""urod "01"" lfom 
uoc uf the l:l(cr o,periment, (see Chart.r !. lohl. 3,~ lur Ihc' ,,,blclhal ,'.Iu," ob,eTvod for jLl"en;l< "bolon. J, 'I"" 
h'p<),h.,,""i ,h,nge uf fanu" i, , hown in grey shad io g. ~i,i"g rise 10 1h. ,esul'lng I-AI' cunccnlLlti",", F,~K 
,'url<:cntr:lt;ons ,re o,IoLl["oO '''''Gld;np. 1~ IIG" " "",I [J"J,,,dl ( I ?78) 

Facto,.,. influl'llcing FAN 

TAI\' (mg III r" tcmper~turc 

S"b-1dh~llevei' 

0.56 n I~ "C 

Jncrea<e of I Ar--.lwll,1 me. 1" 

0.66 7.9 15. oC 

inCreol'e.9J plJbyO, I 

0.56 7,') 15 "(' 

Incre~se 01"[' bv I 'c 
0.56 7.9 [6°C 

Incl'ea,e 0 I' T i\ "l (0.1 m;; 1'\ pH iO. 11 anJ T (1 "C) 

0.66 7.9 

R<'sulling FAN 

(I'l! 1') 

" 
8.7 

9,.1 

8.0 

112 

C onc~nlr~tions "f FA 01 in th~ pr~s~nt 't"J:~i ",er~ cak"lal~J follo",ing Bow~r & BiJ,,~ll (1978) 

(T~ble 2,21. Oll",r methods are Ie" r~li~bl~. For ~xampk the mole fraction, of un-ioni,,~d 

ammonia 111 ,~awaler provideJ by Hugu~nin & Coil (198~) arc based on freshwater constants 

obtained from Emersoll et aL (1<)75) ~nd cov~r a wide s~lini[y rallge (5 - 40%.). Tlw tablc, 

provi<kJ by Trussell (1972) and Em~rson d al. (1975) ar~ nol rdiablc t,)r c,limaling fAN in 

sea\V~ler because the percent Ull-ionized ammonia at <.iilTerent [~lTIper~tures ~nJ pll valu~s are 

calcul~ted for freshwat~r. omitting the effect of ,alinity on Ihe ammonia-\V31~r ~q"i l ibrillm 
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(Bower & Bidwell, 1978). The main advantage of the Bower & Bidwell (1978) method is that 

they used a number of different salinity ranges (18 - 22%0, 23 - 27%0, 28 - 31 %0 and 32 - 40%0) in 

constructing their tables. 

Nitrites and nitrates are toxic to abalone in relatively large amounts, compared to the toxicity of 

un-ionized ammonia. Nitrite is toxic in concentrations> 5 mg.r1 (Basuyaux & Mathieu, 1999; 

Harris et aI., 1997) and nitrate is toxic in concentrations of 100 - 250 mg rl (Basuyaux & 

Mathieu, 1999; Harris et aI., 1997). The tests used for nitrite and nitrate analyses do not need to 

be very sensitive, and the Ferrous sulphate and Cadmium reduction methods, which gave precise 

results to 0.1 mg rl are adequate for the present study. Both these methods are quick (total 

preparation time = ~1O - 15minutes), use the Hach spectrophotometer (which is portable) and are 

reproducible, making them useful for both scientist and farmer. 

The Nesslers method is appropriate for the toxicity and growth tests used in the present study, 

because of its wide detection range and its ease of use. Although it showed some bias 

underestimating TAN compared with the standards (Figure 2.4), it was more accurate than the 

Palintest. It was therefore the method of choice throughout the study, except in certain 

experiments with the farmed "cocktail" size abalone (as discussed in Chapter 4). All calculations 

of FAN throughout the study were based on measured TAN, pH, temperature and salinity, 

according to Bower & Bidwell (1978). 
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Abstract 

Ammonia has been shown to be toxic to a number of aquatic invertebrates, including abalone. 

Toxicity levels of ammonia for South African abalone, Haliotis midae, have not been 

documented and such values for other abalone species typically do not record a range of LC 

values. A series of experiments is described in which toxicity of ammonia to H midae was 

investigated. It was hypothesised (Hypothesis 1) that the tolerance of H midae to ammonia 

should increase with increasing size, with acclimation at sub-lethal concentrations (Hypothesis 

2), and in farmed as opposed to wild animals (Hypothesis 3). 

Acute toxicity of ammonia to H midae was investigated for three size classes relevant to 

mariculture operations. Tolerance to ammonia (at pH 7.8 and T = 15°C) was found to increase 

with body size as indicated by 36 h LCso values; farmed juvenile abalone (1 - 2.5 cm shell length) 

had the smallest LCso of 9.8 Ilg rl FAN, whereas LCso was 12.9 Ilg rl FAN in wild cocktail 

abalone (5 - 8 cm shell length), and 16.4 Ilg rl FAN in wild brood stock abalone (10 - 15 cm). 

When wild cocktail-size abalone were allowed to acclimatize to sub-lethal ammonia 

concentrations for 48 h, their ammonia tolerance increased compared with non-acclimatized 

abalone of the same size: LCso was 2.0 Ilg rl FAN greater at 14.8 Ilg rl FAN. Farmed cocktail

size abalone demonstrated a three-fold larger 48h-LCso value (of 37.9 Ilg rl FAN) than wild 

cocktail-size abalone (12.7 Ilg rl FAN). Abalone are susceptible to elevated ammonia 

concentrations, but appear to have some ability to acclimatize. 
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3.1. Introduction 

Commercial mariculture of the South African abalone, H midae, employs high density rearing in 

onshore systems (Sales and Britz, 2001). These systems usually operate as an open flow-through 

system to ensure sufficient supply of oxygen and removal of excretory products. Excretory 

products, however, can reach high toxic levels and can impact negatively on farm operations. 

This problem is exacerbated when the circulation has to be closed, for example during periods 

when harmful algal blooms occur in the sea (Botes et aI., 2003) or when there is an increase in 

pH or temperature, resulting in a build-up of toxicants. One major toxicant is the nitrogenous 

waste, ammonia, which can result from bacterial decomposition of organic matter (faeces, 

unconsumed food, dead animals) (Cheng et aI., 2004) and is also produced through the 

metabolism of the animal itself. 

Ammonia is the end-product of protein catabolism in most aquatic invertebrates, such as abalone. 

Abalone excretes ammonia via the right kidney (Andrews, 1985) into the mantle cavity (which 

houses the gills) and is passed out in the exhalent currents through the holes in the shell (Fallu, 

1991). Due to its small molecular size and high solubility, ammonia can diffuse rapidly through 

any surface in contact with water (such as the gills) and need not be excreted by the kidney 

(Schmidt-Nielsen, 1983). Ammonia is one of the most toxic waste products (Fallu, 1991; 

Schmidt-Nielsen, 1983). The other nitrogenous wastes that may accumulate, resulting in poor 

water quality, are nitrites and nitrates. Nitrite is an intermediate in the conversion of ammonia to 

nitrate (see Chapter 2, Figure 2.l) and appears to be more toxic than nitrate in H tuberculata 

(Basuyaux & Mathieu, 1999) and the greenlip abalone, H laevigata (Harris et aI., 1997). 

In aqueous solutions, ammonia exists in a pH-, temperature- and salinity-mediated equilibrium 

between the unionized (NH3) and ionized (NH4 +) forms, of which the unionized form is the more 

toxic (Russo & Thurston, 1991) (see Chapter 2, Figure 2.2). Toxicity levels of ammonia have 

been established for aquatic animals such as fish, crustaceans and molluscs (Colt & Armstrong, 

1981; Jeney et aI., 1992; Leung et aI., 1999; Meade & Watts, 1995). 
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Ammonia has been shown to affect the immune response of Taiwan abalone, H diversicolor 

supertexta (Cheng et aI.~ 2004) and kidney structure in greenlip abalone, H laevigata (Harris et 

aI., 1998a), ultimately influencing the health and growth of the animals. A number of workers 

have investigated the influence of ammonia on the survival and growth of Australian abalone 

(Harris et aI., 1998b; Basuyaux and Matthieu, 1999; Hindrum et aI., 2001; Huchette et aI., 2003), 

but they have tended to concentrate mostly on the growth of juveniles. Standard toxicity tests 

(determinations of lethal concentrations of ammonia in abalone) are often not fully presented. 

Such toxicity tests are well documented for fish at a wide range of temperatures and pHs 

(Thurston et aI., 1981; Knepp & Arkin, 1973). For abalone, however, such data are scarce. In 

toxicity tests, LCso values (mean lethal concentration killing 50 % of test animals) are used as 

standards for comparability (Greenberg et aI., 1992). However, for the abalone farmer, it is 

important to know at what concentration the animals start to die. For such information, other 

values from the same experiments, such as LCs (5 % of animals die) to LC lOO (all animals die) 

should be calculated. The determination of LCs is also important in estimating the possible safe 

concentrations of ammonia for abalone. 

There is little information available to South African abalone farmers on ammonia toxicity; 

lethal- and sub-lethal concentrations, and increased survival by adaptation to sub-lethal 

concentrations are not known for the locally farmed species H midae, but are assumed from data 

for foreign species. It is important that tests on ammonia toxicity in H midae are conducted in 

order to evaluate the risks associated with ammonia and the impact ammonia has on water 

quality. However, there are nuances in the potential response of H midae to acute ammonia 

toxicity. According to Fallu (1991), the ability of abalone to withstand stress increases with body 

size. It is hypothesised that this is true also for H midae, so that assuming the same toxicity 

levels for abalone of different size classes can be misleading and result in losses of animals. In 

the present study a range of sizes has been used in experiments: farmed juveniles (I - 2.5 cm shell 

length), farmed and wild cocktail size (5 - 8 cm) and wild brood stock (10 - 15 cm) (Figure 3.1). 

LC values of ammonia in farmed juvenile abalone were calculated to allow farmers to improve 

water quality of their environment, hence, increasing their survival rate. Spat and larval stages of 

H midae were not part of the study. H midae can reach a maximum size of about 20 cm shell 

length at an age of 30 years in the wild (Sales & Britz, 2001), but farms concentrate on the 
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marketable cocktail size of 5-8 cm shell length Gust over three years), although recently they 

have aimed for a larger size of ~ 1 0 cm shell length (Macey & Coyne, 2005). To maintain a 

healthy brood stock (taken from the wild), the present study calculated LC values of ammonia of 

wild brood stock abalone ranging from 10-15 cm shell length. 

It has been shown that exposure of freshwater and seawater fish to sub-lethal concentrations of 

ammonia increases their subsequent resistance to lethal concentrations (ElF AC, 1973). It is 

hypothesized that similar acclimatization processes occur in H midae, so that animals exposed to 

sub-lethal but elevated concentrations should increase their tolerance, implying also that farmed 

animals should have greater tolerance than wild animals. This chapter investigated the acute 

effects of ammonia on H midae. It aimed to test three hypotheses. The first was that LC values of 

ammonia should increase with size; this was tested using three size classes of H midae: 

juveniles, cocktail size and brood stock. The second hypothesis was that ammonia tolerance 

should increase after acclimatization to sublethal concentrations of ammonia; this was tested 

using cocktail size H midae. The third hypothesis was that ammonia tolerance should be greater 

in farmed than in wild abalone; this was tested by comparing LC values of ammonia for wild and 

farmed cocktail size H midae. 

3.3. Materials and Methods 

The first phase of the present study was initiated in 1998 and used farmed juvenile, wild cocktail 

size and wild brood stock size abalone for toxicity tests. At that time, farmed abalone of the two 

latter size classes were not available because of high costs and the large numbers required for the 

experiments, and because the farms were newly established (less than five years old) with limited 

stocks. Acclimatization experiments were conducted using wild cocktail size. H midae. The 

second phase of the present study was carried out in 2005 when a commercial farm donated 

farmed cocktail size H midae. Toxicity tests were carried out on these abalone, allowing for a 

comparative study on the effect of ammonia on wild versus farmed cocktail size abalone. 
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3.3.1 Experimental animals 

In total, 180 juvenile abalone (1.0 - 2.5 cm shell length; ~ 1 year old) (Figure 3.1 a) were provided 

by a commercial abalone farm (Aquafarms) in Hermanus on the southwest coast of South Africa. 

Another 180 cocktail abalone (5.0 - 8.0 cm shell length) (Figure 3.lb) were donated by another 

commercial abalone farm (Irvin and Johnson Ltd) at Danger Point in Gansbaai on the southwest 

coast of South Africa. Two other size classes of abalone (cocktail and brood stock size (10.0 -

15.0 cm shell length)) (brood stock, Figure 3.1c) were collected from the sea in Gansbaai and 

termed wild abalone. The farmed juveniles derived from brood stock that had been previously 

collected from the sea off the southeast coast of South Africa, within 50 km of the area where the 

two other size classes were caught (A. Hattingh, Aquafarms, Hermanus, pers. comm.). 

All experiments were conducted in the Zoology Department at the University of Cape Town, 

South Africa. The farmed abalone had been reared on the farms with a mixture of diets which 

included Ecklonia maxima, seaweeds (Gracillaria and VIva) and Abfeed (a commercial abalone 

feed) (L. Schoonbee, I & J Farms, pers. comm.). One month prior to experiments, the farmed 

abalone were fed exclusively on E. maxima, their predominant food in their natural habitat 

(Branch et aI., 1994). The wild abalone were also fed exclusively on E. maxima during the one 

month holding period. All abalone were held in holding tanks with a closed-circulation system 

that used sand-filtered seawater. The abalone were kept in the holding tanks for a minimum 

period of three weeks and a maximum period of one month. The system contained aerated and 

continuously flowing natural seawater at 14 - 16 °C. This temperature range is well within the 

optimal range of 12 - 20°C for this species (Britz et aI., 1997; Sales & Britz, 2000). Each animal 

was only used once and was not included in any further experimentation. 
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I' i~",. J. 1, ~hoIG' i Ih"traTin~ the thr •• ,j,~ ci.,,,,,, Gf H midI><' 'lnv<'li~",od '", ,he w~icity .'I"',im<Il", 
.j ju,cnik" bj """klail and oj brood 'lut~, (CUlLTtc>y or ]",in and Jooosun Ab.I()nc Fmml. 

3.3.2. E~p"r;m"ntal de'ign and proto!.:ol 

The ~xp"rimenl~ ,,~re tarri~d oul in a COn~lanl environment (eE) TO(lm (humidit) - 50% and 

ambient temperature - 15 T). Nmurai da)lighl <:ondilion:. "ere achieved u8ing IluoTC8<:em 

lighting. An 11 hour ligh l (1.):13 hour dark (D) phOlof"'riod wa:. chos~n in:.l~ad of lhe lM.:RD 

suggested by Greenberg et al. (1992). to simulate the II hour photoperiod ob:;erved on the farms 

during the winter :.cason (June·August), the -;arne lime of the experiments. Round pOL, were U8ed 

as experim~ntal tanks (Ldwards, 2(03) (to allow for tile ewn distribution of oxygen) and ',>,er~ 

coated "ith epo~) paint (to prevent fluctuation8 in pll of the water). Clay pol> ,'>'ere used to 

:.imulate the natural 8ubstr.ltum of ahalone (Figure 3.2). Ahalon~ \\ere ea:.ily removed from the 

pot,_ by insming a lhin pla:.tic card undem~ath lhe loot (Ilarri:. ~l al" 1')<)9) "ithoUl the u:;e of 

ana~8thdi,''> (Ilindrum ~l aI., 2()Ol). Abalone "ere gemly s<:rubb<ed "ith a 8mall. soft Ilail brush 

(Lu et al.. 1999) to rcrnove any organisms and for~ign paltides that could cause changes in 

ammonia concentralions. Vialer levels in each pot were kept to a maximum and mesh lids (Figure 
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3.2) were tied down to prevent 'crawl-outs' observed in another study on H midae (Britz et aI., 

1997). Each tank was individually aerated using air stones. 

Mean (± s.d.) dissolved oxygen (7.90 ± 0.07 ppm; range: 7.68 - 8.20 ppm) was monitored using a 

dissolved oxygen meter (YSI D0200, ± 0.01) (Figure 3.2). Temperature (15 °C) and mean pH 

(7.8 ± 0.04; range 7.78 -7.85) were monitored using a pH meter (YSI pHI00, temperature ± 0.1 

°C and pH ± 0.01) (Figure 3.2) and calibrated with Crison buffers. The pH was maintained using 

reagent grade HCL and NaOH pellets. Mean salinity (34.6 ± 0.1 ppt) was monitored with a 

salinity meter (YSI EC300, ± 0.1 ppt). The baseline readings of the seawater used (T = 15°C, pH 

= ~7.8, salinity = ~35 ppt) are listed in Table 3.1. There were no measurable differences in the 

above parameters between individual tanks. There were no measurable differences in the 

concentrations of TAN and FAN among individual holding tanks, because of the small numbers 

of animals kept and the large volumes of re-circulated water, especially compared with 

differences observed on farms as a result of high stocking densities and commercial feed. 

Table 3.1. Baseline readings of seawater used (T = 15°C, pH = ~7.8, salinity = ~35 ppt). 

Before experiment: 

During experiment: 

Nitrogen compounds 

TAN (mg rl) 
FAN (Ilgn 
Nitrite (mg rl) 
Nitrate (mg rl) 
Nitrite (mg rl) 
Nitrate (mg rl) 

Mean (±s.d) concentration 
(range) 

0.35 ± 0.02 (0.33 - 0.38) 
4.65 ± 0.29 (4.36 - 5.02) 
0.53 ± 0.13 (0.39 - 0.7) 
1.54 ± 0.29 (1.3 - 1.9) 
0.89 ± 0.20 (0.37 - 1.02) 
1.90 ± 0.40 (1.1 - 2.5) 
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Figure 3.2. L<.,.rimenT.1 so, \lp of,,, individual tank lel1) rot) in (ilc ,'o"'(",ll '''''i"",mem (CL) room, 111< se,w"~r 
in the "n~ L> ""nled"OO di ,,,,,l,'ed ,,,,'"g<l\, pH ,nd 1<mrec"'urc aTO monitored with appropriate mel,,.,. 

Range-finding aCllt~ toxicity tests were c.arried out for a wide range of ammonia concentrations. 

using I,\(, ahalorle per concenlralion tested ((jreen~rg et Ill .. 1992). The~e le~l~ were us~d 10 

determine lhe appmximme conccntration range to be includ~d in tl .... definili ve acule lmicily 

e){perimffib. The dellniti\c acute toxicity experiments were el1ft'ied ,,"l ll~ing ~landard toxlcity 

test~ as mtl1in~d hy Gre-cnbcrg et al. (1992). "I he experiment consisted of'one cnnlml p"t (n" 

loxicant added) and 1\.,.0 pots containing the to){ieant at the same concentration (Figure 3,3). 

l.(ellgclT! grade amnwnium chlon dc was used as the toxicant (Tll\lrston ~t Iii., 19RI, Barimo & 

Walsh, 20(5). Ten ahalone werc gent ly scrubbed. p lae~d into each pol Imd fed the WI) pri<1r 10 

the experiments to minimi.re handling strcss at the start of the cxperiments, TI", pots containing 

the ab~ lone remllined in the "'1 llari urn as pa,t of the continuous flow syst~m and \\ ere Iran sported 

to the ('F (con'lam envinmmetll) morn jllSt before thc cxperiments, Arnllone in eaeh pot were 

expos~d to specific ammonia cLHlCentrations for 48 hours, "I he 48-oour exposure incorporated 

hoth the inactive (day) and active (night) phllS~s of H ",Mae (Barbi & Griflilhs. 1987), 

lnc lllsiLm orthc acti .. c (night) phllSe. when more WilleI' is !lIken up via the gi l l~ a,,, result of the 
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increas~d d~m~nd of oxygen, could calise an inclcas.c in thc absorption of thc toxin (ammonia) 

a~[I'% tho! gill<. Dilferent animals \\ere u,ed for each ammonia conccntmtion. The treatmcnts 

\\eto: ~pplied in concentration scgueoce from lo"cst concentration to highc<,t concentration. 

\Iortalily ,,~s r~~orded e"~ry 1"0 hours for til.! first 12 hours and then at 24. 36 and 4~ hours. 

Animals that started gaping or showcd loss of tcnacitj (holding grip) by gcntle lOuching "crc 

~(msi<k1""d <kad or unlikd) to 'uJ"\'ive (Drc" ct aL 2001). A final monalit} tcst "as performed 

(~lthe ~balone "hereby an abalone (hm lost lenacit} or started gaping ",a, placed on the vcrtical 

'urr~c" ol·tll.! tank and allo\\ed 15 seconds to attach; ifil failed to attach it "as considcrcd dcad. 

EqLJaI amounts of kclp "'cre weighed and placed in each tank during thc night as II mid"e, likc 

other ab~lone, is a nocturnal grazer (13m-hi & (jrifftths, 1987). This cn<;urcd that starvation did 

not :><:t as an ~ddition~1 stressor «(j rccnl",rg ~t al.. I <;<)2). 

7-'~~~' ......-

Figu<c .'--1. Toxicity expcTim<'n" con,j<tcd of <>n<' control rot (no toxic_nt added) .nd 1\\0 experimenTal por, 
(tox;'anT .">dded), The)X>ls cUIl(flining the "",[ooe remained in ti., lOYu.,ium ", J"ITl oj' (h,' continuo.." lIuw '~'km 
(,0/0""0) .nd weTO tral"roncd to the Cf roomiu" I><for. rh •• xperiment', 

In OTl" "xp"rim~nt. wm~ ~nimal S "ere pre-~cclimatized to <ub·lelhal concentrations of ammonia. 

Jho! e"p"riment consisted of one control pot (no tox icam addcdl and two pots containing the 

toxicant. Ten animJls "ere placed in each pot and the animals "ere alJo\led 10 pre-acclima1iz~ to 

~n ammOllla concentration of 0.76 mg JAN r ' (10.03 ~lg FAI\ I_I) lor 48 hour'>, Thcsc prc-

acclimatised animal, \lcre lhen tesleJ tor cach ammonia conccntration. arKl mortality "as 

determin~d as dcscritJ.,d aoove. Lxperimcntal concentrations of FA!" in all experimcnt' wcrc 

calculated using TAN, pH. temperature anJ salinit:- va lue, folJo\ling Bo\\cr & Bid\lcll (1978) 

('<'e Chapter 2, section 2.2.3.3) and adjusted usil1£ reagent gradc ammonium chloridc. Dissol~ed 

ammonia conccntrations were detcmlined by til.! lmditional I\cs<,ler, mcthod (scc Chaptcr 2, 

s~"tion 2.2.3.1). Ilo"e\cr. the Palintest (see Chapter 2, section 2,2.3.2) \\JS llSCJ to dcterminc 

dissolved ammonia lor the firslt\lO concentrmion< of til.! toxicit) leSlS for farmed cocktail size 
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abalone as the mineral stabiliser required for the Nesslers method was not available at the time. 

The ammonia concentrations, measured every 2 hours for the first 12 hours, and thereafter every 

12 hours until the end of the experiment (48 hours), did not fluctuate outside the range stated and 

adjustments were not necessary. LC values were recorded for a wide range of ammonia 

concentrations, however, only the concentrations which caused mortalities plus the highest 

concentration that did not cause any deaths are presented in Tables 3.2 - 3.6. Nitrite and nitrate 

concentrations were determined by ferrous sulphate and cadmium reduction methods respectively 

(both these methods are described in Chapter 2, sections 2.2.1 and 2.2.2, respectively), and 

measured every 12 hours. 

3.3.3. Statistical analysis 

Mortality rates from acute toxicity tests were analysed by probit analysis (Cramer, 2004; 

Greenberg et aI., 1992; Wardlaw, 1995). This involves transformation of the percentage mortality 

values into probit values, and subsequent fitting of the (now linearised) sigmoid response curve 

and estimation of LC values. The LC values were calculated using Microsoft XLSTAT 7.5.3-

Dose, as were 95% confidence limits. Linearized best-fit curves were constructed from data 

obtained from probit analysis of 36 hand 48 h, and LCso values were compared using one-way 

ANOV A, and a post-hoc Bonferroni test (Figure 3.4) or a log rank test (Figures 3.5 and 3.6). 

Both these post-hoc tests were performed using GraphPad Prism (statistical analysis for 

laboratory and clinical research). 

3.4. Results 

3.4.1. LC values of ammonia for farmed juvenile abalone 

A FAN concentration of 8.7 Ilg rl was the lowest ammonia level that caused mortality and the 

experimental concentration below that level (7.4 Ilg rl FAN) was regarded, therefore, as the sub

lethal level (Table 3.2). LCso values range from 9.3 to 10.2 Ilg rl FAN, depending on exposure 

time. The LCs of 8.8 Ilg rl FAN and LC lOo of 11.4 Ilg rl FAN were estimated from probit 

analysis for the exposure time of 36 h. 
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Table 3.2. Toxicity of different ammonia concentrations to juvenile abalone. Lower case letters a and b indicate 
parallel experiments (n = 10 each) under same conditions. TAN and FAN concentrations are given as median with 
concentration ranges in brackets. 

TAN FAN Number of dead abalone at: 

mgrl Ilg rl 2h 4h 6h 8h 10 h 12 h 24 h 36 h 48 h 

a b a b a b a b a b a b a b a b a b 

0.56 (0.51-0.60) 7.4 (6.73-7.92) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.66 (0.61-0.70) 8.7 (8.05-9.24) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.76 (0.71-0.80) 10.0 (9.37-10.56) 0 0 2 2 3 4 3 5 6 6 6 6 6 6 

0.86 (0.81-0.90) 11.4 (10.69-11.88) 3 2 5 6 7 9 8 10 10 10 10 10 10 10 10 10 10 

0.96 (0.91-1.00) 12.7 (12.01-13.2) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 

LC,o (FAN; ~g 1"'): 10.2 10.2 9.8 9.3 
95% confidence limits: 9.8-10.6 9.8-10.6 9.4-10.1 8.9-9.7 

3.4.2. LC values of ammonia for wild cocktail size abalone 

A FAN concentration of 11.4 Ilg r1 was the lowest ammonia level that caused mortality and 10.0 

Ilg r1 FAN was regarded as the sub-lethal level for this size class (Table 3.3). LCso values range 

from 12.7 to 13.9 Ilg r1 FAN. The LCs is 11.2 Ilg r1 FAN and LC lOo level is approximately 15.8 

Ilg r1 FAN for 36 h of exposure. 

Table 3.3. Toxicity of different ammonia concentrations to wild cocktail size abalone. Lower case letters a and 
b indicate parallel experiments (n = 10 each) under same conditions. TAN and FAN concentrations are given 
as median with concentration ranges in brackets. 

TAN FAN Number of dead abalone at: 

mgrl Ilgl"l 2h 4h 6h 8h 10 h 12 h 24 h 36 h 48 h 

a b a b a b a b a b a b a b a b a b 

0.76 (0.71-0.80) 10.0 (9.37-10.56) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0.86 (0.81-0.90) 11.4 (10.69-11.88) 0 0 0 0 0 0 0 0 0 1 1 2 2 

0.96 (0.91-1.00) 12.7 (12.01-13.2) 0 0 0 0 2 1 0 1 2 2 2 2 4 6 

1.06 (1.01-1.10) 14.0 (13.32-14.52) 0 0 0 2 2 3 4 4 6 7 6 7 9 9 9 \0 

1.16 (1.J 1-\.20) 15.3 (14.65-15.84) 7 8 10 10 10 10 10 \0 10 10 10 10 10 10 10 10 10 10 

LC,o (FAN; ~g 1"'): 13.9 13.7 12.9 12.7 
95% confidence limits: 13.5-14.3 13.3-14.1 12.5-13.3 12.3-13.1 

3.4.3. LC values of ammonia for wild brood stock size abalone 

The sub-lethal level of FAN was 12.7 Ilg r1, the first mortalities occurred at a concentration of 

14.0 Ilg r1 (Table 3.4). LCso values range from 16.2 to 17.5 Ilg r1 FAN. The LCs is 14.2 Ilg r1 
FAN and LC lOo level is approximately 18.91lg r1 FAN for 36 h of exposure. 
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Table 3.4. Toxicity of different ammonia concentrations to wild brood stock abalone. Lower case letters a and 
b indicate parallel experiments (n = 10 each) under same conditions. TAN and FAN concentrations are given 
as median with concentration ranges in brackets. 

TAN FAN Number of dead abalone at: 

mgr' I1g r ' 2h 4h 6h 8h 10 h 12 h 24 h 36 h 48 h 

a b a b a b a b a b a b a b a b a b 

0.96 (0.91-1.00) 12.7 (12.01-13.2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.06 (1.01-l.l0) 14.0 (13.32-14.52) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

l.l6 (l.l1-1.20) 15.3 (14.65-15.84) 0 0 0 0 0 0 .0 2 2 2 2 2 2 

1.26 (1.21-1.30) 16.6 (15.97-17.16) 0 0 0 2 2 3 4 6 6 6 

1.36 (1.31-1.40) 18.0 (17.29-18.48) 0 0 2 2 4 6 6 8 9 

1.46 (1.41-1.50) 19.3 (18.60-19.8) 4 7 6 9 10 9 10 10 10 10 10 10 10 10 10 10 10 

LC" (FAN; ~g r'): 17.5 16.6 16.4 16.2 
95% confidence limits: 17.1-17.9 16.2-17.0 16.0-16.9 15.8-16.6 

3.4.4. LC values of ammonia for farmed cocktail size abalone 

Two different methods were used to measure TAN concentrations in Table 3.5 (see Section 

3.3.2). The first two concentrations were measured using the Palintest and the last three 

concentrations were measured using Nesslers method. This is the reason why the second 

concentration (27.09 Ilg r1) measured was higher than the third concentration (24.72 Ilg r1). A 

comparative analysis of both methods (see Chapter 2, section 2.3.2) showed that the Nesslers 

method was more accurate than the Palintest in measuring dissolved ammonia in seawater. No 

mortalities were recorded for the first two concentrations (Table 3.5). A FAN concentration of 

24.72 Ilg r1 was the lowest ammonia level that caused mortality and 19.69 Ilg r1 FAN was 

regarded as the sub-lethal level for this size class (Table 3.5). An LC50 value of 37.9 Ilg r1 FAN 

for 48 h was obtained. The LC5 is approximately 24.72 Ilg r1 FAN and LC lOo level is 

approximately 49.87 Ilg r1 FAN for 48 h of exposure (Table 3.5). There were insufficient data 

points to obtain the LC50 for the 12,24 and 36 h exposure. 
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Table 3.5. Toxicity of different ammonia concentrations to farmed cocktail size abalone (5.0 - 8.0 cm shell length). 
Lower case letters a and b indicate parallel experiments (n = 10 each) under same conditions. TAN and FAN 
concentrations are given as median with concentration ranges in brackets. (Data obtained from du Buisson, 2005). 

TAN FAN Number of dead abalone at: 

mgr1 j.lg rl 2h 4h 6h 8h 10 h 12 h 24 h 36 h 48 h 

a b a b a b a b a b a b a b a b a b 

1.03 (0.80-1.14) 19.69(14.12-27.07) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.32 (0.87-1.60) 27.09( 18.07-33.04) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.13 (1.01-1.30) 24.72(20.86-29.26) 0 0 0 0 0 0 0 0 0 2 0 0 

1.81 (1.61-2.00) 38.44(27.15-50.83) 0 0 0 0 0 0 0 0 0 0 0 4 

2.40 (2.20-2.92) 49.87(39.80-60.42) 0 0 0 0 0 0 0 0 0 0 0 0 0 9 10 

LC,o (FAN; IIg r'): 37.9 
95% confidence limits: 34.7-42.4 

3.4.5. Acclimatization of wild cocktail size 

This treatment lowered the sensitivity to ammonia in the acute toxicity test when compared with 

animals of the same size that were not pre-acclimatized (see Table 3_3)_ The sub-lethal level of 

FAN was 12_7 Jlg r1, and the first mortalities occurred at a concentration of 14_0 Jlg rl (Table 

3_6)_ LCso values range from 14.4 to 18.2 Jlg r1 FAN_ The LCs is 13.5 Jlg r1 FAN and LC JOo level 

is approximately 16_8 Jlg r1 FAN for 36 h of exposure 

Table 3.6. Toxicity of different ammonia concentrations to wild cocktail size abalone previously 
acclimatized to sublethal concentrations of ammonia. Abalone were allowed to acclimatize in a sub-lethal 
ammonia concentration (TAN = 0.76 mg r 1, FAN = 10.0 Ilg rl) for 48 h prior to experimentation. Lower 
case letters a and b indicate parallel experiments (n = 7-10 each) under same conditions. TAN and FAN 
concentrations are given as median with concentration ranges in brackets. 

TAN FAN Number of dead abalone at: 

mgr1 j.lg rl 2h 4h 6h 8h 10 h 12h 24 h 36 h 48 h 

a b a b a b a b a b a b a b a b a b 

0.96 (0.91-1.00) 12.7 (12.01-13.2) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1.06 (1.01-1.10) 14.0 (13.32-14.52) 0 0 0 0 0 0 0 0 0 0 2 2 2 2 

1.16 (1.11-1.20) 15.3 (14.65-15.84) 0 0 0 2 2 2 2 2 4 4 4 4 6 8 7 

LC,. (FAN; IIg r'): 15.3 15.0 14.8 14.4 
95% confidence limits: 15.0-15.8 14.6-15.4 14.4-15.2 14.0-14.8 
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3.4.6. Comparison of LC values of ammonia for three size classes of abalone 

Best-fit curves, constructed from the 36 h probit data, for all three size classes were significantly 

different from each other, as were LC values (ANOVA, F = 0.497, df = 39; post-hoc Bonferroni 

test, p < 0.05, df= 128) (Figure 3.4). Farmed juveniles were the most sensitive to ammonia in the 

environment. Wild abalone of cocktail size were less sensitive to ammonia than juveniles. Wild 

abalone of brood stock size were the size group that was least sensitive to ammonia in their 

environment. 
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Figure 3.4. Comparison of ammonia tolerance of juvenile abalone (1.0 - 2.5 cm shell length), cocktail-size abalone 
(5.0 - 8.0 cm) and brood stock abalone (10.0 - 15.0 cm) in a 36 h acute toxicity test. Curves were constructed using 
data from Tables 3.2-3.4 and probit analyses thereof. Faint dotted lines indicate respective 95% confidence limits. 
Goodness of fit of curves for juvenile abalone: X2 = 0.368, R2 = 0.999; cocktail-size abalone X2 = 3.386, R2 = 0.986 
and brood stock abalone X2 = 1.307, R2 = 0.998. *Curves are significantly different from each other (Bonferroni test, 
df= 39, P < 0.05). 
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3.4.7. Comparison of LC values of ammonia for acclimatized versus non-acclimatized wild 

cocktail size abalone 

Best-fit curves for non-acclimatized and acclimatized wild cocktail size abalone, constructed 

from the 36 h probit data, were significantly different, as were the LC values (log rank test, p < 

0.05, df= 1) (Figure 3.5). 

100% 

80% 

60% 

40% 

20% 

9 11 

. -- ....... . ' .' .' 

acclimatized 

17 19 

Figure 3.5. Comparison of ammonia tolerance of wild cocktail-size abalone that were acclimatized or not 
acclimatized to a sub-lethal concentration of ammonia for 48 h prior to experimentation in a 36 h acute toxicity test. 
Curves were constructed using data from Table 3.3 and Table 3.6 and probit analyses thereof. Faint dotted lines 
indicate respective 95% confidence limits. Goodness of fit of curves for non-acclimatized abalone: X2 = 3.386, R2 = 

0.986 and acclimatized abalone X2 = 0.828, R2 = 0.996. *Curves are significantly different from each other (log rank 
test, df = 1, P < 0.05). 
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3.4.8. Comparison of LC values of ammonia for farmed versus wild cocktail size abalone. 

Best-fit curves for farmed and wild cocktail size abalone, constructed from the 48 h probit data, 

were significantly different, as were the LC values (Log rank test, p = 0.001, df= 1) (Figure 3.6). 

Farmed abalone of cocktail size were less sensitive to ammonia than wild cocktail size abalone. 

There were insufficient data points for the farmed cocktail size abalone to obtain the curve for the 

36 h exposure (see Table 3.5). 

100%, 

o 10 20 30 40 50 

FAN (f.1g r1) 

60 70 

Figure 3.6. Comparison of ammonia tolerance of wild cocktail size abalone versus farmed cocktail size abalone in a 
48 h acute toxicity test. Curves were constructed using data from Table 3.3. and Table 3.5. and probit analyses 
thereof. Faint dotted lines indicate respective 95% confidence limits. Goodness of fit of curves for wild cocktail size 
abalone ~ = 4.544, R2 = 0.978 and farmed cocktail size abalone X2 = 21.768, R2 = 0.919. *Curves are significantly 
different from each other (log rank test, df= 1, p<O.OOI). 
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3.5. Discussion 

In general, the ability of abalone to withstand stress increases with size (Fallu, 1991). This is 

consistent with our data on H midae as there is an overall increase in the LC values of ammonia 

with increasing size of the abalone (Tables 3.2 - 3.4). Smaller and younger abalone are, therefore, 

the most critical size class because they have low tolerance to elevated ammonia concentrations 

in the surrounding water. The size-dependence of sensitivity to ammonia is illustrated in the 

dose-response curves for the three size classes used (Figure 3.4), based on the results of the probit 

analysis of the 36 h values (see Tables 3.2 - 3.4). The 36 h curve was chosen because 1) it is best 

supported by the amount of measured data in all size classes and is, therefore, most comparable, 

and 2) it represents a more acute response than the 48 h curve. The shift of the curves to the right 

(i.e. towards higher ammonia concentrations) indicates an increased ammonia tolerance (Figure 

3.4). Juvenile abalone exhibit faster growth than the other size classes used. They also have a 

larger surface area relative to body volume. It is not surprising, therefore, that this size class was 

most sensitive to ammonia in the environment. 

Both nitrite and nitrate concentrations in the present study (Table 3.1) were substantially lower 

than the maximum safe concentrations (nitrite: > 5 mg rl; nitrate: 100-250 mg rl) recorded for H 

tuberculata (Basuyaux & Mathieu, 1999) and the chronic sublethal level (nitrite = 7.8 mg rl) 

recorded for the greenlip abalone, H laevigata (Harris et aI., 1997). There are limited data 

available on the toxicity of both nitrites and nitrates to H midae, but we can assume that nitrite 

and nitrate had negligible influence on the stress of the abalone in the present study. 

As has been found previously for fish (ElF AC, 1973), acclimatization of H midae to sub-lethal 

concentrations of ammonia increased their subsequent resistance. The shift of sensitivity is 

illustrated in the dose-response curves (Figure 3.5) that were constructed from the results of the 

probit analysis of the 36 h values (Table 3.3 and Table 3.6) for cocktail size abalone: the shift to 

the right (i.e. towards higher ammonia concentrations) indicates an increase in ammonia 

tolerance (Figure 3.5) for acclimatized abalone. Possible mechanisms that lead to the increased 

tolerance (acclimatization) to ammonia in abalone, H midae, will be discussed in Chapter 5. 
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Farmed abalone are exposed to much higher concentrations of ammonia compared to wild 

abalone because of ammonia build-up in tanks resulting from enclosure and high densities. TAN 

values that had been obtained from seven abalone farms in South Africa ranged from 0.015-0.675 

mg rl while the TAN value of unpolluted seawater rarely exceeded 0.18 mg rl (Samsukal, 2004). 

Higher values of TAN on farms have been observed (D. Robertson-Andersson, pers. comm.) but 

the values have not been recorded or the farmers are not willing to disclose them. During the 

present study, the seawater (no toxicant added) readings ranged from 0.035 -0.40 mg rl TAN. 

Therefore, it is reasonable to hypothesise that wild abalone will be more sensitive to ammonia 

than farmed abalone of the same size as a result of farmed abalone acclimatizing to higher 

ammonia levels. The present study supports the above hypothesis. The shift of sensitivity is 

illustrated in the dose-response curves (Figure 3.6) that were constructed from the results of the 

probit analysis of the 48 h values (Table 3.3 and Table 3.5) for farmed and wild cocktail size 

abalone. The LCso values of the farmed abalone (37.9 ~g rl FAN) are approximately three times 

greater than those for wild abalone (12.7 ~g rl FAN) (Table 3.7), but they are substantially 

lower than the lethal concentrations for most fish, crustaceans, and echinodermata (Table 3.8). In 

general fish excrete much higher levels of nitrogen componds (ammonia, nitrites and nitrates) 

than molluscs, including abalone (H diversicolor) (Qian et aI., 2001) and subsequently 

acclimatize to the higher ammonia levels in the tanks which may explain why abalone are more 

sensitive to ammonia than fish. A more even distribution of mortalities for farmed cocktail size 

abalone (as observed for wild cocktail size abalone) (Table 3.3 and Table 3.5) may be achieved if 

more experiments at higher ammonia concentrations were conducted. Unfortunately the number 

of available farmed abalone was limited. 
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Abstract 

Ammonia has been shown to retard growth in a number of abalone species. The long 

term impacts of sub-lethal ammonia concentrations were investigated for growth of 

farmed juveniles (1-2.4 cm shell length). It was hypothesised (Hypothesis 4) that 

elevated but sublethal ammonia concentrations would have a chronic effect on H midae 

by retarding growth. Growth was inhibited during chronic exposure to sub-lethal FAN 

(7.4 Ilg rl). The mean ± s.d. specific growth rates (0.10 ± 0.03 % d- l) were reduced 

(ANOVA: F = 3.102, df = 114, P < 0.05) to 59 % of that in a control group (no added 

ammonia) (0.24 ± 0.06 % g dol). 
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4.1. Introduction 

Abalone is one of the most valuable seafood species in the world. Its demand, especially 

in Asia, outstrips supply by far (Gordon & Cook, 2004; Stanford, 2004). This has ensured 

high prices but also a decline in natural resources of abalone by over-fishing, disease, 

habitat loss and poaching (Gordon & Cook, 2004). As a result of these developments, 

mariculture has become a viable supplier, despite the slow growth and resulting long 

culture periods of abalone. It is important to understand the factors that affect abalone 

growth in order to develop optimal conditions for maximising production (Huchette et al., 

2003). There are numerous factors that affect the growth of juvenile abalone, such as 

stocking density (Huchette et al., 2003, Koike et al., 1979), parasite infestation (Ruck & 

Cook, 1998), depth (Liu and Chen, 1999), food quality and quantity (Britz, 1996, Day 

and Flemming, 1992) and water quality. Water quality is the single most important factor 

affecting an abalone (Fallu, 1991). Water is not only a source of essential substances but 

acts as a waste disposal system. Hence, poor water quality resulting from toxic 

substances (such as ammonia and nitrites) or insufficient quantities of essential 

substances (such as dissolved oxygen) may retard growth and may cause death in abalone 

(Fallu, 1991). Low dissolved oxygen has been shown to affect growth in juvenile 

Australian greenlip abalone, H laevigata (Harris et al., 1999). 

Little information is available from long-term toxicity tests with ammonia and aquatic 

organisms, and fewer data are available from partial chronic or chronic studies (Rand & 

Petrocelli, 1985). Ammonia is the principal nitrogenous compound excreted by aquatic 

animals (Colt & Armstrong, 1981) and is known to have chronic effects on the growth of 

a number of marine organisms, namely, fish (Foss et al., 2004; Lenmarie et al., 2004, 

Lukenbach et al., 2003), sea urchins (Siikavuopia et al., 2004); crustaceans (Allan et al., 

1990; Koo et al., 2005) and abalone (Harris et al., 1998a, b; Huchette et al., 2003). 

Chronic exposure to ammonia may result in the deterioration of several physiological 

functions, anyone of which may be the ultimate cause of death (Russo, 1985). Ammonia 

has been shown to affect the immune response of Taiwan abalone, H diversicolor 
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supertexta (Cheng et aI., 2004), and kidney structure in green lip abalone, H laevigata 

(Harris et aI., 1998a), which will ultimately influence growth. 

The influence of ammonia on the survival and growth of abalone has been investigated 

mainly for juvenile Australian species (Harris et aI., 1998b; Hindrum et aI., 2001; 

Huchette et aI., 2003). In these studies ammonia is shown to significantly affect growth in 

abalone, except in the study by Hindrum et al. (2001) (see discussion). There is limited 

information available to South African abalone farmers on the influence of ammonia on 

growth of the local species, H midae, but it is expected it will retard growth, as has been 

found for the Australian species. The present study aimed to test this by investigating the 

influence of high sub-lethal levels of ammonia on the growth of juvenile H midae (1-

2.5cm in length, - 1 year old). Juvenile abalone were selected for the growth experiments 

because they are the most vulnerable size class (Fallu, 1991), exhibit fast growth 

(Shepherd et aI., 1995), are the least costly size class and require least logistical effort 

(i.e. water volume) because of their small size. Information on sublethal ammonia 

concentration for juveniles was drawn from results of the toxicity tests (see Chapter 3). 

4.2. Materials and Methods 

4.2.1. Experimental animals 

A total of 180 juvenile abalone (1.0 - 2.5cm shell length; -1 year old) was provided by a 

commercial abalone farm (Aquafarms) in Hermanus on the southwest coast of South 

Africa. The study was conducted in the Zoology Department at the University of Cape 

Town, South Africa. One month prior to experiments, juveniles were fed on a daily diet 

of fresh kelp, Ecklonia maxima, their predominant food in their natural habitat (Branch et 

aI., 1994). The abalone were held in holding tanks with a closed-circulation system that 

used sand-filtered seawater. The system contained aerated and continuously flowing 

natural seawater at 14 - 16°C. This temperature range is well within the optimal range of 

12 - 20 °C for this species (Britz et aI., 1997; Sales & Britz, 2000). 
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4.2.2. Experimental design and protocol 

The abalone were transferred to their experimental glass tanks (21.5x21.5x21.5cm) a 

week prior to the experiments on 7 July 1999, in order to minimise handling stress. The 

juvenile abalone were easily removed by sliding them off the glass without the use of a 

spatula/plastic card (Harris et aI., 1999) or anaesthetics (Hindrum et aI., 2001). Abalone 

were gently scrubbed with a small, soft nail brush (Lu et· aI., 1999) to remove any 

organisms and foreign particles that could cause changes in ammonia levels. All juveniles 

were individually labelled with numbered plastic 'Dymo' tags attached to their shells 

with quick-setting epoxy glue (Britz, 1996). 

Twenty abalone were placed in each of six glass tanks. Two additional abalone were 

placed in each tank to replace any injured or dead abalone. Water levels in each tank 

were kept to a maximum and mesh lids were tied down to prevent 'crawl-outs' observed 

in another study on H midae (Britz et aI., 1997). Each tank was individually aerated 

using air stones. Mean (± SD) dissolved oxygen (7.90 ± 0.07 ppm; range:7.68 - 8.20 

ppm) was measured using a dissolved oxygen meter (YSI D0200, ± 0.01) (Figure 3.2). 

Temperature (15 °C) and mean pH (7.8 ± 0.04; range 7.78 -7.85) were measured using a 

pH meter (YSI pHlOO, temperature ± 0.1 °C and pH ± 0.01) and calibrated with Crison 

buffers. The pH 7.8 was maintained using reagent grade HCL and NaOH pellets. Salinity 

(34.6 ± 0.1 ppt) was measured with a salinity meter (YSI EC300, ± 0.1 ppt). The baseline 

readings of the seawater used (T = 15°C, pH = ~7.8, salinity = ~35 ppt) are listed in 

Table 3.1 (Chapter 3). There were no measurable differences in the above parameters 

between the three control tanks and the three experimental tanks. 

Reagent grade ammonium chloride was used as the toxicant (Thurston et aI., 1981; 

Barimo & Walsh, 2005). In three of the six tanks, ammonia concentrations were adjusted 

to a sub-lethal level (FAN: 7.4 J.lg r'; TAN: 0.56 mg r') by adding appropriate amounts 

of the toxicant (experimental tanks) whereas no ammonium chloride was added to the 

seawater in the three control tanks. Dissolved ammonia concentrations were maintained 

by periodically (every second day) replacing 50% of the water in the tanks (Schmitt & 
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Uglow, 1996). TAN was measured using the Nesslers method with the Hach DRl2000 

spectrophotometer (see Chapter 2, section 2.2.3.1) and FAN was calculated (see Chapter 

2, section 2.2.3.3). The weight (wet whole weight), shell length and shell width of each 

abalone was measured once every two weeks over a three month period. The abalone 

were weighed to the nearest O.Olg and their length measured with vernier callipers to 

O.lmm. Equal amounts of kelp were weighed and placed in each tank during the night as 

H midae, like other abalone, is a nocturnal grazer (Barkai & Griffiths, 1987). This 

ensured that starvation did not act as an additional stressor (Greenberg et aI., 1992). 

4.2.3. Calculation of specific growth rates. 

Specific growth rates for weight (SGR W), shell length (SGRL) and shell width 

(SRWSW) (% d- I
) were calculated according to Hindrum et aI. (2001) as follows: 

SGR W (% d -I) = [In( final weight) - In( initial weight)] x 100 
number of days 

SGRL (% d -I) = [In( final length) - In( initial length)] x 100 
number of days 

SGRSW (% d -I) = [In( final width) - In( initial width)] x 100 
number of days 

4.2.4. Statistical analysis 

Differences in initial body sizes of animals assigned to the experimental groups of the 

growth experiment were tested by one-way ANOV A after testing homogeneity of 

variances by Levene's test. Specific growth rates of groups were tested by ANOVA 

followed by post-hoc Bonferroni tests. Combined changes for each treatment were 

analysed by repeated measures ANOVA followed by a post-hoc Bonferroni test. 
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4.3. Results 

4.3.1. Influence of sub-lethal ammonia concentrations on the growth of juvenile 
abalone. 

Initial values for weight, shell length and shell width of each of the six experimental 

groups were not significantly different (ANOVA, p<0.05, df = 5 for wet weights, shell 

width and shell length, and F= 1.881,0.462 and 0.576, respectively.). Data for the full 90 

days of experimental treatment were used to calculate the specific growth rates (SGR) for 

all experimental groups. The SGRs for weight (Fig.4.1A), shell length (Fig.4.1B) and 

shell width (Fig.4.1 C) were significantly lower in abalone that were kept in sub-lethal 

ammonia levels compared with abalone from the control groups. In total, the SGR of 

ammonia-exposed abalone was 59 % (weight), 51 % (shell length) and 58 % (shell width) 

of those of control abalone. The results from animals in groups that were exposed to the 

same treatment (i.e. ammonia or control) were not significantly different (ANOV A, 

p<0.05, for ammonia treatment groups: df = 2 for wet weights, shell width and shell 

length, and F = 0.592, 2.678 and 2.485, respectively; for control groups: df = 2 for wet 

weights, shell width and shell length, and F = 0.670, 2.718 and 1.665, respectively) and 

were combined for further analysis. 
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4.4. Discussion 

A good understanding of a species response to environmental factors is a prerequisite in 

achieving high revenue in a high-density land-based culture system (Siikavuopio et aI., 

2004). This chapter presents results on the chronic effects of ammonia on juvenile H 

midae and supplements the acute toxicity tests performed on juvenile H midae (see 

Chapter 3). Specific growth rates are used to indicate relative changes in growth rates 

(Figure 4.1), especially because the experimental abalone grew slower than is found on 

farms. However, to illustrate the patterns of growth over time, absolute growth 

increments were also presented (Figure 4.2). Although abalone appear to be tolerant to 

sub-lethal ammonia concentrations, this seems to be a costly effort (for the animal as well 

as for the farmer). During their long stay under such sub-lethal ammonia levels, no 

fatalities occurred in the experiments, but growth rates were substantially reduced (by 

more than 50 %). It is therefore important to not only maintain ammonia concentrations 

below toxic levels in the long term, but to keep them as low as possible to ensure optimal 

growth. 

Colt and Armstrong (1981) predicted significant growth reductions in most aquatic 

animals between 0.05-0.2 mg FAN rl. Basuyaux & Mathieu (1999) measured differences 

in shell length and weight for five ammonia concentrations over a 15 day period and 

suggested that the safe level of ammonia for abalone, H tuberculata, is 1 mg TAN rl 
(0.045 mg FAN rl) with slight toxicity at 5 mg TAN rl (0.226 mg FAN rl). Harris et al. 

(1998b) found that growth depression by ammonia was greater in the Australian green lip 

abalone than in some other aquatic animals and significant reduction in length and weight 

occurred at 0.054 mg FAN rl and 0.110 mg FAN rl, respectively. These values were all 

much higher than the sub-lethal value of 0.0074 mg FAN rl used in the present study and 

may be due to the larger juveniles used in these studies (see Table 3.8). 

In growth studies ECx values are used which refer to the effective concentration causing x 

percent growth retardation. A comparison of the chronic effects of ammonia on abalone 

growth (ECx values) in the above mentioned studies and in the present study are 
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summarized in Table 3.8 (see Chapter 3). Huchette et al. (2003) showed that in the 

Australian blacklip abalone (1-2 year old), growth was significantly reduced by ammonia 

and that the ECs (the effective concentration causing 5% growth retardation) value was 

10-fold lower than the one found by Harris et al. (1998b), where the ECs = 0.041 mg 

FAN rl for 3 year old abalone. ECs values of 0.004-0.006 mg FAN rl are suggested by 

Huchette et al. (2003). 

In the present study, the level of chronic ammonia exposure causing specific growth rates 

for weight, shell length and shell width respectively of 59, 51 and 58 % of controls, was 

at 0.0074 mg FAN rl, consistent with the findings of Huchette et al. (2003). The EC5 

values might be slightly lower, however, for H midae than their Australian counterparts. 

This could be due to a higher sensitivity of H midae to ammonia. A more likely reason is 

that ammonia levels were better controlled in the present study compared with naturally

produced ammonia in the experiments of Huchette et al. (2003). The EC values reported 

by Huchette et al. (2003) were tenfold lower compared with those of Harris et al. (l998b) 

and Basuyaux & Mathieu (1999). The authors attributed this to species sensitivity and, to 

a larger extent, to the small sample size and short term duration of experiments carried 

out by the latter research groups. Day & Fleming (1992) suggested that the effect of 

chronic exposure is more likely observed in long-term experiments, especially when the 

main biological parameter is growth. Since abalone are known to exhibit slow and 

variable growth, the duration of the growth studies should be long to observe any 

significant effects (Huchette et aI., 2003). 

Despite the differences in the EC values of ammonia, all of the above studies showed that 

high sub-lethal levels of ammonia retard growth. However, one particular study by 

Hindrum et al. (2001) found that in the Australian blacklip abalone, ammonia exposure 

(ranging from 25 - 188 Ilg FAN rl) did not produce a significant reduction in growth. 

The authors suggested that this was due to the pulse and challenge exposures in their 

experiments for only 8 hours (compared to the other studies of continuous exposure). In 

addition, the result could have been further impacted by the fact that the experiments 
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were conducted during daytime (inactive phase) when gill activity might have slowed 

down causing reduction in the transfer of ammonia across the gills. 

Both nitrite and nitrate levels in the present study were substantially lower than the safe 

levels (nitrite: > 5 mg.L-1
; nitrate: 100-250 mg.L-1

) recorded for H. tuberculata 

(Basuyaux & Mathieu, 1999) and the chronic sublethal level (nitrite = 7.8 mg. L-1
) 

recorded for the green lip abalone, H. laevigata (Harris et aI., 1997). As there are limited 

data available on the toxicity of both nitrites and nitrates for H. midae, we can assume 

that nitrite and nitrate had no influence on the stress of the abalone in the present study. 

In conclusion, sub-lethal levels of ammonia caused a substantial reduction in growth of 

juvenile H. midae. The results showed that it is essential for animal health and viability of 

abalone farming that ammonia levels are kept at the lowest possible level. 
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Abstract 

Two possible protein induction indicators of stress have been identified in aquatic 

organisms: heat shock proteins (HSPs; stress proteins) and the P- glycoprotein (P-gp) 

mediating multixenobiotic resistance (MXR). HSPs are known to confer tolerance by 

folding and refolding of partially denatured proteins while P-gp reduces toxins in the 

system by actively pumping them out of the cell. Neither of these responses has yet been 

demonstrated in ammonia-stressed abalone. 

It was hypothesised (Hypothesis 5) that increase of HSPs and/or P-gp mediated MXR are 

responsible for the observed increased tolerance to ammonia in H midae. Four HSPs (-

90, -70, -60 and -27) and the P-gp were investigated in the foot and gills of H midae 

using immunological assays (using stress protein-specific antibodies). Induction of HSPs 

and P-gp by heat shock, a well known stressor of HSPs but not P-gp, was also 

investigated. It was demonstrated for H midae that heat shock had the greatest impact in 

the foot (increase in HSP 90 and -70, P < 0.05) within the first hour, with no significant 

changes in the gills. In contrast, ammonia exposure had the greatest impact on the gills 

after 24 hours (increase in HSP 70 and -60, P < 0.05 and P< 0.001 respectively) and after 

36 hours (P < 0.01 and P < 0.001 respectively). There were no significant differences of 

HSP 70 and -60 levels in the foot during ammonia exposure, but there appeared to be an 

observed increase during longer exposure for HSP 70 (after 24 and 36 hours) and HSP 60 

(36 hours). HSP 90 was not present in the foot and gills of H midae under normal 

(control) conditions and was only present in the foot after heat shock and in the gills after 

ammonia shock. HSP 27 was not present in the foot and gills under normal conditions as 

well as during ammonia exposure but was present in the foot and gills after 24 hour heat 

exposure. 

The presence and increase ofa ~257 kDa protein (cross reacting with the C219 antibody) 

in the gills after ammonia exposure but not after heat shock, indicates that the P-gp might 

be present and playa role in ammonia tolerance in H midae. It appears that HSPs 90, -70 
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and -60 are involved in conferring temperature as well as ammonia tolerance, whereas 

HSP -27 is solely up-regulated during heat stress and P-gp during ammonia exposure. 
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5.1. Introduction 

Ammonia has been shown to negatively affect H midae (see Chapters 3 & 4). This 

chapter examines two possible responses/indicators of ammonia stress in H midae: the 

so-called stress proteins or heat shock proteins (HSPs) and the P-glycoprotein (P-gp) 

mediating multixenobiotic resistance (MXR). HSPs are part of a general cellular 

response, protecting and repairing partly denatured proteins (Nover & Scharf, 1997) 

while the P-gp mediated MXR helps pump out toxins from the cells (Feder & Hoffmann, 

1999; Smital & Kurelec, 1998). It has been suggested that most organisms when exposed 

to elevated temperatures, respond by synthesising a group of highly conserved proteins 

(HSPs) (Lindquist, 1981; Sanders, 1988). HSPs are found in organisms as diverse as 

bacteria, molluscs and humans (Burdon, 1982; Sanders, 1993). HSP induction by heat is 

found in almost all organisms except in the freshwater Hydra oligactis (Bosch et aI., 

1988). The cellular stress response to severe heat shock was first reported in Drosophila 

in 1962 by Ritossa (Ritossa, 1962; Sanders, 1993), hence the term heat shock response. 

HSPs act as molecular chaperones, promoting the initial folding of other proteins at the 

ribosome and the refolding of unfolded proteins when they are partially denatured (Nover 

& Scharf, 1997). HSPs are also present in cells under non-stress (normal) conditions. The 

HSP response is involved in protecting organisms from damage resulting from a wide 

variety of stressors (Sanders, 1993). HSPs are activated not only by heat but also by other 

physiological stresses. Ammonium chloride is an example of an agent that activates HSP 

genes (Ananth an et aI., 1986). One of the HSP family, HSP 70 (described below) is 

induced by ammonia in the advanced early life stages of the brown trout (Salmon trulta f 

lairo L.) (Luckenbach et aI., 2003). In Chapters 3 and 4, ammonium chloride (NH4CL) 

was the toxicant used. 

The HSPs are designated into families according to their molecular weight and sequence 

homology (Nover & Scharf, 1997). Many organisms produce multiple classes of stress 

proteins but there are five general families of HSPs: HSP 110 (l 00-110 kDa), HSP 90 

(83-90 kDa), HSP 70 (68-72 kDa), HSP 60 (60 kDa, also referred to as GroEL or 

chaperon in) , and a low molecular weight series of HSPs (ubiquitin-7kDa; 15-40 kDa). 
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The major characterised stress proteins are HSP 90, 70 and 60. Below are important 

findings summarized for each HSP family, highlighting characteristic features and 

functions:-

The HSP 110 family includes proteins with molecular weights ranging from 100 to 11 0 

kDa. HSP 110 is located in the nucleus and nucleolus in vertebrates (Nover, 1991) and 

has only been characterized in detail in mammalian cells (Lindquist & Craig, 1988). It is 

perhaps the least characterized family ofHSPs (Black & Subjeck, 1991). 

The HSP 90 family includes molecular weights ranging from 83 to 90 kDa. HSP 90 is a 

very highly conserved HSP with 50% amino-acid identity in the most distantly related 

eukaryotes, all having greater than 40% identity with the E.coli protein (Lindquist & 

Craig, 1988). This family is found mostly in the cytoplasm with one group (94) located in 

the endoplasmic reticulum (Black & Subjeck, 1991). Under normal conditions, HSP90 

controls many cellular activities by binding to target proteins (such as enzymes, hormone 

receptors, and cytoskeleton components), creating an inactive or unassembled complex 

(Gething & Sambrook, 1992). Under stress conditions, HSP 90 may redirect cellular 

metabolism to enhance tolerance (Sanders, 1993). The carboxyl terminal of these proteins 

is the most divergent, whereas the terminal four amino acids ofHSP 90, EEVD, are more 

conserved, which is also true for HSP 70 (Lindquist & Craig, 1988). 

The HSP 70 family includes molecular weights ranging from 68 to 72 kDa. The 70 

kilodalton HSPs are the most highly conserved proteins known with greater than 50 % 

sequence homology between Drosophila, bacteria, yeast and mouse (Sanders, 1988). 

They are localized in the cytosol, mitochondria and endoplasmic reticulum 

(www.hytest.fi/high_lights9.php). The HSP 70 family are also synthesized in non

stressed cells and have diverse functions such as folding, assembly, intracellular 

localization, secretion, regulation and protein degradation (Feder & Hoffmann, 1999). 

Under adverse stress, HSP 70 prevents the formation of insoluble aggregates that may 

otherwise damage cells and HSP 70 can also break up these aggregates and aid in the 

refolding of damaged proteins to obtain their original biological activity (Sanders, 1993). 
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Identical amino acid sequences TVPAYFNDS*QRQATKDA were found in the HSP 70 

gene from organisms as diverse as humans, Drosophila and yeast (Dunlap & Matsumura, 

1997). HSP 70 is a prominent protein in so-called HeLa cells particularly during heat 

shock (Lindquist, 1981) and heat shocked HeLa cell lysate (L YC-HLI0l) was therefore, 

used as positive control in the protein analysis. 

The HSP 60 chaperon in family has a molecular weight of 60 kDa. Members of this 

family are mitochondrial HSPs and have homology to the dominant heat shock-induced 

bacterial groEL protein (Black & Subjeck, 1991; Nover, 1991) and therefore HSP 60 is 

also referred to as GroEL. HSP 60 is also found in the chloroplasts of eukaryotes (Ellis, 

1990). Members of this family in eukaryotes are required for normal mitochondrial 

functions in terms of importing proteins and folding them into proper functional 

conformations (Ryan et aI., 1997). Under normal conditions, HSP 60 binds incompletely 

folded proteins, directing them to the correct conformation and also preventing 

aggregations of incompletely folded proteins (Sanders, 1993). Under adverse stress, the 

HSP 60 binds to damaged proteins helping them to attain their original conformation but 

unlike HSP 70, they are unable to break up aggregates (Sanders, 1993). 

The low molecular weight (LMW) HSPs range from 15-40 kDa in molecular weight. All 

eukaryotes seem to have at least one HSP with a molecular weight between 15 and 40 

kDa, however, the number of these proteins vary greatly between organisms (Lindquist & 

Craig, 1988) making them the most divergent of the HSPs with little homology between 

species (Black & Subjeck, 1991). The low molecular weight HSPs are of interest as they 

could indicate to be inter-species differences. Despite differences in size, the small HSPs 

are clearly related to one another in that they all have a conserved sequence near the C

terminus in addition to conserved amino acids at various positions (Nagao et aI., 1996). 

These LMW HSPs are related in that one can identify small regions of identical amino 

acid sequences such as the X-X-G-X-L-X-X-X-X-P-X found near the carboxy terminus 

(Lindquist & Craig, 1988). There is some evidence to suggest that these LMW proteins 

are involved in thermotolerance but heat is not the only inducer of LMW proteins (Black 
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and Subjeck, 1991). Members belonging to the third subfamily with molecular weights of 

21-24 kDa are localized in the chloroplasts (Nover, 1991). 

Extensive work has been conducted on HSPs in aquatic organisms, namely, in fish 

(Sanders et aI., 1994), sea urchins (Nemer et aI., 1991; Roccheri et aI., 1981; Sanders & 

Martin., 1994) and crayfish (Rochelle et aI., 1991; Xue & Grossfeld, 1993). Most work 

on HSPs in molluscs has been conducted using mussels (Sanders, 1988; Sanders et aI., 

1994; Veldhuizen-Tsoerkan et aI., 1991), chitons (Schill et aI., 2002) and limpets 

(Sanders et aI., 1991). Recently, work has been conducted by Drew et aI. (2001) on the 

identification of expressed HSP 70 in the Australian blacklip abalone, Haliotis rubra, 

during heat (increased temperature by 2°C/day until 25°C) and salinity stresses. Drew et 

aI. (2001) were unable to show the expression of HSP 70 following hypo-salinity shock, 

but found increased levels of HSP 70 in the foot after heat stress. Snyder et aI. (2001) 

looked at HSP 70 and HSP 90 in the Californian abalone, Haliotis rufescens, in response 

to thermal and chemical (pentachlorophenol-environmental toxins - a problem 

experienced in Californian waters) stress. They found that HSP 70 in the foot was not 

affected significantly by chemical exposure, except one day after return to control 

conditions, but HSP 90 was significantly higher following chemical exposure. Snyder et 

aI. (2001) also found that HSP 70 and 90 were not significantly affected by heat shock 

(one hour at 37°C), but HSP 74 increased significantly two hours after return to control 

conditions. In addition to assessing whether H midae responded in a similar way to other 

Haliotis species by increasing HSP 70 and HSP 90 concentrations during stress, this 

study also aimed to investigate HSP 60 and HSP 27 during sub lethal ammonia exposure, 

as suggested by Sanders (1993). 

Investigation by several groups demonstrated that HSPs may not be the only indicators of 

xenobiotic stress. The multixenobiotic resistance (MXR) found in many aquatic 

organisms acts as an initial defence system against xenobiotics (Epel, 1998; Smital et aI., 

2000). The definition of xenobiotic is "chemical substances that are foreign to the 

biological system, including naturally occurring compounds,drugs, environmental 

agents, carcinogens, insecticides, etc" (www.medicaI.webends.com). A more detailed 
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definition of xenobiotic is "ammonia, metabolic waste, drugs, alcohol, and chemicals 

including enterotoxins (potentially toxic chemicals endogenously generated by gut 

bacteria), exotoxins (ingested, inhaled and absorbed chemicals) and endobiotics 

(intermediate/end products of normal metabolism/enzymolysis etc)" 

(www.liverdoctor.com). Generally, xenobiotics are regarded as being toxic to the 

organism. 

Many aquatic organisms can thrive and reproduce in polluted waters (Smital & Kurelec, 

1998) suggesting that they possess a well equipped defence mechanism against 

xenobiotics. One particular response in aquatic organisms to xenobiotic exposure, is to 

reduce the toxin in the system by the multixenobiotic resistance (MXR) mechanism 

(Eufemia & Epel, 2000) which is similar to the MDR (multi drug resistance) mechanism. 

The MDR mechanism was first reported by Dano in 1973 whereby resistant tumor cell 

lines actively pumped out daunomycin while the sensitive parent cell line failed to pump 

out the drug (Eufemia & Epel, 2000), hence MDR. Kurelec (1992) named this protection 

in aquatic organisms as MXR. Further studies showed that the presence of an A TP

dependent membrane P-glycoprotein (P-gp) (170 kDa) is responsible for this MXR 

phenomenon (Eufemia & Epel, 2000, Smital & Kurelec, 1998), by pumping xenobiotics 

out of the cell (Kurelec et aI., 1996). Other molecular weights have been reported for P

gp and this has been addressed in detail in the discussion. This protein and members of its 

family (ABC-proteins) have been found in almost all organisms investigated (Higgins, 

1992). A remarkable feature of the P-gp is its broad substrate recognition (Smital et aI., 

2004) and therefore possibly recognises ammonia as a substrate. The potential of this 

mechanism to prevent nuclear damage in aquatic organisms emphasises its importance 

(Waldmann et aI., 1995). The first report of the P-glycoprotein-mediated line of defence 

against a toxin in aquatic animals was in the freshwater mussel, Anodonta cygnea 

(Kurelec & Pivcevic, 1989). The MXR mechanism have subsequently been demonstrated 

in a number of marine and freshwater organisms, for example in fish (Doi et aI., 2001, 

Luckenbach et ai, 2003), several mussel species (Eufemia & Epel, 2000; Hamer et ai, 

2004; Minier et aI., 2000; Smital et ai, 2000), limpets (Smital et ai, 2000), clams (Archard 
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et ai., 2004; Legeay et ai, 2005) and oysters (Minier et ai., 1993) but not in abalone (see 

Table 5.1). 
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Surprisingly, the MXR mechanism, believed to be induced by toxic substances, was 

found also to be induced by heat shock in gills of the mussel, Mytilus californianus 

(Eufemia & Epel, 2000). However, Minier et aI. (2000) were not able to establish a direct 

role for temperature on MXR protein induction. They suggested that parameters such as 

temperature influence on micro-organisms, or phytoplankton growth, may influence the 

presence of natural toxins that will induce MXR proteins. 

There are various approaches to analysing stress proteins, such as immunological assay 

(electrophoresis, immunoblotting, and antibody detection), mass spectrophotometry, 

centrifugation, chromatography, and protein sequencing (www.rci.rutgers.edu/molbiol). 

The immunological assay (using stress protein-specific antibodies) of both HSPs and P

gp was the method of choice in the present study as it is robust, relatively simple and 

appears to be most commonly used (Clayton et aI., 2000, Hamer et aI., 2004; Minier et 

aI., 2000). This method requires that the desired protein be semi-purified. Visualization of 

the protein bands after immunoblotting (see section 5.2.3.4) can be achieved in many 

ways, including colorimetric detection (the addition of a substrate that reacts with the 

enzyme conjugated to the secondary antibody resulting in a coloured compound - see 

section 5.2.3.4), chemiluminescence, radioactive detection and fluorescent detection 

(http://en.wikipedia.org/wiki/Western_blot). Colorimetric detection was used in the 

present study as it is relatively simple, frequently used (Clayton et aI., 2000, Hamer et aI., 

2004; Minier et aI., 2000) and the results are reproducible. 

This chapter investigates HSP and P-gp induction in both foot and gills of H midae 

during both heat shock (most commonly known physical stressor) and ammonia 

exposure. It was assumed that the organs most likely to show high levels of HSPs and/or 

P-gp during ammonia exposure are the gills, where water exchange takes place (Fallu, 

1991) and where ammonia is most likely to enter. P-gp in gills has been widely 

documented in a number of studies on molluscs including the Californian mussel Mytilus 

californianus (Eufemia & Epel, 2000; Smital et aI., 2004), the mussel Mytilus 

galloprovincialis (Kurelec et aI., 1996) and the clam, Corbiculafluminea (Legeay, 2005). 

Once ammonia enters the abalone via the gills, it could affect the rest of the organs, but it 
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was assumed that ammonia (determined by the presence of HSPs) would have a 

lesser/delayed effect in the foot of abalone. For both organs (foot and gills), the effect of 

temperature was also investigated. 

It has been shown that certain chemicals differ in their ability to induce stress proteins 

among species. This may result from differences in the physiology of the species such as 

differences in absorption of the contaminant or the ability to detoxify the contaminant 

(Nover, 1991). The time course/duration experiments for both heat shock and ammonia 

exposure were based on a number of assumptions. The induction and accumulation of 

stress proteins by chemical contaminants (such as ammonia) are assumed to be slower 

than induction by heat shock (Nover, 1991; Sanders, 1993). Damage to proteins caused 

by heat is assumed to be faster than damage by chemical contaminants which are 

dependent on biological availability, absorption and mechanisms of toxicity (Sanders, 

1988). The time course, therefore, is expected to differ for heat and ammonia exposure, 

and abalone were heat shocked for only 24 hours whereas they were exposed to ammonia 

for 36 hours. 

5.2. Material and Methods 

A total of 180 cocktail abalone (5.0 - 8.0 cm shell length) was donated by a commercial 

abalone farm (Irvin and Johnson Ltd) at Danger Point in Gansbaai on the southwest coast 

of South Africa. Cocktail size abalone were selected as this is commercially one of the 

most important size classes (Cook, 1988). The present study was conducted at the 

Zoology Department at the University of Cape Town and the immunological analysis of 

tissue samples was conducted at the Division of Immunology, University of Cape Town. 

The farmed abalone had been reared on the farms with a mixture of diets which included 

Ecklonia maxima, seaweeds (Gracillaria and Ulva) and Abfeed (a commercial abalone 

feed) (L. Schoonbee, I & J Farms, pers. comm. 2005). One month prior to experiments, 

the farmed abalone were fed exclusively on E. maxima, their predominant food in their 

natural habitat (Branch et aI., 1994). All abalone were held in holding tanks with a 
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closed-circulation system that used sand-filtered seawater. The system contained aerated 

and continuously flowing natural seawater at 14 - 16°C. The latter temperature range is 

well within the optimal range of 12 - 20 DC for this species (Britz et aI., 1997; Sales & 

Britz, 2000). The experiments were carried out in a constant environment (CE) room 

(humidity = 50% and ambient temperature = 15°C). Abalone were gently scrubbed with 

a small, soft nail brush (Lu et aI., 1999) to remove any organisms and foreign particles 

that could cause changes in ammonia levels. Buckets (20 Litres) were used as 

experimental tanks and each bucket was individually aerated using air stones. Water 

levels in each bucket were kept to a maximum and mesh lids (Figure 3.2) were used to 

prevent 'crawl-outs' observed in another study on H midae (Britz et aI., 1997). 

Dissolved oxygen (7.90 ± 0.07 ppm; range:7.68 - 8.20 ppm) was measured using a 

dissolved oxygen meter (YSI D0200, ± 0.01). Temperature (15°C) and pH (7.8 ± 0.04; 

range 7.78 - 7.85) were measured using a pH meter (YSI pHlOO, temperature ± 0.1 °C 

and pH ± 0.01) and the meter was calibrated with Crison buffers. The pH was maintained 

at 7.8 using reagent grade HCL and NaOH pellets. Salinity (34.6 ± 0.1 ppt) was measured 

with a salinity meter (YSI EC300, ± 0.1 ppt). Each animal was used only once and was 

not included in any further experimentation. 

5.2.1. Stress induction by beat- Alterations in stress protein levels were measured after 

1, 2, 3, and 24 hours during a 24-hour heat shock experiment. These time intervals were 

shorter than those used in the ammonia exposure experiments as induction and 

accumulation of stress proteins by chemical contaminants appears to be slower than 

induction by heat shock (Nover, 1991; Sanders, 1993). Only a few time intervals could be 

used, because there was limited availability of antibody, and the shorter intervals were 

deemed most likely to yield an increase in HSPs and/or P-gp. Small sample sizes (n=3) 

were used because of limited availability of animals. 

A total of 12 abalone (four abalone per bucket = three experimental buckets) was heat 

shocked at 25DC. The temperature range of 12 - 20 DC is optimal for farmed H midae 
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(Britz et aI., 1997) with a critical thermal maximum at 27.9 °C (Hecht, 1994). Heat shock 

at 25°C was therefore chosen to avoid mortalities. The temperature was attained and 

maintained using a completely submersible automatic aquarium heater (Heater, Y978-B, 

300 watts). Another twelve abalone (control) were placed in seawater at 15°C (4 abalone 

per 20 litre bucket= three control buckets). Three abalone were removed (one from each 

bucket) at each time interval, namely 1, 2, 3 and 24 hours. 

5.2.2. Stress induction by ammonia- Alterations in stress protein levels were measured 

after 12, 24 and 36 hours during a 36-hour ammonia exposure experiment. These time 

intervals were longer than those used in the heat shock experiments. 

A total of 12 abalone (four abalone per bucket = three experimental buckets) were 

exposed to sublethal levels of ammonia of 19.69 /lg rl FAN (1.03 mg rl TAN) 

(determined previously; see Chapter 3, Table 3.5). Ammonia concentrations were 

obtained by adding appropriate amounts of ammonium chloride (Thurston et aI., 1981, 

Barimo & Walsh, 2005) to the seawater. Dissolved ammonia concentrations were 

maintained by periodically (every day) replacing 50% of the water in the buckets 

(Schmitt & Uglow, 1996) and TAN was measured using a Hach DR/2000 

spectrophotometer (see chapter 2, section 2.3.2.1) and FAN was calculated (see Chapter 

2, section 2.3.2.1). Another 12 abalone (control) were placed in seawater with no added 

ammonium chloride (four abalone per bucket = three control buckets). Three abalone 

were removed (one from each bucket) at each time interval namely, 12,24 and 36 hours. 

5.2.3. Biochemical assays 

5.2.3.1. Tissue extraction 

The abalone were killed humanely by snap freezing in liquid nitrogen. The abalone were 

thawed, dissected and foot tissue (5 g) and gills (1 g) removed. Excess mucus from the 

gills was removed with forceps after swirling the gills in filtered seawater (Eufemia & 

Epel, 2000). Epithelial tissue from the foot was removed by scrubbing (Pitcher et aI., 
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2001). The dissected foot and gills were finely chopped and homogenized in tissue buffer 

(see Appendix 5a for buffer composition). The samples were placed in a sonicator for 

45 s (Archard et aI., 2004; Dyer et al.,1991), centrifuged (4300 rpm for 30 minutes), the 

pellet discarded and the supernatant stored at -80°C (Kurelec et aI., 1996), until further 

analysis. Between the above procedures, the samples were kept on ice. 

5.2.3.2. Total protein determinations in the samples 

The protein extracted from the tissue was quantified using the BCA ™ (Bicinchoninic 

acid) protein Assay Kit (Pierce) with the microplate procedure (Figure 5.1). The chemical 

reaction involved in this process is the reduction of Cu +2 to Cu +1 by protein in an alkaline 

medium (the biuret reaction). The purple-coloured complex formed by the chelation of 

two molecules of BCA with one cuprous ion (Cu +1) is detected colourmetrically. This 

method is highly sensitive, with strong absorbance at 540 nm that is linear with 

increasing protein concentrations over a broad working range (20-2000 ~gmr1 - Pierce 

Instruction sheet). The protein concentrations in the samples are determined with 

reference to standards of a common protein such as bovine serum albumin (BSA). A 

dilution series of known concentrations of BSA forms the standard curve (bottom row of 

microplate - Figure 5.1) which is assayed alongside the unknown concentrations of the 

sample. The protocol for this assay is provided with the kit (Pierce Instruction sheet). 
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weight (molecular marker). The molecular marker used in the present study was 

Precision Plus Protein™ Standards (Bio-Rad). Gradient gels are obtained by 

continuously changing the acrylamide concentration (5-16 %) in the polymerization 

solution resulting in a pore gradient (Westermeier, 1993), and were used for the initial 

visualization of the protein bands and for densitometric analysis (see 5.2.3.5). Minigels 

are smaller gels with a constant pore size (12 % acrylamide concentration was used), and 

these were used for immunoblotting (see 5.2.3.4) because much lower volumes of 

antibodies are required compared to the larger gradient gels. Standard protocols for 

preparation and running of gels is provided in the QIAGEN Bench Guide using the 

appropriate buffers and staining solutions (see appendix 5b and 5c, respectively). 

5.2.3.4. Immunoblotting (also referred to as Western blotting) 

After electrophoresis, the proteins were transferred to a nitrocellulose membrane in a 

buffer-tank-blotting apparatus (see QIAGEN bench guide for protocol). This apparatus 

was chosen as the transfer is more efficient compared to semi-dry electroblotting 

(QIAGEN bench guide). The appropriate blotting buffers are provided in Appendix 5e. 

Once the proteins are transferred onto the membrane, the remaining protein-free sites are 

blocked using non-fat dry milk to prevent the antibodies from binding directly onto the 

membrane. The proteins of interest are visualized with appropriate antibodies (Figure 

5.2) and the general procedure is as follows: 

After blocking, the primary antibody is added which binds to the protein of interest (HSP 

or P-gp) (Figure 5.2, step 1). The membrane is then washed to remove nonspecifically

bound antibody. The secondary labelled antibody is added to detect the bound primary 

antibody (Figure 5.2, step 2). The membrane is washed further, the location of the 

secondary antibody (and therefore the primary antibody and the protein of interest) is 

determined by the addition of a substrate that reacts with the enzyme conjugated to the 

secondary antibody (Figure 5.2, step 3) resulting in a coloured compound (see blots). The 

substrate used was NBTIBCIP (nitro blue tetrazolium chloride/5-Bromo-4-chloro-3-

indolyl phosphate, toluidine salt) stock solution which detects alk;iline phosphatase (AP) 

(Roche, Germany) (Appendix 5e). 
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antibody uscd to octect the monoclonal primary antibodies. anti-HSP 90. anti-HSP 70 aLld 
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anti-HSP 27 was goat anti-mouse IgO (H+L), labelled with alkaline phosphotase 

(Southern Biotech, USA). The secondary antibody used to detect the polyclonal primary 

antibody anti-HSP 60 was goat anti-rabbit IgO (H+L), labelled with alkaline phosphotase 

(Southern Biotech, USA). All of the above antibodies were diluted 1: 1 000. A positive 

control for HSP 90, HSP 70, HSP 60 and HSP 27 was HeLa Cell lysate (L YC-HL 1 0 1) 

(StressOen, Canada). The antibodies used to detect the above HSPs (except HSP27) have 

been used in a number of studies (including abalone) (see Table 5.1). The mouse anti

HSP27 monoclonal antibody from StressOen (Canada) is the most appropriate antibody 

for this study and because HSPs are highly conservative, it is likely that this antibody will 

react with abalone HSP27. 

The monoclonal antibody (C219; 1 :200 dilution) used to investigate P-gp in H midae 

was donated by Signet Laboratories, Inc. (Dedham, MA) and was the antibody of choice 

because it is the most commonly used antibody in the literature (see Table 5.1). The C219 

antibody is regarded as a 'universal probe for the detection of P-gp" as it is found to 

recognise a sequence (in bacteria to man) expressed by all MXR genes (Endicott and 

Ling, 1989). A positive control for the P-gp, mouse liver, was provided by Ms. Natalie 

Nieuwenhuizen (Division of Immunology, University of Cape Town). P-gp is known to 

occur naturally in mammalian liver (Bard, 2000; Silverman & Thorgeirsson, 1995). 

5.2.3.5. Quantification of stress proteins by densitometric analysis 

Both the gel and blot protein bands were quantified by scanning followed by 

densitometric analyses (Figure 5.3 III) using a public domain NIH Image software 

package (http://rsb.info.nih.gov/nih-imagel) (Doi et aI., 2001; Rossi & Snyder, 2001; 

Snyder et aI., 2001). The scanned gels had to be converted into an 8-bit grey scale image 

(included in the package) to get the best results. 

To illustrate how the band intensity of each stress protein was obtained from the gels and 

immunoblots, the following two examples of HSP induction in the foot and gills of H 
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midae aller heat shod (1 hour) all/I ammonia CXlX'surc (24 hours). rcsre"ti~e1), were 

"h0,cn (Figurt' 5.3). 

• " • • 

Fi~",.. 5.3. TIl. Ii,s" .. ex,ract hample) i, loaded into the gel, (gel electroph",..sis) (I), The ~els,r< ,t"jn.d. 
",annod (ll) ..,d .hoe ""oks ("roa~b."\JId jmen,itYJ 01" til< (hired f'I''''eill' (HSP,) Ie.- each 101le are ""'ained 
""n~ densjtometric analysis (111). The amount 01' each HSP j, gi,en", band in",nsity (0,.." of {he peak,!, 
"l\ u f tolal pmleill in " "'mpk + ""nd,..d ocv i",ion. (A) j, {he ~el anoth. ""ak prolile k)T ,he I hour heat 
,hock in Lbe 1"001 ""d (Il) i, Ill< l\el alld it, I"'ak pmt,,";,,, the 24 hOl)T ammonia ex po",,. in {he glib. 

For both ammonia exposure and he,ll shock in the foot and gills, the band illlensities 01· 

the HSP 70 anl HSP 60 were an;l];.zed using: scanned stained PAGE gels (Figure 5,3 li), 

However. reaks "blilined for P_g:p, II<;P 9() and H<;P 27 overlapped "ilh adjacent peaks. 

muking il difficulllO obtain accurate mea,uremenK To wmpare the diflerenccs beN.-een 

band intensities for P-gp. HSP 9() and HSP 27 bel"~n control ilnd experimental abalone. 

immunoblots \\cre comparcd, Since pooled li,sue (n- 3) was \/'ied in "II blots (10 

minimize the amount ofantibod~ '-"Cd doo \0 iI, limiled a\'ailubility and the need to usc 

anti bod) for the neccssary detection oj" HSP, in HeLa). no meimS of h,llld intensities 

could be c,liculilted. I·or immunohlois. 60~~ and 70~~ or rOllt and gill ti"lJe was used. 
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respectively. For the gels, 1OI!g and 20l!g of foot and gill tissue was used, respectively. 

The protein band intensities obtained from the densitometric analysis are, therefore, 

standardized and reported as per I!g of total protein. 

5.2.3.6. Statistical analysis 

The data were analyzed by repeated measures ANOV A and post-hoc Tukey test using the 

statistical software GraphPad Prism Version 4 (statistical analyses for laboratory and 

clinical research). 

5.3. Results 

Preliminary analysis of various abalone tissue included stalk, digestive gland and blood. 

The protein band intensities for the connective stalk of the foot were much less than the 

foot and since the foot is attached to the stalk, it was omitted. The protein bands obtained 

for the digestive gland were not clearly defined, most likely as a result of the large 

amount of digestive enzymes present in this tissue. The blood of abalone demonstrated 

very weak protein bands. Both the digestive gland and blood were also omitted from the 

following analyses. 

5.3.1. Determination of HSPs in foot and gill tissue during heat and ammonia shock 

using immunoblots 

Two bands (isoforms) of HSP 70 were detected in the foot and gills after 24 hour 

ammonia exposure and one hour heat shock with approximate molecular weight of 72.4 

and 70.8 kDa (Figure 5.4). Both these bands produce a single peak using the 

densitometric analysis and has been referred to as HSP 70 in the present study. 
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'" fcct 
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. 70 8 

I'iguro 5,4. ion",u,,,,"I,,, ur liSP 70 in 1001 a"u ~ill Ii""" ailor 2-1 hoor ",nrllUni" expo>uro (AJ >tiKi ",," IlULlr 
h"," 'h<x1; I H) ilh,.raritl& two band<; I iwf"rlm) of IIS~ 70 wiTh mol.ouiar w.i~h" of ~ 72.4 and . 70.g 
k[la. [",h lane "pre,,,,,,, ,hi.: p'.-x-.led ti""" of ,hre, ahalone. 11-..: mokcula, m.,-k" i, indica'ru in ~D. 
L,p - L~p<rin,e"tal ab.1Ic'flo. NOlO: 60~g .rKi 7(11Lg or 1'001 a"d gill prot"i" ox""c!> ",er" l"eJ re>p<Cli"el~. 

M,.-,,,, """-0 bo hp 
q" foOl gh 

hp E.p 
.,," !I'l" 

37· 

f.l«'er Hoc. E,p Exp 
6: tom i i ~ 

FigLLre 5.5. immLL1,,-,hlox., roc liSP 9(). 7G. Mand 27 in toot ",Ki gill; of H midae aftor I ik')l.Lr I-..:al '>hock 

L""h I.". ,er<.,,,nl> Lil< pooled Li""," ur Lilree """Ion;.:. Tile mukc-ul,..- ma,k", i, indi".led in k[la. Exp 
Exporim." •• 1 ah.IOO' •. 1\010' 6(lllg .11ld 7(1.'j~ offo"t ,nd &ill prOioin extra",' "'.,.. us<d r.'reOTi" el,. 
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<C, 
,~~ 

'ITL 'IE ,I w 

" 
,,~ [ .. ~ ,1 

25 - '" 
M"-Kar HeLa "" "" Mar);.~r HeLa Exp "" ~" b, "., H~LaExp "., 

" ,~ gill. 00 '00' gi l . " foot gils " '"" gills 

Figure 5.6, ImJllll""blob lur IlW 70. '10, 00 arid 27 in foot "nd ~ill, of H, mid,," "tier 24 hoor 1mmmi. 
""IXl,ure. F,,,,,h h,,,, Terr<<<n" tho pooled ti"", of tlm", .balon<. The mulec"l" m,rlcer i, irxiioal.J in 
,D,,- Exp - Exp,:rimt-Tll.1 ,""June, NoLO: 60l'S ami 70~~ uf fOO( a",1 ~ill prOl.ill oxlrac(, W<T< u«d 
"'p"clively, 

MarKer HeLa Con Con 
00 foot g;ls 

HeLa Con Con HeLaCon Con 
70 1M! gills &0 loot gils 

Mar);.er HeLa C,-", Con 
27 Foot gil>; 

figure 5.7. ImmuD<Jblut, f~r J I~P '10. 70. 60 arxl n in f~N and gill> of H. mid"" und<r cmnolkd (not heat 
,hocked oc .mmnn ia eX[><bcd) cuooiliolls. uch l."e r.pr.,.m, Lb. puol.d lissu. oflhru abalo ... , 111< 
mule cui" marker is ,rxlic",.d in kDa_ COl' - C~",rol "bal""e. '\010' (,()~g ond 70~g of loot ""d gill protei n 
.xt"",,, were ",cd rt-'rectivcly. 

Analysis of the immunoblot, (Figure, 5 5 - 5.7), Figllre 5.8 and Table 5.2. shows that 

HSP 'Kl is deteLi~ble Old} in the li)ol all~r one hOltr heal shod. and in lhe gills after 24 

hour ammonia exposure. HSP 70 is presellt ill both tisSl~~ ill Ih~ control abalollC and 

appears to ilx:reas~ on!} ill the fOOl after one hour heal ~hock and in lhe glils ai'lcr 24 hour 

ammonia cxposur~. r~spcctively. HSP 60 appears to ifl"rea.'e ~Iightl} ill Ihe li)ot aller one 

hour h~at shock and 24 b01H' ~nunonia e\po~lIre. There i, a sub~lantial ifl"rease ill HSP 

60 in the g.ills aftcr 24 hour ~mmoniae\posure, liSP 27 i, dele"lable only in lhe li~'l and 

gills after one bour heat shock. 
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l.ble ,,2, Lland imen>ilie, !L~ uf lOt.1 pmtcin fur HSP ~. 70,60 and n "licr 1 ""m he", ,bock .nJ 24 
h(>LLr ammonia "JX"u re in bOlh control ",d "perin",m.i aha l,.-,<. Each \aloe "'pre",,,!, pool<d data of 
three, .balunc otld obiaiLK,j u,ing blut> CF Control loot. CG Control gill>. EF hJX"rimcnlal fOOl, 
EG Exp"'i mcnt"l gi ll ,. X not dct,,,,,blo. 

c ." '0 17.5 , 
c. 
S 15.0 

S 12.5 

'0 en 1 0.0 

"" >. 7.5 ." 
~ 5.0 
2l 
t: 2.5 

"" t: 0.0 

8l CF 

H •• t ,hoc~ "',"w",nia I 

n" co n [t; H" I [t; , 
HSpqo , , '.15 , , :.06 

! !~1'70 '" 5 .. ' I R."O <.80 3.0:; 15.1 I 

IISP60 I i.E 8,11) S.~S 705') 8,:'8 12'i') 

IISP27 , , 401 2.97 , , 

CG HEF HEG AEF AEG 

HSP levels in foot and gills 

_ HSP90 
_HSP70 

HSP 60 
_HSP27 

l-igure .'.~, HSP-~" -70, ·6<) o"d·27 bd, ill fOOl and gilb "lle, 1 hom he.l ,I>cx"k and 2.1 hour "",munia 
"'PO""" GbTain<d fram immunGbl'" ,nal"j,. Lach cGlumn roPl'¢'""" pool<d dot. of Thre •• baIGn<, 
CF-ConLTol loot: ,G~ 'onL"~ ~ill,; H[F- H." ,hocked "'pe,inl<nul h>t; HEG- Heat ,hocked 
<'peri,n<nlal gills; AU Arnn'oLl '. c~JX'>c,j c~p"ri'n<Jv"i foot; .... EG """moLlia c~p(hcd ~'p"nm""wl 
gIll" N· not dc1<"abl< 
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5.3.2 lle1<"rllli""ti"" or 'In'" prot<'i"s III rool l i,su<' duri,,): he,,1 , ho<'k a, 

d"m"''' t r''l~d hy ):cI clcdr"ph"r~s i' 

llDth IISI' 70 .• n<1 bO in lh~ ffICII Oflh~ experimental aba lo])C were significantly high", (I' 

" 1).(\(\1. r~pcMed mea'1 1 r~sA:--OVA. F = 0.5112. df= 2, pm,. hoc Tukc} test). than in the 

control abalone after I hour h~al ,Ilock, b1l1 1here "'I:re 00 differences in rhe anlDiml Df 

HSP 70 and 60 after 2.3 and 24 hours (rabk 5.3, rigure 5.9). 

I ab le 53. ~Ie'n -'- ,.d. (n- 3) of the h,nd inten<il'/j.I~ oflo<al I,,"Nein c,lc"laled for HSP 70 alld HSP 60 ill 
the t;~~ ~t 1. 2 .. < ""d:'4 1><><1" .ner Ile .. ,"''C .... , n,C r"'LiIl> ore graphicall), pre'C"rl Led bel ow (Figure 5.91. 
n (",'m.ol h~, EF LxpC!imcJLlal 1"'01. 

100.' 2 ~ou" 
e, H e, H 

HSP76 ;2.67 1.33 39.77='> 51 ; 1.27=-l 72 14 .13±3.% 

liSP&(! 12.27l.m .1S . .1.hl2.47 12.0.,.140 I(LI.li-2.99 

" , .. 
.0 

" " 
" 
" • 
" ~ • 

~"" 

Ti_ . X_UN in I>ou~ 

.1 ~oLie' 

("f " 12.77=2,<)6 13.~7±2,3<) 

14.'.<. P I I(L07·T,i 10 

_ con HSP 70 
_ u p ~SP 70 

cOil ~SP 60 
_ . xp H8e 10 

2~ hours 
n - [[ 

12,87H,~1 12.43",0,<)5 

I I.S7-HJ.55 1'.&0i-2.07 

fig"" ~.9, liSP 70 and IlSP M I.-.el, ill foot ," 1_24 r..~"s after he" sh".;k, l·.,,,,b "'hm," rep,.."ents ""'''" 
band inte",it) ~g of 1",.1 pn,lo;n 7 ,,,nd.eJ Joviali"" of Ihree .hal~ne . C~n-("ontr01 ab.I~TI<. 

exp- hpCl"imcnl.1 abal~oc Re,,,I,, ol:n.ined f,.om gel elcc1ro~>h;)"e,i, ."al)·,i,. ~gnir,cfUll JilTeeeoce from 
tl", c{'ll1trol. r" 0.00 I (*). 
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5.3.3. Determ;n"t;on of ,tress (lmtcin< in gill ti"lW during h"at ,hock as 

d"mon,lraloo h~· gel dcetrn£1horc~i> 

Therr w., no , i gnili~ant differ~l1ce in t he UntOllnt oj" l iSP 70 aj,d 60 ocl"eenlhc 

"xrerilll~ntal and control abu l on~ ~fter I. 2. 3 and 24 hour, "I· heat shock (£1 '. 0.05. 

rcpeutl.'d m,;u;ure~ ANOV II. F - I AI> 7. df = 2) (hble 54. Fi!,:ure 5.1 Ol. 

1 ,~'Ic 0.4 . ~ k'lIL ~ " '~l,h[d ,b·" I" .. " (n- :l) ~hh" b.:!nd int. n,it'''lI~ oftut~1 pr()(cin caieul"t"'] le.- liSP III 
,nd H~P .,,1 ill the oli l' ill L 2. :> "tkl 24 oour IIWl .;OOcl 11><, «~u l " a'e W'~"'C.II) pro .. ntoJ bolo" 
Ifi~uro ~.ll'). CG C""'rol ,,, II,. FC; :: 'l~"n":n .. 1 gill, 

- ! r~our I 1~""" 
, CC 

HW70 I 2!',)3~.l.\ 
H.';P60 ! '.831:'..3' 

H, 
"I t>(H) &2 
I ' .-' .1.' 1M 

" • 
" 
" 
" 

,0 EC 
2 ! j3 O.~-' 21.2)J.1,6' 
!J.'] 14 .' I~ ~.;-{I ,I 

,~~~~~~~ 

0" 
i: 
~ ,. , " 
1 ' 

I= » 
", , 

" , ~----~~-----
" • 
" » 

u; 
;0.6'; 2.63 2;,27 1.62 'IOO±'J, 'J <7 +1.83 
L12.1.''{,! 13.7HI,()I) I:>,''U-,- I, .I<J 11. .. 3-'-U, 70 

_ 000 HSP7Il 
_ 0'0 HSP7! 

OM HSPM 
_ exp HSrSO 

Figuro .1 .10. Hsr 70 otld 1 IS~ 60 b ·. I> itt gill> al 1-14 I:ollr l1<:at o;/]ock E.ch O(1I ,,,,ltl "' p~'.nh m."" bo"d 
i 'l1e,,;it}'.'~ ." or <ola l pmlein - ,,,ooard do"i.,j"" of thr •• J abalone, ('o,,---{"onlrol .b.looe. 
exp- Fxperi metltol oDolun •. Re>ull> oblain ed frern f eb 
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5.3.5 Ilelermin mion of Sl ress proleins in gill l issue d uring a mmnnia exposu re a. 

demnn~ t r;lted by gd elel'lro pllo re~ i s 

The", '''IS no signili"ant dilTeren"e in the amount or HSP 70 and 60 in the gills of 

ahulone ufter 12 rulUl'! ammonia exp<lSlIre hel\veen the control ami ~AP<'rimeUlal abal"ne 

(Table 5.0. Figurc 5 12). The a",mllll or HSP 70 in the gills \las signiticamly higher in 

the expcrimenwi compllI'cd to the control ahilione ufter 2 .. hou'" (P < 0.(5) and.'ill rum", 

(P < 0.01) (Table 5.6. Figure 5 12). The a",ollnt or HSP IlO in the gills was signifkatul" 

higher in the e~p"rimental ""mpared te> the ""ntml ahalon~ arter 24 hollrs (P <: O,()() I) and 

.'ill hours (P < 0.001) (Tahle 5.6, Figure 5 12). P-,alu~s "ere oblaiocd using repeated 

measures ANOVA (F - R.OIlL di" - 2) post he>" Tuk~y tes!. 

T.blc 5.6. ~t""[] = .lnndard ,Jt·,-in<iun. (n :!) of tit< band im"",;,~ ~£ of wml p-rOiein caku 1,[eJ for IIW y(I 

an.i HW 6() ill Ihe Tl1~ n-",ul " ore gr.phimll) pr<-",mtcd 
·ill . 
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" 

, , , 
; , ' , 
> • • , , , 

•• 

_ c"., HSP70 
_~xp HSP 70 

"'" HSP eo _ exp HSP eo 

I'i~ure~ , 12, H~P 70 and H~P GO I. n l, in gill, at 12 ·36 hou, "mmo,,'. ex?,,,,,,,c heb ""Ium" r<pr .. eJll. 
nle"" oond ",r"n"j,) fLg e,f t", al prOlein = ,wndord devi.ti"" of th r« abal~lle, C0l'-('Al'1trol .hal,,,,<, 
"P bptri mental abal"',", I( osui,; mu'm<J fmm g ol ,. Sign,ficant dLff".ncc rr()m the "e<l!Tol '" P <., 0.00 I 
(O J and P " 0.0 1 (0'). 

~.J.I>. f)ctumination of P-l>:l)Coj}rolein in !:ilI tissue durin!: ammonia exposure as 

dcmonslraled b~ immunoblflls 

When redocing gels \\cre used to separate the MAR protein'. it wa' ob'ened thai lh~ 

allli b,,(h em, S rC3Cled \~ilh ~-70 . 8 kO~ protein in mice li\'er (figure S.DA) , A non

rcduc ing gel (rcmoval of 001' from sample buffer alld no boiling prior to loading) 

therct'orc. resulted in the- detection of a - 257 klla and a -70.8 kl)a protein (Figur., 5.13. 

1\) in m i~e liver. 
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A kDa "'~~..,.,... __ ...,._ .. 

37 -

25 -

Ma-,er Mk:<l Mice 
L"ef LN.r 

40~g 8O~g 

B 

Mark€< Mice 
,~, 

"'0 
fOOl 

Figure 5. 13 ImmuLlC'<>lct A (u,ing reduciL1g ),'C li .nd immLlnoolOi U (LI,in~ nOr\-,edudn~ ~. I I iIILJg/rOlin<; p
gp indl.'Clion in Ini" liv .. (po;il ive cnn'rol) ."d ill f()()t ,..,d ~ i ll, of H. mldae .fter 24 OOU, .mmOLli. 
",po,uro, hch Ion. repro""n" tbe pooled ti."", of three .b.l""" DIe InGle""I.r mar"'r i, iOOicated in 
~Da, Exp ~ E>.pcrrmcnt.1 ,balone , 

A B 
k[), 

250 1 257.0. 
1.'\(] 

1aD 

" 
,,"'" 

Cor"'" gi l. 40 "'J Ca,tra . \)ills 

I'i~ur. 5,14, Gel <I<ctropiwre,i, A lu;.i []~ JIOIl-reducing gel) .11d imnnonool", Rill u<trating P_gp induction 
in mice li,'er (+ cootrol).nd in g ill, ofH muiae attcr IZ, Z4 and 36nour amnwni, expo;.ure, L.ch lane 
"'pre,,:n" tbe pooled ti""" ofLhree abalone, Ibe nwieoul" m,"'e, is indicmed i" o:n., ('nn - Control 
~b.ln"", F.xp - Exper imental .b.lone_ 

<c,~~ 
250~ ~57 

• 
~ 10. ____ "'" 

M,c" Coo Ex" 
Li •• r gil s gi l s 
40 ~ g 

Marker M ce Coo Ex" 
Li"er FoOl Foot 
40 ~g 

Figure 5, 15, InJlnuoobiOl, (",i"~ noo-red"ci,,~ ...,1) jl l us""in~ p_~ indLIC,inn in gill, ~nd fnot of 11_ midar 
~fkr otle hocu' I",,, , llOCO:_ Each I."" rep re,ent< the pooled tim'" of.l ab. looc_ Tbe m<liceul" ma"'cr i, 
indicated in ~D._ Cu , - Cootwl .b.lonc. E,p - Expc-rilncntal ,b.lon<, 
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Result> orthe immunoblots (FigW"~s 5.13 5. 15), Figur~ 5.16 ami Table 5.7 sill", Ihal a 
protein of -·257 kDa (most I ikel) P-gp) is increased (--2-folct) in the experimental gills 
(c()mpur~d to th~ control gill,) after 12. 24 aoo 36 hour,. rllere i, no increase in thi, 
protein in the gi ll s after I hour heat ~hoeJ... . This protein "a, not detected in the loot after 
24 hour ammonia ~~rosure (F igure 5, 1] 13) and one hour heat shock (hgure ~ .l~), 

T.bl~ 5.7. Iland inten,i"e~,' ~g of'OIal p'rt.in + ,jandard d,e"iatioo fOf P_gp in gi ll , after 12, 24 .nd 1(, 
huur .mmooia eXI"",,,e and a iler I OOLl1 he", ,huck in bulh cuntrol .00 expcrimcn,.1 abalone . h,,, ".Iu~ 
topr«ent, poolod daro of ,hroo ,b,iono .nd ohlOinod \"in~ bl""" CG - cotllro l ~ills, LG - experinli:m, I 
gill>, 

S 
60 

0..50 
~ 

'040 --0 30 
0> 
"-
~20 
~ 

c 10 

-1l 
" 0 c 
Ql 

. ~.'-'--~. 

P'~p' .mmooi. P-;p- 1I •• t .h;;:i:: 

11 ~"u,." H hour< 36 hour", 1 ~"UI' 

cc 1 ~G co FG , co t'G CG t':G 

-=601 , ~:\.(fO '0_ ,~ ~9 9~ i ':\ ,"6 4-1.'!l I 'I ,~~ 17,32 

. ____ ~ _______ . ____ ~~ ___________ ~~ __ _________ ~_~ _____ l 

Heat shock Ammonia exposure 
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5.4. Discussion 

The results for the different HSPs obtained from the blots are preferred to those from the 

gels. Immunoblots use antibodies, which are specific for different HSPs, and are 

therefore a direct measure of the amount of HSP present. In contrast the bands obtained 

from the gel are identified by molecular weight and could therefore include proteins other 

than HSPs. The results obtained from the blots (Table 5.2) and those from the gels 

(Tables 5.3 - 5.6) cannot be compared directly, but the overall patterns of changes in the 

experimental tissue were similar for both methods, indicating that the increase in the 

amount of protein after shock treatment represents stress proteins. Two bands (isoforms) 

of HSP 70 isolated from the foot and gills after 24 hour ammonia exposure and one hour 

heat shock of approximately 70.8 and 72.4 kDa were recognized with the HSP 70 

antibody (Figure 5.4). This was also observed in the HeLa control. Both these bands 

produce a single peak using the densitometric analysis and have therefore been referred 

to as HSP 70 in the present study. Snyder et al. (2001) also showed that the HSP 70 

antibody recognized three protein bands of 67, 70 and 74 kDa in the Californian abalone, 

H rufescens, during heat shock and xenobiotic (chemicals used in wood-bleaching 

operations along the coast) exposure. It therefore seems that two higher molecular weight 

HSP 70 are inducible by ammonia and heat in H midae. Drew et al. (2001), in contrast, 

showed that the HSP 70 antibody recognized a single band of 70 kDa in H rubra. 

Temperature shock had the greatest impact in the foot tissue (statistically significant 

increase in both HSP 70 and 60 (P < 0.001) within the first hour and these levels returned 

back to normal after one hour (Figure 5.9). Rocherri et al. (1981) showed that in sea 

urchin embryos, Paracentrotus lividus, HSP synthesis occurs in a burst shortly after 

heating, and then, after about 4 hours, the pattern of protein synthesis starts to revert back 

to normal even if the high temperature is maintained. In abalone, in the present study, no 

significant changes in HSP 90 and 70 were observed in the gills after temperature shock 

(Figure 5.10). Ammonia exposure had the greatest impact on the gills (but not within the 

first 12 hours and only after 24 hours). In mussels, P-gp has been found in the gills which 

are an important route of entry for toxic compounds (Minier et aI., 2000). Both HSP 70 
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and 60 in the gills were statistically higher than the control after 24 hours (P < 0.01; P, 

0.001, respectively) and after 36 hours (P < 0.001; P < 0.01, respectively) ammonia 

exposure (Figure 5.12). Although there were no significant differences in HSP 70 and 60 

in the foot during ammonia exposure (throughout the duration of the experiment) (Figure 

5.11), there did appear to be a slight trend towards an increase in the amount of HSP 70 

(after 24 and 36 hours) and HSP 60 after (36 hours). The large standard deviations 

obtained in this experiment may have resulted from differences in individual absorption 

and accumulation rates of the toxin (ammonia) from the serum and the effect on the foot. 

The induction of the stress response by chemical contaminants appears to be slower than 

by heat shock (Sanders, 1993). The results of the time exposure experiments for both 

temperature and ammonia (discussed above) support this view as increase of HSP 70 and 

60 in the foot occurred within the first hour of heat shock and in the gills after 24 hours 

ammOnIa exposure. 

HSP 70 and 60 occur at minimum levels in the foot and gills of abalone living under 

natural (control) conditions (Table 5.3 -5.6). However, HSP 90 does not appear to be 

present in the foot and gills of H midae under natural (control) conditions (Table 5.2 and 

Figure 5.8). HSP 90 is only present in the foot after heat shock and in the gills after 

ammonia shock (Table 5.2). HSP 90 appears to confer tolerance to organs most affected 

by a stressor (temperature and ammonia). However the data provided in Table 5.2 is the 

pooled data of three abalone at one hour heat shock or 24 hour ammonia exposure (one 

time frame representing minimum time required for a desired effect of the stressor was 

chosen and pooled tissue was used to minimize the amount and cost of the antibodies 

used). HSP 27 also does not appear to be present in the foot and gills under normal 

conditions as well as during ammonia exposure, but was present in the foot and gills after 

one hour heat exposure (Table 5.2). Therefore, it is possible that HSP 90 and 27 could be 

present in the foot and gills after 36 hours ammonia exposure due to the increased 

accumulation of ammonia with time. HSP 27 may therefore prove to be a useful tool in 

assessing heat stress in H midae while HSP 90 could be used for both heat and ammonia 

stress. 
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P-gp appears to be the 'first line of defense' against xenobiotics in most aquatic animals 

(Epel, 1998; Kurelec, 1992). From results of the present study, it appears that this is, also 

true for H midae in the present study as the amount of P-gp increases about two fold in 

the experimental compared to control gills from 12 hours through 36 hours (Table 5.7, 

Figure 5.16). The stress proteins, however, appear later i.e. changes in the HSP 70 and 60 

in the experimental compared to control gills only occurred after 24 hours of ammonia 

exposure (Figure 5.12). 

The presence of P-gp can be measured directly by immunoblotting (Table 5.7), but also 

by analysis of MXR-related genes (Luedeking and Koehler, 2004) and indirectly by 

measuring cellular accumulation of radio labelled or fluorescent labelled substrates 

(Eufemia and Epel, 2000). Separation with a non-reducing gel resulted in the detection of 

a -257 kDa and a -70.8 kDa protein in mice liver (Figure 5.13, B). It is therefore 

reasonable to assume that the -257 kDa is a dimmer of the 170 kDa and the -70.8 kDa its 

fragment. However in both experimental and control gills, C219 antibody reacted only 

with the -257 kDa protein (Figures 5.14 and 5.15). Antibodies (anti C and C219) are 

generally used to detect P-gp (Smital et aI., 2000), however the antibodies were found to 

react with proteins of molecular weights other than the 170 kDa. Smital et ai. (2000) 

found that the anti C antibody reacted with a - 140 kDa protein in membrane vesicles of 

gills of the mussels, Mytillus galloprovincialis and the marine snail, Monodonta 

turbinata. The C219 antibody reacted with a protein band of 135 kDa in the gills of the 

clam, Corbicula jluminea (Archard, 2004; Legeay et aI., 2005). Doi et al. (2001), also 

found that in catfish intestine the C219 antibody reacted with a -80 kDa but alterations in 

the sample preparation (similar to the present study) prior to loading resulted in the 

detection of both -170 kDa and -80 kDa in catfish intestine. Minier et al. (2000) found, 

in the gills of the mussel, Mytilus galloprovincilais, that the C219 antibody reacted with 

several bands; the main band was -130 kDa and three other bands of molecular weights 

230, 70 and 50 kDa. The authors suggested that if the two shorter bands (50 and 70 kDa) 

are degradative products, then it is more likely that the larger bands (130 and 230 kDa) 

are the MXR proteins which are known to have high molecular weights. Minier et al. 

(1993) found that the C219 antibody reacted with two proteins (220 and 24 kDa) in the 
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mussel, Mytilus edulis. The presence and increase ofthis ~257 kDa protein in the present 

study, and its binding to the C219 antibody, makes it likely that P-gp is present and plays 

a role in ammonia tolerance in H midae. Furthermore, an increase in P-gp levels 

compared to the control was not observed in gills after temperature shock (Figure 5.15, 

5.16 and Table 5.7). 

In aquatic organisms there are at least four families of stress proteins involved in acquired 

tolerance, namely HSP104, HSP70, chaperonin and the LMW HSPs (Sanders, 1993). 

Under stress conditions, HSP 90 may redirect cellular metabolism to enhance tolerance 

(Sanders, 1993). In the present study, HSP 90, HSP 70, HSP 60 and HSP 27 appear to be 

involved in conferring temperature tolerance in H midae (Table 5.2), while P-gp, HSP 

90, HSP 70 and HSP 60 seem to playa role in ammonia tolerance (Table 5.2 and 5.7). 

There is some evidence to suggest that LMW proteins are involved in thermotolerance 

but heat is not the only inducer ofLMW proteins (Black and Subjeck, 1991). The impact 

of each stress protein on conferring both temperature and ammonia tolerance in H midae 

varied in the foot and gills, as well as after different time exposures. The outcome of the 

present study supports the hypothesis that both HSPs and MXR (P-gp) plays a protective 

role against ammonia exposure in the abalone, H midae. 

In Chapter 3, it was demonstrated that when wild cocktail size H midae were pre

acclimatized to sub-lethal ammonia (0.76 mg TAN rl; 10.03 Ilg FAN rl) they increased 

their tolerance (acclimatized) to higher levels of ammonia. In this chapter, it was 

demonstrated that when farmed cocktail size H midae were exposed to sublethal 

ammonia (19.69 Ilg rl FAN; 1.03 mg rl TAN), they produced both heat shock proteins 

and P-gp. It is reasonable to speCUlate that the mechanism of acclimatization might be the 

same mechanism that leads to the production of stress proteins. This speculation is, 

however, not completely substantiated by the results of this chapter, and to do so would 

require additional protein work that is outside the scope of the present study. Only very 

recently has the first HSP 70 cDNA of the Pacific abalone, Haliotis discus hannai, been 

fully sequenced (Cheng et aI., 2006), demonstrating high homology to other HSP 70 

genes, thereby confirming the presence of HSP 70 in abalone. 
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The present study is the first to observe, in aquatic invertebrates, the expression of HSP 

90, 70 and 60 during increased ammonia levels, which is a major problem in aquaculture. 

The present study is also the first to report the presence ofP-gp, in abalone. 
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5.1. Appendix 

Table 5a. Tissue buffer for protein extraction 

Solution 
Tissue buffer 

Add seperately 

1 mM Magnesium chloride 
0..5 M Sodium chloride 
pH 7.5 
Add 1 % Nonidet 
40. mM PMSF (diluted with acetone) 

Source 
Hamer et aI., 20.0.4 
Dunlap & Matsumura, 1997 
Hamer et aI., 20.0.4 
Adjust with HCI 
Minier et aI., 20.0.0. 
Hamer et aI., 20.0.4 

Per 500 ml 
10.1.65 mg 
6.0.57 g 
14.61 g 

5 ml 

* 

*For every 10.0. mg wet weight of tissue, use 0..5 ml 
(phenylmethylsulphonylfluoride ). 

tissue buffer + 10. III PMSF 

Table 5b. SDS-P AGE Buffers and solutions for protein analysis 

Bu erslSolutions Com osition Com onents 
Buffers per liter 
2.5x separating gel buffer 1.875 M Tris-CI Tris base 227.1 g 

0..25% SDS SDS 2.5 g 
pH 8.9 Adjust with HCI 

5x stacking gel buffer 0..3 M Tris-phosphate Tris base 36.3 g 
0..5% SDS SDS 5g 
pH 6.7 Adjust with phosphoric acid 

5x electrophoresis buffer 0..5 M Tris base Tris base 60..6 g 
1.92 M glycine Glycine 144.1 g 
0..5% SDS SDS 5g 
pH 8.8 without adjustment 

per 10. ml 
5x loading/sample buffer 0..225 M tris.CI, pH 6.8 1 M Tris.CI, pH 6.8 2.25 ml 

50.% glycerol Glycerol 5ml 
5%SDS SDS 0..5 g 
0..0.5% bromophenol blue Bromophenol blue 5mg 
0..25 M dithiothreitol (DDT) 1MDDT 2.5 ml 

Solutions Source 
30.% Acrylamide 30.% Acrylamide Sigma Aldrich (Germany) 
TEMED N,N,N,N' -tetramethylenediamine 

Prom ega (USA) 
APS Ammonium persulphate Bio-Rad (California) 
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Table 5c. Coomassie Staining solutions 

Solution 

Coomassie staining 
solution 

Com ositions 

0.05% (w/v) Coomassie Brillant 
Blue R-250 
40% (v/v) ethanol 

10 % (v/v) glacial acetic acid 
50% (v/v) water 

Destaining solution 40% (v/v) ethanol 
10 % (v/v) glacial acetic acid 
50% (v/v) water 

* purchased from BDH, Biochemical, England 

Table 5d. Western Blotting Transfer Buffer 

Bu ers Com ositions 

Transfer buffer 25 mM Tris base 
150 mM glycine 
20% (v/v) methanol 
pH 8.3 

Table 5e. Immunodetection buffers 

Bu ers Com ositions 

TBS buffer 10 mM Tris.CI 
150 mMNaCI 
pH 7.5 

TBS-Tween buffer 0.5% Tween 
TBS buffer 

Com onents 

Tris base 
Glycine 
Methanol 
without adjustment 

Primary and 5%(w/v) nonfat dried milk powder 
secondary TBS buffer 
antibody dilution 
buffer 

Com onents 

Coomassie Brillant Blue R-
250* 
Dissolve * in ethanol, then 
add: 
Glacial acetic acid 
Water 
Filter before use 

Ethanol 
Glacial acetic acid 
water 

per liter 
3.0 g 
11.3 g 
200 ml 

Com onents 

Tris base 
NaCI 
adjust with HCI 

Tween 20 
TBS buffer 

Nonfat dried milk 
powder 
TBS buffer 

Substrate 18.75 mglml NBT + 9.4 mglml BCIP in 67% NBTIBCIP stock 
(NBT/BCIP)* (v/v) DMSO solution 
Stock solution 0.1 MTris-HCI Tris base 

0.1 MNaCI NaCI 
*Nitro blue tetrazolium chloride/5-Bromo-4-chloro-3-indolyl phosphate 

per 100 
ml 

50 mg 
40ml 

10 ml 
50 ml 

40ml 
10 ml 
50ml 

per liter 
8.8 g 
1.2 g 

5ml 
1 liter 

per 10 
ml 
0.5 g 
10 ml 

200 III 
12.114g 
5.844 g 
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Abstract 

The findings of the present study was synthesised to demonstrate their applicability to the 

management of ammonia stress in farmed H midae. Firstly, the potential consequences 

of chronic effects of ammonia on farm production were assessed using two growth 

models. Modell was applied to H midae from 0.550 years to ~0.772 years (~1.89 cm; 

0.730 grams), and used specific growth rates (for weights, SGRW) from the present study 

to calculate changes in mass over time. A purely empirical curve (model 2) which 

calculated growth as a function of mass, was fitted to a combination model 1 and a field

based growth model, and was applied to abalone from age 0.772 years onwards. The 

mass of abalone at age 4.5 years (when farmed H midae are typically harvested) was 

calculated for different periods of exposure to sub-lethal FAN concentrations. Mass 

decreased with increasing periods of stress, with yield potentially reduced to 20.5% of the 

normal yield (no ammonia stress) for sustained chronic exposure. Monitoring of water 

quality can contribute to preventing ammonia stress, but these indicators of animal stress 

are indirect. Direct monitoring of the animals can be done using biomarkers. Both HSPs 

and P-gp could be used as biomarkers of ammonia stress and poor health in H midae, 

although further research and improved (cheaper) technology would be needed to make 

this feasible. 
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6.1. Introduction 

The successful farming of abalone depends on the selection of the most suitable species 

for a given culture environment. In South Africa, Haliotis midae is the abalone species of 

commercial importance because of its successful spawning in captivity (Genade et al., 

1988), its adequate rate of growth, and its good food conversion efficiencies, all of which 

are essential for farming (Cook, 1998). The successful growth and health of the species in 

tum is influenced by the quality of its environment. For H midae (as for all aquaculture 

animals) this environment is water, and ammonia concentrations can rapidly influence the 

quality of water. 

The overall aim of this chapter was to provide a synthesis of the findings of the present 

study and to demonstrate their applicability to the management of ammonia stress in 

farmed H midae. This was achieved by illustrating the effect of increasing ammonia 

exposure on abalone growth, and by investigating the use of both heat shock proteins 

(HSPs) and P- glycoproteins (P-gp) as biomarkers for detecting ammonia stress and poor 

health in H midae. 

6.2. Acute and chronic effects of ammonia 

Farms routinely use one of two chemical kits to measure TAN, namely the traditional 

Nesslers method test or the more recent Palintest. The present study (Chapter 2) found 

that both these tests underestimate ammonia concentrations, but that the Nesslers method 

was more accurate than the Palintest. This needs to be confirmed by additional studies. 

Considering that minute changes (J.lg.r1
) of FAN (Chapter 3) can be detrimental to the 

abalone and reduce growth rates substantially, correct TAN measurements are important; 

abalone farmers should use these tests with caution. Similarly, correct FAN calculations 

are important. 

Regular monitoring of all parameters (TAN, pH, temperature and salinity) that affect the 

amount of FAN present is necessary (see Chapter 2). The calculation of FAN from TAN 
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using different tables provided by Bower & Bidwell (1978), Emerson et al. (1975), 

Huguenin & Colt (1989) and Trussell (1972) lead to discrepancy in the results. The 

present study (Chapter 2) found that the tables provided by Bower & Bidwell (1978) 

were the most appropriate for seawater analysis because the effect of salinity on FAN 

values has been thoroughly investigated and incorporated into the tables. 

The present study (Chapter 3) found that the acute effect of ammonia varied among 

different size classes and the sensitivity to ammonia decreased with increasing size but is 

higher in wild compared to farmed abalone. The sub lethal levels of ammonia for farmed 

juveniles, farmed cocktail, wild cocktail and wild brood were 7.4 Ilg r' FAN, 19.69 Ilg r' 
FAN, 10.0 Ilg r' FAN and 11.4 Ilg r', respectively. The sublethal level of 7.4 Ilg r' FAN 

(Chapter 3) for juvenile abalone was used to determine safe levels of FAN for H midae, 

as this is the most sensitive size class. The findings of the present study suggest a safe 

FAN level for H midae of below 7.4 Ilg r'. However, this concentration was 

subsequently demonstrated to reduce growth by more than 50% in juvenile H midae, 

though no mortalities occurred at this concentration (Chapter 4). The implications of the 

results of the chronic ammonia exposure growth experiments (Chapter 4) were 

investigated by modeling the effect of extended ammonia exposure on the yield of 

abalone after 4.5 years (age when farmed abalone are harvested). 

Because there were no growth data for farmed cocktail H midae, data for their growth 

parameters were obtained from Tarr (1995) for wild abalone. Growth data for farmed 

juveniles were obtained from Chapter 4. Two models of abalone growth were developed, 

applicable to the smallest sizes (model 1) and the full size range (model 2). 

Modell was applied to H midae from 0.550 years to ~0.772 years (~1.89 cm; 0.730 

grams), and used specific growth rates (for weights, SGRW) from Chapter 4 to calculate 

changes in mass over time: 

Mass (t + 1) = Mass (t) + SGRW * Mass (t) (6.1) 
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where t = time in days and SGRW = 0.00243 d- I under normal growth 

and 0.001 d- I under ammonia stress. Growth depends on abalone mass in model 1. 

For model 2, growth parameters of H midae were obtained from Tarr (1995) for wild 

abalone from Betty'S Bay, such that 

Shell length (mm) = (Loo (l_e-Kxage)) (6.2) 

where Loo is the maximum length = 172.76 (mm) and K is the rate of growth = 0.186 il. 

Using equations from Tarr (1993), shell lengths were converted to shell breadths (mm) 

Shell breadth (mm) = (0.913 x length (mm)) - 11.59 mm (6.3) 

and shell breadths were converted to abalone mass (g): 

Whole wet mass (g) = 0.002 * (Breadth (mm))2.614 (6.4) 

These equations allow the calculation of H midae growth as a function of abalone age. 

The age-dependent mass from model 1 under normal growth (assuming a 0.6 g animal is 

0.55 years) was linked to that predicted by Tarr's (1995) growth equations at 0.772 years, 

when the mass obtained using model 1 corresponded to the mass obtained using Tarr's 

(1995) model i.e. at 0.73 g. The mass-age relationships from Tarr's (1995) model and 

model 1 are illustrated in Figure 6.1. A purely empirical curve (model 2) that calculated 

growth as a function of mass was fitted to these two combined data series but was applied 

to abalone from age 0.772 years onwards. Model 2 therefore uses mass and not age as the 

predictive variable for growth increments: 

6.5 
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The results of this chapter demonstrate that significant losses in revenue might occur 

even for relatively short term ammonia exposures. The impact ammonia will have on the 

total revenue lost will depend on the exposure time and the total number of abalone that 

are affected. Routine monitoring of all water quality parameters that affect FAN 

concentration are needed to maintain low FAN. In addition, various systems can be 

employed to minimise ammonia levels, although they have had varying degrees of 

success to date. 

Co-culturing of abalone and seaweed (Bredberg, 2003; Robertson-Andresson, 2003) has 

been introduced on some South African farms on an experimental basis. The main 

motivation has been due to over-harvesting of kelp (Troell et aI., 2006) resulting in a 

search for a less costly and more reliable feed source. Seaweeds have been shown to have 

a dual function in the system in that they not only provide feed for abalone but also 

absorb nutrients (such as ammonia) (Langdon et aI., 2004). However, the process of co

culture of abalone and seaweeds is complex. The species of seaweed chosen is important 

in terms of the amount of ammonia absorbed, as well as in generating the lowest 

ammonia excretion rates (Bredberg, 2003). Build up of ammonia can occur in intensive 

culture systems. Abalone fed on a diet of formulated feed, as practiced on farms, excrete 

higher levels of nitrogenous wastes than abalone fed on kelp (Chalmers, 2003). Some 

farms utilize co-culture only in the outlet tanks to reduce the nutrient content of the 

seawater released back into the sea (P. Cook, pers. comm.), thereby minimizing negative 

impacts on natural ecosystems (Lubchenco, 2003; Naylor et aI., 1998; Qian et aI., 2001). 

Currently only two abalone farms in South Africa (located in the Eastern Cape) culture 

Gracillaria and Ulva using waste water from the abalone tanks, as they don't have access 

to fresh supply (Troell et aI., 2006). The utilization of seaweed for the removal of 

ammonia may be a solution for temporary closures of seawater flow-through. 

It has been suggested that land-based fish culture systems far from the sea should be 

operated at low pH, making it possible to operate at high TAN concentrations without 

exceeding both CO2 and FAN threshold levels (Eshchar et aI., 2006). This would help 

reduce high seawater pumping costs and/or nitrification biofilter recycling costs 
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associated with ammonia removal from the system. Most South African abalone farms 

are based near the coast and operate an open circulation system (with varying degrees of 

re-circulation). Removal of ammonia is usually not a problem, but during forced closure 

ammonia can increase and become toxic to the animals. The option of running a system 

at high TAN and low pH for limited periods should be investigated. More research, 

however, is required to determine the lethal levels of CO2 and pH for H midae. Harris et 

ai. (1998a) have reported reductions in growth of abalone at low pH (~7.8). Abalone 

farmers could then reduce the pH by increasing CO2 without the addition of chemicals, 

thereby reducing the toxicity of F AN (ElF AC, 1973). 

The problem of elevated ammonia levels is likely to persist in abalone farms. Both 

chronic and acute effects have been quantified here. Constant monitoring and mitigation 

measures are both needed to manage the problem. Monitoring of water quality is an 

indirect measure of stress for farmed animals whereas biomarkers can be direct measures. 

6.3 Heat shock proteins (HSPs) and P-glycoprotein (P-gp) as biomarkers of 

ammonia stress in H. midae. 

The use of HSPs and P-gp as biomarkers of ammonia stress and poor health in H midae 

has been proposed. The heat shock or stress response is one of the most highly conserved 

adaptive responses in nature. HSPs are inducible by a variety of stressors besides 

temperature and ammonia, and could include other environmental toxins such as PSP and 

DSP, parasites or bacterial infections or even high stocking density (which leads to high 

ammonia levels). The complex relationship that exists between the stress response and 

disease has been implicated in disease outbreaks in many animals, including abalone 

(Hooper et aI., 2006). The central role of stress proteins in the transfer of peptides 

through the cell (Moseley, 2000) may be responsible for their recently recognised 

importance in the modulation of the immune system. 

Our understanding of the immune system and stress response in abalone is very limited 

and based mainly on vertebrates; limited work has been conducted on some mollusc 
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speCIes. Cheng et ai. (2004) has demonstrated that even mild stressors resulted in 

increased susceptibility in abalone to infection with Vibrio species, and increased 

mortality due to suppression of the immune system. The measurement of a single 

parameter of the immune system, such as fluctuating haemocyte counts or cytokine and 

hormone levels, does not fully summarise the state of an abalone's immune system. The 

stress response of abalone, similar to the vertebrate endocrine system, probably originates 

with corticotrophin releasing hormone (CRH) stimulating the release of 

adrenocorticotrophic hormone (ACTH), leading to the release of biogenic amines and 

interleukins, which in tum mediate secondary effects in the molluscs (Hooper et ai., 

2006; Ottaviani et ai., 1995). In molluscs all these molecules of the stress response are 

located in the haemocyte cells and not distributed in different organs as in vertebrates 

(Ottaviani & Franceschi, 1997). Among the biogenic amines is noradrenalin, which has 

been demonstrated to induce expression of HSP 70 in haemocytes of H tuberculata in

vitro (Lacoste et ai., 2001). This stimulatory effect could be blocked using various 

inhibitors, demonstrating a functional link between neuroendocrine signalling and the 

HSP 70 response in mollusc's cells (Ottaviani et ai., 1995; Ottaviani & Franceschi, 

1996). Interestingly, the complex interaction of stressors with the immunological stress 

response has not been studied in detail in abalone, but in other gastropods. Research on 

identifying which kind of stress or immune parameters accurately predict what is 

happening in the animals is far from over (Hooper et ai. 2006). 

The presence of HSPs may indicate that an animal is trying to cope with the immediate 

effects of a stressor, but it also shows that the animal is stressed. The immune system is 

weakened by this, allowing other factors such as bacterial infection (Cheng et ai., 2004) 

to affect abalone health. Future research into implementing the use of stress proteins as 

biomarkers for the detection of ammonia stress in abalone may help with biomonitoring 

of water quality which in tum can improve abalone health, reducing mortalities and 

increasing growth rates. 

Biomarker responses should be sublethal, quantifiable and reliable for interpretation 

(Werner, 2004). The results of the present study showed an increase in the induction of 
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specific HSPs (depending on the type of tissue and stressor) and P-gp in gills of H midae 

under sublethal ammonia conditions. These results are reproducible and quantifiable 

using a robust antibody based assay. Immunological detection of both HSPs and P-gp in 

the present study, although difficult and expensive (Smital et aI., 2000), may prove to be 

useful biomarkers in assessing ammonia and heat stress in aquaculture animals. There is a 

strong need for multiple biomarker screening, such as for HSPs and P-gp, in 

biomonitoring of environmental toxins, to assist farming of abalone in South Africa. 

The use of HSPs and P-gp as potential biomarkers for environmental studies has been 

addressed in a number of studies (Bierkens, 2000; Eufemia and Epel, 2000). In molluscs, 

HSPs have proven to be an important part of a suite of biochemical markers of xenobiotic 

stress (Snyder et aI., 2001). Huchette et al. (2003) found that growth in the Australian 

blacklip abalone, Haliotis rubra, was affected by increased stocking density either 

directly through competition for space or indirectly by deteriorating water quality 

(increased F AN levels). Rossi & Snyder (200 I) proposed the use of HSP 70 as a tool for 

evaluating space competition among sessile marine invertebrates. The present study 

proposes the use of HSPs and MXR as biomarkers for evaluating stress incurred by 

increased stocking densities (results in increased FAN levels) as ammonia induces both 

HSPs and MXR. On abalone farms FAN levels can occur in spikes (within a few hours) 

and frequent incidences of such spikes could impact negatively on abalone growth. 

Measurements of FAN levels outside these spike occurrences could be misleading and 

problematic as the FAN levels appear to be normal (due to flushing of the system). 

Measurements of stress protein levels in the present study were detectable for up to 36 

hours, although this was for continuous ammonia exposure. For heat exposure 

experiments, however, stress protein levels remained elevated for only one hour. Future 

research should include recovery experiments (return to normal conditions after short 

term ammonia exposure) to determine how long stress proteins remain elevated. Such 

experiments have been carried out using heat stressed abalone, Haliotis dicus hannai, 

where the return of HSP 70 to normal conditions occurred only after 96 hours (Cheng et 

aI., 2006). These studies may determine if stress proteins could be used as biomarkers to 

help monitor ammonia spikes on farms. 
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6.4. Conclusions 

The present study has demonstrated that ammonia impacts negatively on H midae, 

leading to reduced growth rates and yield. The growth rates obtained in this study for 

juvenile abalone (model 1) are slower than those observed on commercial farms, which 

can be attributed to differences in diets; farms include commercial feed in their diets, 

whereas the experimental abalone were fed kelp for the duration of the experiments. The 

magnitudes of the potential changes in growth rates might therefore be different in a farm 

situation. However, the results indicate that a reduction in potential yield of 

approximately 20 % could be possible if there is chronic ammonia stress throughout the 

animal's life. Future research into implementing HSPs and P-gp as biomarkers for the 

detection of ammonia stress in abalone may help reduce these losses. The success of 

abalone aquaculture in South Africa depends on ongoing research on the farmed species, 

H midae. "The marine resources are a national asset and part of the heritage of the 

people of South Africa, present and future, and should be managed and developed for the 

benefit of the country as a whole, especially those communities whose livelihood 

depends on these resources" (Martin & Nielsen, 1997). 
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