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Development of the random amplified polymorphic DNA(RAPD) 
technique to measure the effects of genotoxins in aquatic organisms 

Franck Andre Atienzar 

ABSTRACT 

Studies were undertaken to evaluate the potential of random amplified polymorphic DNA 
(RAPD) to detect DNA effects (including DNA damage and mutations) in aquatic invertebrates, 
following their exposure to a variety of environmental contaminants under laboratory conditions. 
After rigorous optimisation of the RAPD method, the protocol, which used a high annealing 
leiiiperature (50"C for 10-mer primers), was found to generate good-qualit> DNA profiles from 
groups of organisms belonging to the bacterial, plant and animal kingdoms. The RAPD method was 
initially used to detect benzo<a)pyrene [B(a)P] and copper-induced DNA effects in the water flea 
Daphnia magna and ultraviolet-mediated DNA effects in the marine alga Pal mar ia palmata. The 
results clearly showed that changes occurred in RAPD profiles obtained from the exposed 
populations when compared to controls. In these studies, the effect of the genotoxins at higher levels 
of biological organisation (e.g. Darwinian parameters and/or fitness parameters) were also 
investigated and were compared with genomic DNA template stability (GTS), a qualitative index 
representing clear changes in panems compared to control RAPD profiles. The results from these 
experiments revealed that GTS could be more sensitive than growth parameters and showed at 
least equal or even greater sensitivity than other measures of fitness. Changes in RAPD profiles 
were believed to be the result of DNA effects, namely adduct formation, DNA breakage, oxidative 
damage and mutations and possibly other effects (e.g. variation in gene expression). Nevertheless, 
the nature and amount of DNA effects could only be speculated because diverse events may induce 
the same category' of changes (i.e. variation in band intensity, appearance of bands, and 
disappearance of amplicons) in RAPD patterns. Further studies confirmed that RAPD had the 
potential to qualitatively detect oestrogen and .xeno-oestrogen -induced DNA effects in barnacles. 
Additional experiments emphasised that oxygen radicals and variation in gene expression may induce 
significant changes in RAPD profiles. 

To further understand the effects of DNA lesions and mutations on RAPD patterns, 
indiv idual types of DNA damage were created in vitro. The results clearK indicated that B(a)P DNA 
adducts, DNA photoproducts. and DNA breakages had significant effects on RAPD profiles but that 
diverse types of DNA damage may induce the same category of changes in RAPD patterns which 
render the interpretation of the results difficult. It was also concluded that mutations could be 
detected provided they do not arise in a random fashion. 

Finally, an attempt was made to determine the kinetics of DNA damage and DNA repair 
and whether changes in patterns obtained from B(a)P exposed Daphnia magna could be transmitted 
to successive generations. This strategy was developed to distinguish between mutations and DNA 
damage. The results showed that some bands obtained from the exposed populations were transmitted 
to the first and/or second generation but not to the third. It was concluded that the transmission of 
modified genetic material to the offspring was more likely to be the result of large genomic 
rearrangements and/'or base methylation (epigenetic processes) rather than point mutations. 

In conclusion, the results presented in this research project show the potential of the RAPD 
assay as a useful method for the qualitative assessment of DNA effects including genotoxicity and 
changes in gene expression. The main advantage of this technique is that it can be applied to any 
species without requiring any information about the nucleotide sequence. In the field of eco-
genotoxicology, its main advantage lies in its sensitivity and speed to detect a wide range of DNA 
damage including DNA breakage, DNA adducts, oxidative damage as well as mutations (including 
point mutations and large rearrangements). On the other hand, RAPD only allows a qualitative 
assessment of the DNA effects and the nature of the changes occurring in profiles can only be 
speculated. Finally, a great deal of further experimentation and validation are required in order to 
assess the applicability of the technique to a variety of other species and pollutants, particularly 
under field conditions. 
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INTRODUCTION 



Over the course of recorded history, human activities have dramatically altered the 

natural environment of this planet and its inhabitants. While the alarming levels of 

pollution in the major cities are often considered as unacceptable, the production, 

consumption and disposal of ever-increasing quantities of new chemicals continues. The 

number of organic compounds synthesised by man totals over 1.8 million and is growing at 

a rale of at least 250,000 formulations per year (Zhou et aL, 1996). Global production of 

these anthropogenic organics has been estimated to be 100-200 million tons per year and 

up to one third of this production may enter into the environment (Stumm and Morgan, 

1981). In the United States, more than 384 million tons of waste are generated annually by 

the industry and billions of litres o f industrial effluents are discharged daily into rivers, 

streams, harbours, and municipal sewage systems (Houk, 1992). Claxton et al. (1998) also 

reported that several million kilograms of genotoxic and/or carcinogeneic industrial wastes 

are released into the United States environment each year. In addition to the continuous 

discharge all over the world, there have been accidents leading to exposures with tragic 

consequences for the environment. In 1984, a storage tank at a Union Carbide pesticide 

plant (Bhopal, India) exploded and released a cloud of methyl isocyanate killing 2,000 

people and affecting the health of an estimated 200,000 more (Anonymous, 1984), In 1986, 

the largest radioactive release in history occurred in Ukraine where a reactor in a nuclear 

power station exploded at Chernobyl (Newman, 1998). It has been reported that the 

frequency of mutation significantly increased in human (Dubrova et al., 1996) but not in 

rodents (Baker et al., 1996*). In 1996, the grounding of the Sea Empress oil tanker resulted 

in the release of 72,000 tonnes of crude oil into Milford Haven, Wales, UK. It was reported 

that this contamination resulted in elevated levels of DNA adducts in vertebrate but not in 

invertebrate species (Lyons et aL, 1997; Harvey et ai, 1999). Unfortunately the list of such 

events is far from being exhaustive. However, such incidents could be considered of minor 

importance. Even during the heyday of major tanker incidents in the I970's, these 

accidents contributed less than 30 % of the annual emissions of petroleum hydrocarbons to 

the marine environment (Evers et al., 1997). Persistent chemicals have even accumulated in 

I 
• A reiraclion was primed by Baker et o/. (1997, Nature 390:100) indicating thai the mitochondrial cytochrome b 

mutation rates were incorrect as a result of miscoring mutations. The mutation rales in the voles near Chernobyl are 

higher than the control population but this difference is not slalistically significant. 



areas such as the Artie and Antartic far away from the source of release (Bacon et al., 1992; 

Barrie et a/., 1992; Hargrave et al., 1993). hi this context, many organisms may not have the 

opportunity to either avoid contamination or adapt to the increasing number of chemicals 

released into the environment. Together with other anthropogenetically induced disturbances 

such as deforestation, urbanisation, fisheries, agriculture, this may result in the extinction of 

local populations and even complete species at a rate previously unseen (Wilson, 1988; Ellis, 

1989). 

The risk of such widespread contamination events has led to the development of a 

new discipline of ecotoxicology or environmental toxicology. Ecotoxicologists have been 

charged to evaluate the impact of contaminants on the health of our environment and its 

inhabitants. The strategy consists in measuring endpoints at different levels of biological 

organisation in species sampled fi-om the field. However, since the environment is 

contaminated by a large number of compounds the interpretation of the data can be quite 

difficult. Consequently, the ecotoxicologist has often exposed relevant species to 

environmental contaminants in the laboratory and measured endpoints at different levels of 

biological organisation to try to understand how the environmental contaminants can 

adversely affect the species in the environment. In the field of ecotoxicology, the evaluation 

of the effects of environmental contaminants on aquatic invertebrate species are particularly 

important because the aquatic environment which covers two thirds of the planet is inhabited 

by the majority of living species, more than 90% of which are invertebrates. 

In recent years, considerable attention has been directed towards improving our 

understanding of the ways contaminants interact with genetic material. The genetic material 

which contains the information necessary to determine the development of an organism, is 

transmitted from parent to offspring. It consists of deoxyribonucleic acid (DNA), with the 

exception of some bacterial, plant and animal viruses in which it is ribonucleic acid (RNA). 

Environmental mutagens and carcinogens may have at least two main effects. They may 

cause mutation in germ cells resulting in the accumulation of heritable abnormal genes in the 



population, and may also be responsible for mutation of somatic cells resulting in the 

formation of tumours in individuals (Nagao and Sugimura, 1978). Evidence for these effects 

have been widely reported in many studies using fish and mammals (Zarbl et al., 1985; 

Barbacid, 1986; Van Beneden et aL, 1990; McMahon, 1994). However, the incidence of 

neoplasia in invertebrates is not as clear firstly because the number of investigations have 

been limited and secondly because there has been some controversy (Hesselman et al., 1988; 

Gardner et al., 1991; Kurelec, 1993; Depledge, 1994a; Van Beneden et aL, 1999). In the 

ecological context, exposure to genotoxins may have significant implications for the long-

term survival of exposed populations (Wurgler and Kramers, 1992). Once released, the 

environmental contaminants have the capability not only to cause morbidity and/or mortality 

in the exposed organisms, but potentially may induce higher order changes such as alterations 

to population dynamics and changes to biological diversity at both intra- and interspecies 

levels. Such changes may initiate direct and catastrophic ecological consequences. However, 

whilst poUutant-DNA interactions can be readily demonstrated using diverse methodologies, 

there have been few direct experimental demonstrations of the wider relationships between 

DNA effects and the consequences at higher levels of biological organisation (Seller, 1982; 

De Raat et al., 1985; Wurgler and Kramers, 1992; Mohn and De Raat, 1993; Anderson et al., 

1994b; Anderson and Wild 1994; Depledge, 1994a; 1998; Jha, 1998). 

The use of genotoxicity and mutagenicity assays for monitoring the environmental 

effects of mutagens and carcinogens is becoming increasingly important (De Flora et al., 

1991; Godet et al., 1993; Jha el al., 1996; 1997; 2000; Claxton et al., 1998). These assays 

could be broadly classified as biochemical, molecular as well as cytogenetical assays. The 

biochemical assays allow, for instance, the detection of DNA adducts [e.g. ''̂ P-post labelling 

(Randerath et al., 1981)], DNA strand break measurements [e.g. alkaline/neuu^l elution 

technique (Rydberg, 1984)] while the cytogenical assays include, for instance, the 

determination of chromosomal aberrations (Natarajan et al., 1996) and the induction of 

micronuclei (Cole et al., 1979). Many of these assays, which were originally developed to 



evaluate human health risk following exposure to physical and chemical genotoxins, have 

been adopted for detection of genotoxin exposure in natural biota. Other methods to detect 

and quantify DNA lesions induced by a wide variety of genotoxic agents include some 

physico-chemical techniques for analysis of biological samples, such as electrochemical (Park 

et aL, 1989) and spectroscopic (Giam et a/., 1989) methods as well as flow cytometry 

(Bickham, 1990), mass-spectrophotometry (Kaiser et al., 1990), and microspectrofluorometry 

or autoradiography (Mori et a!., 1990). In addition, the detection of mutations has also been 

intensively suidied. Many methods available involve the phenotypic expression of the 

mutation using bacterial, yeast and mammalian systems (Albertini et al., 1990; Cole et al., 

1990; Steingrimsdottir et al., 1996). Other mutation tests include, for example, the use of the 

polymerase chain reaction (PGR) (Cebula and Koch, 1991; Cortopossi and Amheim, 1992), 

DNA fingerprinting (Jeffreys, 1987), transgenic animals (Dolle et al., 1999), conformational 

analysis (Rossiter and Cashey, 1990). However, since most of the techniques characterise 

specific DNA damage or mutation, there is a real need to develop new powerful technologies 

to detect a wider range of DNA damage and mutation. 

The PGR which was firstly described by Saiki et al. (1985) has revolutionised the 

molecular biology and has been used in diverse areas of research such as evolution, clinical 

medicine, forensics, padiogen detection, and molecular genetics. For instance, PGR was 

successftjlly used to study and quantify mutations (Cebula and Koch, 1991) as well as DNA 

damage (Murray et aL, 1992) in specific locations. New PGR based methods were 

subsequently developed. In particular, Williams et al. (1990) and Welsh and McClelland 

(1990) developed the random amplified polymorphic DNA (RAPD) and arbitrarily primed 

PGR (AP-PCR), respectively. Although RAPD and AP-PGR are very similar techniques, 

there are some procedural differences between the techniques (Meunier and Grimont, 1993). 

Both methods are based on the selective amplification of genomic sequences that, by chance, 

are flanked by adequate matches to an arbitrarily chosen oligonucleotide primer sequence. 

The RAPD and AP-PCR techniques have been used in genetic mapping, taxonomy, and 



phylogenetic studies (Welsh and McClelland, 1990; Williams et al„ 1990; Welsh et al., 

1991). Since 1992, new applications of these methods have been developed. For instance, the 

AP-PCR method was successfully applied to detect y-ray-induced DNA damage (Kubota et 

al., 1992; 1995) and somatic genetic alterations in tumours of the colon, limg and rectum of 

human (Peinado et al., 1992; lonov et al., 1993; Kohno et al., 1994; Arribas et al., 1997). In 

addition, the RAPD method was also successfully utilised to detect polycyclic aromatic 

hydrocarbons (PAHs)-induced DNA damage in rats (Sawa et al., 1994; Sawa, 1996). Thus, 

both RAPD and AP-PCR techniques appeared to be useflil procedures for the detection of 

DNA lesions and mutations. When the present study commenced, in February 1997, ver>' 

little data were available on the possible applications of the AP-PCR and RAPD for the 

detection of DNA damage and mutation, and to the best of our knowledge, no studies had 

been carried out on invertebrates. Since 1997, the RAPD and AP-PCR were successively 

applied, mostly in non-invertebrates systems, to detect DNA damage and mutation (Shimada 

and Shima, 1998; Becerril et ai, 1999; Lopez et al., 1999), as well as genetic diversity (Nadig 

etal., 1998;TheodorakiseAa/., 1998; 1999; KrancetaL, 1999; Liuetal., 1999). 

Although the RAPD method has been successfijlly applied in many areas of research, 

the technique has been criticised for its lack of reproducibility (Ellsworth et al., 1993; Khanda 

et ai, 1997), and Mendelian inheritance (i.e. presence of non parental bands in patterns 

generated by offspring) (Riedy et al., 1992; Scott et oL, 1992; Ayliffe et al., 1994). The 

amplification of spurious products has also been reported to occur in RAPD reactions 

(Mullis, 1991). Nevertheless, after rigorous optimisation, the RAPD methodology has been 

reported as a robust assay with good reproducibility under defined conditions (Rothuizen and 

Wolferen, 1994; Bentere/a/., 1995; Bielawski et ai, 1995). 

hi the light of aforementioned information, the aims of this research project were to: 

1) evaluate the potential of the RAPD technique for the detection of DNA effects (including 

DNA damage and mutations) in aquatic invertebrates following exposure to a variety of 

environmental contaminants, under laboratory conditions, 



2) exaniine the potential impairment of classical Darwinian fitness parameters (e.g. growth, 

reproductive output, viabihty of offspring) among the exposed population, 

3) compare and link the effects measured at the DNA level by using the RAPD method with 

the effects determined at the population level. 

The present paragraph gives an overview of the content of the research project. 

Chapters 2 and 3 describe literature review and materials and methods, respectively, in 

Chapter 4, the aim was to determine i f the RAPD is a robust method using different species. 

In particular the objective was to investigate whether the problems associated with the lack of 

reproducibility and spurious amplifications could be solved by carefijlly studying the effect of 

each PCR component on RAPD profiles. In the subsequent chapters, the potential of the 

RAPD method was evaluated to detect benzo(a)pyrene (chapter 5) and ultraviolet (chapter 6) 

-induced DNA effects in the water flea Daphnia magna and the algae Palmaha pahnaia, 

respectively. The RAPD technique was also assessed for its ability to detect copper-induced 

DNA effects in Daphnia magna (chapter 6). In chapters 5-7, the potential effects of these 

genotoxins at population levels were also compared to genomic template stability (a 

parameter reflecting changes in RAPD profiles). Chapter 8 describes three different studies. 

The technique was used to detect the potential genotoxic effects of oestrogens and xeno-

oestrogens in barnacle larva (study 1) and adult crabs (study 2). In the third study, the RAPD 

technique was assessed for the detection of DNA effects in Daphnia magna exposed to 

stressful environments without the use of anthropogenic contaminants. The aim of Chapter 9 

was to determine die effects of specific types of DNA damage (e.g. DNA adducts, DNA 

breakages, DNA photoproducts) and mutations on RAPD profiles. In chapter 10, the RAPD 

method was evaluated as a tool to detect the kinetics of DNA effects, DNA repair and 

transgenerational effects in ben2o(a)pyrene-exposed Daphnia magna. Finally, the thesis 

concludes with a general discussion (chapter 11). 
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2.1 Ecotoxicolo^ and eco-gcnotoxicology or genetic ecotoxicolop^ 

2.1.1 The origin of ecotoxicology 

Hazardous substances are distributed widely in ecosystems due to diverse human 

activities such as energy usage, industrial enterprises, agriculture, and activities of the 

defence industry. Nevertheless, environmental problems continue to occur despite the 

increased awareness and complex regulations. For example, it has been estimated that 100-

200 million tons of anthropogenic organics are produced each year and that up to one third of 

this production could enter into the environment (Stumm and Morgan, 1981). The 

recognition of the continual release of contaminants into the environment and its 

detrimental effects on the ecosystem has led to the development of the field of 

Ecotoxicology. Some definitions of ecotoxicology seem to exclude discussion of human 

except as the source of contaminants, but the original definition given to ecotoxicology by 

Truhaut (1977) also included the impact of pollutants on human life. He defined 

ecotoxicology as: 

'the branch of toxicology concerned with the study of toxic effects, caused 

by natural and synthetic pollutants, to the constituents of ecosystems, 

animals (including human), vegetable and microbial, in an integrated context'. 

Since 1977, there have been numerous attempts to define the word 'ecotoxicology' 

(e.g. Cairns and Mount, 1990; Forbes and Forbes, 1994; Newman, 1998). It has been 

generally defined as the study of the harmfijl effects of chemicals upon ecosystems and 

their component parts (i.e. flora, fauna). It is an interdisciplinary subject which represents a 

synthesis of elements fi-om the disciplines of chemistry, biochemistry, toxicology, 

physiology, population ecology and population genetics. In contrast to 'classical' 

toxicology, the ultimate concern is about effects at the population and community levels. 



2,1.2 Eco-genotoxicology or genetic ecotoxicology 

Of great concern to certain ecotoxicologists are the genotoxins. These are the 

chemical and physical agents capable of interacting with the genetic material in cells of 

living organisms. The release of genotoxins into the environment and their effects on the 

ecosystem has led to the development of eco-genotoxicology or genetic ecotoxicology 

(Wiirgler and Kramers, 1992) which can be defined as: 

'The study of chemical- or radiation-induced changes in the genetic material of 

natural biota. Changes may be direct alterations in genes and gene expression 

or selective effects of pollutants on gene frequencies (Anderson et al., 1994b).' 

2.1.2.1 Terminology 

The interaction of toxic chemicals with the genetic material may be divided into 

three types of effects: aneuploidisation, clastogenesis, and mutagenesis (Timbrell, 1991). 

Aneuploidy is the acquisition or loss of a complete chromosome. Clastogenesis is the loss, 

addition or rearrangement of parts of a chromosome. Mutagenesis is the loss, addition or 

alteration of a small number of base pairs. Genotoxins which have the potential to induce 

cancer are called carcinogen and those responsible for developmental malformations are 

called teratogen. A cancerous cell is a cell which has escaped normal controls regulating its 

g r o v ^ and division, producing a clone of dividing daughter cells which invade adjacent 

tissues and may interfere with their activities (Abercrombie et al., 1980). Cancer cells that 

proliferate but stay together form benign tumours; those that not only proliferate but also 

shed cells form malignant tumours, and cancer generally refers to a disease resulting from 

either. Among these, carcinomas are malignant tumours of epithelial cells; 

teratocarcinomas are carcinomas that can be cultured in serially grafted to other hosts; 

sarcomas are cancers of connective tissue; myelomas are malignant tumours of bone 

marrow (Abercrombie et al., 1980). Druckrey (1973) reviewed the relationship between 

mutagenicity, carcinogenicity and teratogenicity. He concluded that 'carcinogenesis 



undoubtedly is far more complex than mutagenesis, and any generalisation as to a 

'mutation theory of cancer' cannot be considered as satisfactory. Recent studies have also 

reported that the correlation between genotoxicity and carcinogenicity was fairly weak 

(White and Rasmussen, 1996; Fetterman et aL, 1997). Druckrey (1973) defined 'genotoxic' 

substances as 'any agent which, by virtue of its physical or chemical properties, can induce 

or produce heritable changes in those parts of the genetic apparatus that exercise 

homeostatic control over somatic cells, thereby determining their malignant 

transformation'. By using the word homeostasis he had already sensed the phenomenon of 

non-genotoxic carcinogenesis (Ashby, 1995). 

2.1.2.2 State of the art 

The situation in the evaluation of mutagenic risks to the environment is somewhat 

different from human risk assessment, in the sense that the objectives with regard to 

ecosystems and ecological compartments may be directed towards the maintenance of their 

integrity at the level of populations, rather than that of individuals (Seiler, 1982; Wurgler 

and Kramers, 1992; Mohn and De Raat, 1993). Although the detection of DNA damage has 

been greatly studied using a number of laboratory methods, to the best of our knowledge, 

the study of DNA lesions and their effects at higher levels of biological organisation have 

been rarely attempted (Anderson et al., 1990; Anderson and Wild, 1994b; Jha, 1998). It has 

been postulated that toxicant-induced DNA damage can result in a cascade o f effects at 

higher levels of biological organisation (McCarthy and Shugart, 1990). These effects could 

range from the impact on the physiological functions in individuals (Stein et al., 1992), to 

alterations of gene pools (Gillespie and Guttman, 1993; Guttman, 1994; Woodward et al., 

1996; Tatara et al., 1999) and community-levels changes (Seiler, 1982; De Raat et al., 

1985; Wurgler and Kramers, 1992; Stein et al., 1992; Mohn and De Raat, 1993; Anderson 

et al., 1994b; Depledge, 1998). Such changes may initiate direct and catastrophic 

ecological consequences. On the other hand, damaged DNA can also be repaired, or cells 



replaced, before long lasting effects on fitness ever occur (Downes and Wilkins, 1994; 

Wood, 1996; Braithwaite et ai, 1999). In addition, epigenetic processes, such as the 

functioning of endocrine systems, can be disrupted by toxicants without any damage to 

DNA (Colbom and Clement, 1992). Epigenetic processes involve the study of changes in 

gene expression that occur during development, without any significant change in gene 

sequence. 

To address the problem of DNA damage and the possible effects at higher levels of 

biological organisations, it is necessary to develop reliable genotoxicity assays, which may 

then be used in conjunction with traditional assays for detecting any impairment of 

classical Darwinian fitness parameters which include survival, reproductive output, and 

time to maturity between breeding (Forbes and Forbes, 1994). For example, Sadinski et al. 

(1995) offered support for this approach when they suggested that benzo(a)pyrene induced-

DNA adducts and -micronuclei were sensitive measures of sub-lethal DNA damage, as 

well as possible short-term indicators of indirect effects on fimess in the amphibian 

Xenopus laevis. Furthermore, Anderson et ai (1994a) reported that genotoxic (cytogenetic 

effects) and developmental effects in the sea urchins (Strongylocentrotus purpuratus) were 

sensitive indicators of effects of three genotoxic chemicals; in contrast, fertilisadon success 

was not considered to be the most sensitive end point. New approaches were also 

developed to measure fitness parameters such as mating success, fecundity, and locomotory 

activity in Fi and F2 generations of Drosophila after exposure to ethyl nitrosourea (Mohn 

and De Raat, 1993). The results indicated that fitness impairment in the offspring was not 

apparent below exposure levels that directly affected reproduction in the parental 

generations. Experiments with Daphnia also indicated clear reproductive effects, but no 

effects were observed in the Fi generation (Mohn and De Raat, 1993). 
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2.2 The occurrence of cancer 

2.2.1 The concept of tumour progression 

The fundamental concept of tumour progression elaborated by Foulds (1975) and 

Nowell (1976) have as their central themes the idea that increasing genetic alterations 

generated by random somatic mutational events are responsible for heterogeneity and 

progression of tumour cells to increasingly and less responsive states. However, the 

concept of somatic mutation-induced tumour progression is perhaps too simplistic. 

Processes such as amplification, rearrangement, deletion, and melhylation, which are 

components of normal cellular development (ontogeny), become increasingly attractive 

candidates for mediators of tumour cell progression. In addition, it is now well established 

that cancer occurs as a result of multiple events which includes initiation, promotion and 

progression (Heckler, 1987) with an important step being certainly the proliferation of 

cancerous cells (Preston-Martin et al., 1990). 

In higher animals such as mammals and fish, somatic mutations and chromosomal 

rearrangements may contribute to induction, promotion and progression of cancer by 

inactivating anti-oncogene or by activating oncogenes (Barbacid, 1986; McMahon, 1994; 

Ross and Nesnow, 1999). It is important to mention that the only guaranteed method to 

determine i f a compound is a human carcinogen is to study it epidemiologically (Tomatis et 

al., 1989). Epidemiological techniques have been particularly successful in cases where 

specific exposures to high concentrations of compounds have been involved. However, it is 

unlikely that the individual contribution of single chemicals in highly complex exposure 

situations will be fully understood by epidemiological studies (Farmer, 1994). 

Consequently, 'biomonitoring' or 'molecular dosimetry' techniques have been developed. 

Molecular dosimetry may be defined as the assessment of the internal dose of a toxic 

compound by measuring the extent of chemical interaction of the compound with 

biological macromolecules. 
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2.2.2 Contribution to cancer 

2.2.2.1 DNA damage and mutations 

DNA adducts: some carcinogens have the potential to react with DNA to form 

covalent binding. Adducts, i f not repaired, can induce gene mutation and are believed to be 

necessary for the initiation of carcinogenesis. Mussarat et al. (1996) reported that the 

accumulation of 8-hydroxyguanine has a predictive significance for breast cancer risk 

assessment and is conceivably a major contributor in the development o f breast neoplasia. 

Adducts formation at particular loci in DNA is known to lead to the activation of 

oncogenes (Zarbl et al., 1985), and may also lead to inactivation of anti-oncogenes 

(Bressac et al., 1991; Hsu et al., 1991). Such events may lead to cancer. 

DNA breakages: DNA single (ssb) and double (dsb) -strand breaks can lead to 

mutations (rearrangements but not point mutations) and consequently to biological effects 

such as cancer and cell death. Dsb are very mutagenic and lethal (Dugle et al., 1976) and i f 

unrepaired or misrepaired, result in loss and/or rearrangement o f genetic material. 

Recently, Mallya and Sikpi (1999) suggested that p53 (an antioncogene) participates in 

suppressing dsb rejoining following exposure of mammalian cells to ionising radiation. 

Cytogenetic effects: cytogenetic anomalies are known to be o f many types and to 

be induced by a variety of agents by several different mechanisms (Richold et al., 1990; 

Tucker and Preston, 1996). Tumour cells have been examined in detail, and in almost all 

cases they contain structural and/or numerical chromosome alterations (Tucker and 

Preston, 1996). There is a clear association between chromosome rearrangements and 

cancer (Solomon et al., 1991; Rabbitts, 1994). Although the relationship between 

micronuclei and cancer is not as well studied compared to chromosome aberration, it is 

conceivable that micronuclei can potentially lead to cancer. The importance of aneuploidy 

to adverse human health is well accepted, and the effects of aneuploidy include birth 

defects, spontaneous abortions, and infertility (Abruzzo and Hassold, 1995). Tumour cells 
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frequently have alteration in chromosome number (Oshimura and Barrett, 1986; Rew, 

1994), but whether this is frequently the cause or the effect is not clear. Finally there is no 

direct association between induction of sister chromatide exchange with adverse cellular or 

health outcome (Tucker and Preston, 1996). 

DNA mutations: it has been previously mentioned that gene mutation may be 

necessary for the initiation of carcinogenesis. DNA damage can manifest itself as 

mutations, recombinations and rearrangements, gross chromosomal abnormalities, or gene 

amplification (Bohr et ai, 1987). Point mutations which occur in the genomic DNA can be 

the result of replication of not repaired modified base such as 8-hydroxyguanine, thymine 

dimmers, bulky adducts. These results have been extrapolated from in vitro replication of 

DNA templates containing diverse DNA lesions using prokaryotic and eukaryotic 

polymerases. Results of these investigations revealed that DNA damage either blocked the 

replication process (Brown and Romano, 1991; Holler et al., 1992; Hruszkewycz et al., 

1992; Huang et al., 1993; Broschard et al., 1995) or that the enzymes involved in the 

replication (i.e. DNA polymerase) bypassed the DNA lesion and incorporated the wrong 

base opposite the lesion (Taylor and Oday, 1990; Hruszkewycz and Dipple, 1991; Pillaire 

et al., 1994; Chary and Lloyd, 1995; Hoffmann et al., 1995; Nelson et aL, 1996a). 

2.2.2,2 DNA repair 

DNA is certainly more stable than RNA and proteins. This stability can be 

attributed to the double-helical structure, which carries the information in duplicate. 

Equally important for functional stability of DNA are the various DNA repair mechanisms. 

DNA repair has been mainly studied using mammalian or bacterial strains. Much less is 

known about DNA repair in invertebrates (Zahn et al., 1983; James et al., 1992). In direct 

DNA repair, the damaged base is simply reversed to the 'normal base'. DNA photolyase 

(Todo, 1999) and 0*-methylguanine DNA transferase (Wood, 1996) are examples of this 

class of enzymes. Other repair pathways remove the modified nucleotides and rely on the 
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redundant information in the complementary strand to restore the duplex (Sancar and 

Sancar, 1988). In base excision repair, the base is first removed by a glycosylase, then the 

abasic sugar is removed by apurinic/apurimidic endonucleases and replaced by the normal 

base as a result of DNA polymerase action (Sancar and Sancar, 1988). In nucleotide 

excision repair, the modified bases are removed in the form of an oligonucleotide and the 

gap is filled in by polymerases (Sancar, 1996). In recombinational repair, the gaps that are 

generated during replication of damaged duplexes are filled in by strand transfer from an 

intact duplex (Sancar and Sancar, 1988). Although DNA repair is usually very efficient in 

deleting the DNA lesion and restoring the original sequence, it may also lead to 

mutagenesis principally when two opposite DNA lesions are close to each other (Witkin, 

1976). In the case of nucleotide excision repair, one lesion wil l be excised with the 

surrounding non-damaged bases and the gap will be filled by using the sequence in the 

opposite strand (containing another DNA lesion) (Witkin, 1976). The bypass of the lesion 

may potentially lead to a mutation. A similar situation can occur in post-replication repair 

(i.e. recombinational repair) (Witkin, 1976). 

2.2.2.3 Cpigenetic processes 

Epigenefic processes involve the study of changes in gene expression that occur 

during development, without any significant change in gene sequence. Epigenetic 

carcinogens encompass a diverse set of natural or man-made chemical compounds that may 

evoke carcinogenic processes such as enhanced cell proliferation, unregulated cell growth, 

and aberrant cell kinetics. These responses can be brought about by altered sensitivity to a 

wide variety of cytokines, hormones, growth factors, and other cell mediators that may 

operate via membrane receptors, signal transduction pathways, and intra-cellular 

communication processes (Williams, 1992; Klein and Costa, 1997a). Most epigenetic 

carcinogens require high level or long duration exposure to give rise to an increase in 

tumours. An important feature of epigenetic effects is that they are highly reversible even at 
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a stage of cellular alteration (Nera et al., 1988). In contrast, with limited exposure to 

carcinogens of the type now known to be DNA-reactive, cancer occurrence increases with 

fime (Williams and Watanabe, 1978). 

There is a direct relationship between DNA methylation and gene silencing. 

However, hypomethylation is necessary but not sufficient for gene expression. An overall 

decrease in melhylation is a frequent finding in carcinogenesis, and altered methylation 

may be a key factor in the transformation of a normal cell into a frank malignancy (Jones, 

1986; Counts and Goodman, 1994; Zingg and Jones, 1997). Hypomethylation may be a 

non-genotoxic mechanism facilitating the aberrant expression of oncogenes involved in 

carcinogenesis. Alternatively, hypermethylation may turn ofT the expression of tumour 

suppressor genes, 

2.2.2.4 Interference bebveen genotoxic and epigenetic processes 

Genotoxic responses have been shown to induce epigenelic processes. For example, 

single-stranded DNA has been suggested to signal de novo methylation (Christman et al., 

1995). Active oxygen species and DNA strand breaks have also been demonstrated to 

stimulate poly(ADP ribosylation) and protein kinase pathways affecting signal transduction 

that can lead to the modulation of the expression of essential genes for proliferation and 

tumour promotion (Cerutti and Trump, 1991; Singh and Aggarwal, 1995). The possible 

induction of proto-oncogenes by oxidative stress, establishes the importance of this process 

in the modulation of gene expression and its participating role in tumour promotion 

(Crawford et al., 1995). In an in vitro experiment, the substitution of guanine with 8-

hydroxyguanine in CpG islands was found to inhibit DNA melhylation of adjacent 

cytosines and binding to the methyltransferase (Weitzman et al., 1994; Cerda and 

Weitzman, 1997). Thus, oxidative damage in nascent DNA strands, as opposed to parental 

strands, inhibits DNA methylation. At present little is known about the efficiency of repair 

of the 8-hydroxyguanine lesion at methylated CpG sites and how this may affect the 
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preservation of normal methylation patterns. CpG sites may become hot spots for this 

oxidative lesion due to inefficient repair mechanisms, which could lead to mutations and 

altered methylation patterns, contributing to the carcinogenic process. Several carcinogens 

can affect DNA methylation either by modifying the target DNA or by inactivating the 

DNA methyl transferase (Boehm and Drahovsky, 1983; Wilson and Jones, 1984). 

Benzo(a)pyrene has been reported to inhibit the cytosine-5-DNA methylation enzyme 

(Wilson and Jones, 1984). Changes in DNA methylation can also render certain genomic 

regions unstable by altering the chromatin structure, leading to deletions, inversions and 

chromosomal losses. Finally, DNA methylation may lead to mutations via deamination-

driven events [spontaneous deamination of 5-mCytosine (5mC) Thymine (T), and 

enzyme-mediated deamination of 5mC Uridine (U)] which could result in the 

inactivation of tumour suppressor genes or activate proto-oncogenes (Gonzalgo and Jones, 

1997). 

2.2.3 Cancer in invertebrates 

In lower organisms incidence of tumours has not been widely reported (Kurelec, 

1993). Consequently, there is a need to correlate DNA damage to some genotoxic endpoint 

other than cancer. In invertebrate, genetic damage is manifested primarily as alterations in 

phenotypic attributes and Darwinian fitness parameters rather than neoplasia, teratogenic 

effects and genetic diseases (Depledge, 1994a). Nevertheless, some studies have reported 

occurrence of neoplasia in aquatic invertebrates including for instance bivalve molluscs 

and arthropods (Harshbarger, 1969; 1977; Hesselman et al., 1988; Gardner et al., 1991; 

Van Beneden et aL, 1993; Van Beneden; 1994). 

Stewart (1976) noted that years of study of hundreds of specimens are often 

required to sort out the morphology, behaviour, and biochemistry of neoplastic diseases. 

This may partly explain why cancer in invertebrates have not been widely reported. 
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Biochemical analyses, electron microscopy, molecular techniques, and other emerging 

biomedical technologies should be applied to the study of neoplasia in invertebrates to 

identify the etiologic agent(s) and to elucidate the mechanism(s) of disease (Peters et al., 

1994). It has been proposed that the survey of mutations in genes, such as p53 or 

equivalent, might provide a genetic signature for specific chemical exposure in tissues of 

aquatic animals derived from environmentally damaged sites (McMahon, 1994). 

2.3 Ecological stress 

2.3.1 Definition 

The word 'stress' has been widely used and redefined many times by biologists 

(Bijlsma and Loeschcke, 1997). For instance, Sibly and Calow (1989) defined stress as: 

'an environmental condition that, when first applied, impairs Darwinian fitness'. 

In this research project, 'stress' refers to any condition, whether environmental or man-

made, which has a measurable impact, possibly but not necessarily at the DNA level and at 

higher level of biological organisation on any organism. In this context, the presence of 

xenobiotic in the environment is considered as a 'stress'. However, 'stress' has also been 

used in subsequent sections to describe variation in temperature or food. 

2.3.2 Ecological significance of mutational stress 

It has been already mentioned that mutations can lead to cancer. It has been 

suggested that, in addition, somatic mutations can result in reduced viability, which could 

lead to reduced survivorship and lower reproductive output (Bickham and Smolen, 1994). 

Ultimately these responses may result in ecotoxicological effects such as reduced 

population density which may ultimately lead to population extinction (Smith et aL, 1993). 

Mutations in germ cells may also lead to foetal death or teratogenic effects and may reduce 
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fertility (Kramers et al., 1991). A mutation which is transmitted to the next generations 

may persist for a few or many generations (ICPEMC, 1983) and may have a significant 

effect at the population level and could also lead to population extinction (Lande, 1994; 

1998; Lynch et al., 1995). It is also important to consider that mutations, that can be 

induced by genotoxic agents, are a necessary ingredient of the process of maintaining life 

on earth (Wurgler and Kramers, 1992). Newly arising mutations which have a selective 

disadvantage are rapidly eliminated from the population (Wilson et al, 1977; Seiler, 1982). 

Only neutral or beneficial mutations are expected to persist. However, a beneficial 

mutation for a given population may not be beneficial for other species and may increase 

instability in ecosystems (Wurgler and Kramers, 1992). Of economical importance are 

mutations which lead to the various forms of tolerance and resistance. In addition, 

recessive mutations in important crops could have disastrous consequences i f for instance 

they become inferior in quality and quantity (Seiler, 1982). Moreover, the accumulation of 

mutations that alone may have a small or negligible effect, could result in a dramatic 

cumulative effect as a whole (Wurgler and Kramers, 1992). 

In specific environmental stress situations (either natural or man-made) in a 

heterogeneous population, selection may favour genetic variants that were not 

advantageous in the absence of the stress and thus may lead to substantial changes in the 

genetic make-up of the population (Wurgler and Kramers, 1992; Anderson et al., 1994b). 

In populations with a lower turnover, environmental stress may narrow the genetic 

diversity by killing the more sensitive variants. In addition, the adaptation of a species to a 

stressful environment is not without cost (Holloway et al., 1990). For instance, in the case 

of pollution resistance, i f the pollution is removed, the non resistant genotype may deal 

with the new environment in a better way than the resistant genotype. Many studies have 

unambiguously presented evidence that mutation frequencies increase under environmental 

stress conditions (not necessarily due to pollution) (Cairns, 1988; Hall, 1990; 1991; 
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Bridges, 1997; Foster, 1998). Bacteria in stationery-phase constitute a good model for the 

study of adaptive mutations in response to a stress (e.g. food limitation) because mutations 

which occur cannot be attributed to replication (MacPhee and Ambrose, 1996; Reddy and 

Gowrishankar, 1997; Rosenberg, 1997; Torkelson et aL, 1997). Although there was some 

controversy about the mechanism responsible for adaptive mutations (e.g. Cairns, 1988), 

Rosenberg (1997) reported that adaptive mutations are neither Lamarckian (i.e. selected 

genes are not the target) nor a peculiarity of bacterial sex, but rather they occur genome-

wide in a hypermutable sub-population of stressed cells. Finally, Taddei et al. (1997) 

presented evidence from bacterial systems that stress could induce greatly elevated 

mutation rates by activating a mutagenic response and by inhibiting antimuiagenic 

mechanisms like the mismatch repair system. 

Beside the occurrence of mutations in somatic and germinal cells, there is another 

class of genetic effects resulting from exposure to pollutants. Specifically, changes in allele 

frequencies of population can occur as a result of population bottlenecks, inbreeding or 

selection at critical loci which may be critical for survival in polluted environments 

(Bickham and Smolen, 1994). Even non-mutagenic toxicants can have genetic effects i f 

they alter allele frequencies of populations by this process. Thus, heritable effects can 

either be the result of direct interaction or of toxic stress not necessarily of a genotoxic 

nature. Ecological phenomena such as population bottlenecks, the disruption of social 

structure and other behavioural effects can lead to population genetic effects such as the 

reduction of genetic variability by inbreeding and genetic drifts (Anderson et aL, 1994b; 

Bickham and Smolen, 1994). 

Recently, there has been an accumulation of evidence to suggest that environmental 

stress may have a considerable impact on the evolutionary and ecological processes that 

affect and shape the genetic structure and evolution of populations and individuals and may 

even play a significant role in the process of speciation (Bijlsma and Loeschke, 1997). 
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Forbes and Calow (1997) emphasised that studies of the response of biological systems to 

novel pollutants could provide significant information for addressing fundamental 

ecological and evolutionary issues, but, conversely, that ecological and evolutionary 

understanding is crucial for effective development of ecological tests and risks assessment 

models. It has also been reported that genetic stress and environmental stress both increase 

the extinction risk of small populations (Smith et al., 1993; Lande, 1994; 1998; Lynch et 

al., 1995) and, more important, that both stresses are not independant but can act 

synergistically (Bijlsma et al., 1997). In addition, Zhivotovsky (1997) found that a 

population wil l not adapt to a foreign environment when the frequency of occurrence of 

this environment is rare. 

2.4 Biomarkers 

The key problem faced by ecotoxicologists is to recognise the damaging effects of 

pollutants on natural biota. With the exception of a few agents, such as asbestos fibres that 

inflict physical damage directly to cells and tissues, all toxicant effects begin as interactions 

with biomolecules. Consequently there is a possible cascade of effects in the following 

order: biochemical, subcellular, cellular, tissue, organ, individual, population, community, 

ecosystem, landscape, and biosphere levels of organisation. The identification of specific 

molecular, biochemical, physiological and behavioural changes in populations of animals 

and plants following pollutant exposure would greatly assist the recognition of the 

damaging effects of pollutants (McCarthy and Shugart, 1990; Depledge el al., 1993; 

Walker, 1998a; 1998b). The use of these so-called 'biomarkers' to evaluate pollution 

hazards has noticeably increased in the past few years. The biomarker approach has now 

attracted the attention of international regulatory agencies as a potentially powerftil tool for 

detecting and documenting exposure to and the effects of environmental contamination 
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(McCarthy and Shugart, 1990). The use and understanding of biomarkers has been 

modified over recent years. An ecotoxicological biomarker can be defined as: 

'a biochemical, cellular, physiological or behavioural variation that can be 

measured in tissue or body fluid samples or at the level of whole organisms 

(either individuals or populations) that provides evidence of exposure to and/or 

effects of one or more chemical pollutants (and/or radiations)' (Depledge, 1994b). 

The biomarker approach aims to provide measures for evaluating the level of exposure of 

organisms to xenobiotics and also the consequences for the organism. Organisms may elicit 

responses at all levels of biological organisation, from the molecular level, where 

pollutants may cause damage to critical cellular macromolecules initiating detoxification 

and repair mechanisms, to the individual level (Figure 2.1). I f the impact o f a toxicant at, 

for example, the biochemical, cytological or physiological level is important enough to 

exceed compensatory responses, then its effect passes to successively higher level of 

biological organisation (Stebbing, 1985; Newman, 1998). Effects at the individual level 

may result in reduced growth or reproduction, which eventually may become evident at the 

population or community levels where changes in species diversity, density and genotypic 

frequencies may arise (McCarthy and Shugart, 1990). The temporal sequence shown in 

Figure 2.1 is important because responses to pollution at lower levels of organisation 

enable the ecotoxicologist to anticipate and predict effects that may occur later at higher 

levels of organisation. For example, biochemical responses such as DNA damage may 

provide an early warning signal of exposure to a particular toxicant. This is a great 

advantage because responses at higher levels such as the ecosystem are usually measurable 

only after significant or permanent damage has occurred (Newman, 1998). Utilising such 

responses at lower levels of organisation to predict possible effects that may occur at higher 

levels of organisation is a key feature underlying the rationale of the biomarker approach. 
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Figure 2.1 Relationship between responses to pollutants at different levels of 

biological organisation and their modifications along gradients of response time, 

toxicological and ecological relevance. Reproduced from Fossi and Leonzio, 1994, 

Nondestructive biomarkers in vertebrates, with permission from CRC Press. 
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2,4,1 The different categories of biomarkers 

Depledge (1994b) proposed a division of ecotoxicological biomarkers into four 

classes: 

* The first class contains biomarkers of exposure, which signal exposure of an 

organism, a population, or a community to chemical pollutants. DNA adducts (La and 

Swenberg, 1996) and sister chromatid exchange (Albertini et al., 1996) are considered to 

be biomarkers of exposure because these endpoints can be repaired. 

* The second class contains biomarkers of effect, which signal that an organism, a 

population, or a community has been affected by one or more pollutants. They do not 

necessarily provide information concerning the nature of the pollutant stress. In 

epidemiological studies chromosome aberrations and gene mutations have been considered 

to be biomarkers of effect (Albertini et al., 1996) because these genotoxic endpoints are 

irreversible. Furthermore, a DNA adduct can potentially be considered to be a biomarker of 

effect. For instance, a DNA adduct, after replication (fixation), could lead to a point 

mutation (Loecher, 1995; Eckert and Opresko, 1999) and therefore can contribute to the 

development of cancer (Van Beneden et al., 1990; McMahon, 1994) and other degenerative 

disease (ICirkwood, 1989). However, the major difficulty is to prove that a single DNA 

adduct/mutation is responsible for a disease or an effect on fitness. 

* The third class are the so called exposure/effect biomarkers. These biomarkers not 

only indicate exposure to one or several xenobiotics, but specifically link the exposure to 

an effect. 

* The fourth class, the latent effect biomarkers, deals with possible changes in the 

capacity of organisms to adapt to future environmental changes because of a previous 

pollutant exposure. The exposure of apparently normally functioning organisms is 

indicated by limitations in the ability to adapt or survive (e.g. scope for growth). 
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2.4.2 The 'multiple response concept* 

The 'multiple response concept' illustrated in Figure 2.2 has created a frame work 

for evaluating the health status of individuals and populations by using biomarkers to 

identify progressive changes in the physiological condition of organisms (Depledge ei al, 

1993; Depledge, 1994b). A healthy individual exposed to a pollutant may experience a 

deterioration in health as it moves along the 'physiological condition' scale exceeding 

homeostasis at the point (h), from where it moves into a compensation zone. As the 

organism is exposed to increasing doses of a toxicant, compensatory biochemical and 

physiological responses are seen, with no obvious signs of disease. I f the pollutant 

exposure exceeds the organism's tolerance level (point c), a movement into the non

compensation zone with signs of overt disease will result. I f point (r) on the curve is 

crossed, recovery through repair mechanisms is impossible and the organism wil l finally 

suffer from pathological processes leading to death (Depledge, 1994b). 

Figure 2.2 shows a number of hypothetical biomarker responses compared to the 

health status curve. Particular biomarkers (BI-B5) may be present with more or less 

specific responses in each of the individual 'zones'. Thus, there may be potential for 

determining in situ or in the laboratory, where individuals and whole populations samples 

lie on the health status curve (Depledge, 1994b). Early warning of potentially detrimental 

effects may be given by biomarker responses occurring in the compensation zone, which 

make these of special interest. Moreover, this figure also illustrates that the simultaneous 

use of more than one biomarker can offer greater possibilities for the detection of effects 

than do single biomarkers. 
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Figure 2.2 The relationship bet>veen health status and physiological condition in an 

organism. In the upper panel, changes in the physiological conditions are shown during 

progressive deterioration in health status. In the lower panel several biomarker responses 

are shown. Reproduced from Depledge, 1994b, in Nondestructive biomarkers in 

vertebrates, with permission from CRC Press. 
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2.4.3 Non-destructive biomarkers 

The use of non-destructive biomarkers has proved particularly useftjl in research 
involving animals (Fossi and Leonzio, 1994; Leonzio and Fossi, 1994), However, many of 
the advantages for animals are also valid for research with other organisms. For example, 
sequential sampling on the same individual allows the individual to act as its own control 
and long-term studies of responses in individual are possible (Depledge, 1994b). Non
destructive sampling does not involve loss of individuals from the population, which is of 
special importance when rare or threatened species are investigated. In addition, the role of 
endogenous (sexual cycle, age, nutritional status, etc.) and exogenous (temperature, 
daylight, etc.) factors in variations in biochemical biomarkers can be investigated in the 
same individual, and thus exclude intraspecific variation (Fossi et al., 1994). 

2.4.4 Examples of biomarkers at different level of organisations 

According to Walker et al. (1996), despite the importance of any changes at the 

population or community structure level, these changes are too general to be considered as 

specific biomarkers. In addition, responses to pollution at lower levels of organisation need 

to be measured to allow the ecotoxicologist to anticipate and predict effects that may occur 

later at population level. 

2.4.4.1 Behavioural biomarkers 

The behaviour of an organism represents the final integrated result of a diversity of 

biochemical and physiological processes (Walker et al., 1996). Behavioural abnormalities 

include changes in preference or avoidance, activity level, feeding, performance, learning, 

predation, competition, reproduction, and a variety of social interactions such as aggression 

or mutual grooming (Newman, 1998). Very few studies have used this approach to 

evaluate the impacts of pollution (Kittredge, 1980; Gray, 1990) because of the difficulty in 

scoring and the inherent variability in behavioural data (Giattina and Garton, 1983). Walker 
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et al. (1996) reported that behavioural parameters are not especially sensitive to exposure 

to pollutants and that biochemical and physiological changes are usually at least as 

sensitive. In contrast, it has been suggested that behavioural changes are among the most 

sensitive response patterns yet available (Kinne, 1980). 

2.4.4.2 Physiological biomarkers 

Measures of a physiological function involving whole organism, such as respiration 

and ion regulation, have been used for the assessment of sublethal pollutant effects (Forbes 

and Forbes, 1994). In most of the cases, respiration is measured by determining the 

consumption of oxygen (Hutcheson et al., 1985). Toxicant might either increase 

(McKenney and Matthews, 1990) or decrease (Forbes and Depledge, 1992) the oxygen 

consumption. Ion regulation has been shown to be disrupted by a variety of metals 

(Bjerregaard and Vislie, 1986) and organic pollutants (McKenney and Hamaker, 1984). 

Bayne (1980) claimed that physiological biomarkers may provide useful measures of 

pollutant effect, only i f there is a reduction in fitness. 

Scope for growth (SFG) is considered to be a good indicator of physiological stress 

and fitness. Measurements of growth (or the energy available for growth) have proven ver>̂  

useful as integrated measures of organism's performance (Forbes and Forbes, 1994). As 

growth can affect time to maturity, senescence and reproductive potential, it can have an 

important influence on population structure (Forbes and Forbes, 1994). Growth can change 

as a result of alterations in behaviour, metabolism or other physiological processes. SFG is 

the amount of energy taken into the organism in its food (A) minus the energy used for 

respiration (R) and excretion (U): SFG = A - R - U (Cockerham and Shane, 1994). It 

reflects the energy available for growth and production of young (Newman, 1998). Thus 

when organisms are exposed to pollutants SFG may decrease as some energy is needed to 

repair some eventual damage at different level of biological organisation. For instance, 

SFG decreased in mussels exposed to a mixture of petroleum hydrocarbons and copper in 
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laboratory mesocosm experiments (Widdows and Johnson, 1988). Often mentioned 

disadvantages include the fact that SFG is a general measure of stress response, and that 

SFG can be quite seasonally variable (Bayne, 1980). 

2.4.4.3 Histopathological biomarkers 

Histopathology can be defined as the study of change in cells and tissues associated 

with communicable or non-communicable disease. Histopathological biomarkers are 

lesions that signal effects resulting from prior or ongoing exposure to one or more toxic 

agents (Hinton et al., 1992). The histopathological biomarkers which integrate damage 

done at the molecular level (Hinton and Lauren, 1990), can be used as an early warning 

system for effects which are manifest at the level of individual and, sometimes, at the level 

of population (Newman, 1998). No other category of biomarker enables the researcher to 

examine so many potential sites so rapidly (Hinton et al., 1992). This feature was 

particularly well illustrated by Wester and Canton (1986) who studied the medaka (Oryzias 

latipes) after long-term exposure to B-hexachlorocyclohexane, an isomer of the insecticide, 

lindane. Whilst histopathological analyse are particularly relevant to field investigations, 

there are two major disadvantages. Firstly, the variations in normal histology with season, 

diet, reproductive cycle, and other processes are not always well understood (Hinton and 

Lauren, 1990). Secondly, most histopathological studies are qualitative rather than 

quantitative (Jagoe, 1996). 

2.4.4.4 Molecular biomarkers 

In ecotoxicology, the evaluation of effect at the molecular level is determined to 

anticipate ftirther consequences at higher levels of biological organisation. Molecular 

biomarkers are particularly usefiil when the target(s) of the environmental contaminant 

is/are identified. Consequently this allows better understanding of the mechanism of 

toxicity. However most of the molecular biomarkers described in the following sections are 

not of this type. 
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Cytochrome P4501A: all organisms possess biotransformation or detoxification 

enzymes which convert lipophilic organic xenobiotics to water-soluble and excretabie 

metabolites. Such enzymes are present in most or all tissues, but in highest levels in the liver 

(vertebrates), or tissues involved in the processing of food, e.g. hepatopancreas in crabs 

(crustaceans) and pyloric caeca in starfish (echinoderms) (Livingstone, 1993), Enzymes of 

phase 1 metabolism (oxidases, reductases) introduce a functional group (-OH, -NH2, -COOH) 

into the xenobiotic, to which the enzymes of phase II metabolism (conjugases) attach a large 

water-soluble moiety, such as the tripepiide glutathione or sugar derivative glucoronic acid 

(Timbrell, 1991). The presence of cysteine in glutathione provides a nucleophilic sulphydryl 

group which reacts with electrophilic substances which are either produced as a result of 

metabolic processes or uptaken by the cells as a xenobiotic. The P450 complex is composed of 

two enzymes (cytochrome P450 and NADPH-cytochrome P450 reductase), NADPH, and 

molecular oxygen (Newman, 1998; James, 1990b). This system is often called the mixed 

function oxidase (MFO) (Timbrel), 1991). The cytochrome P450 system is often induced as a 

response to chemicals such as polycyclic aromatic hydrocarbons (PAHs) (Mitchelmore et at., 

1998a; Sparagano ei a/., 1999), chlorinated hydrocarbons (Walker et ai., 1987), 

polychlorinated biphenyis (Brumley et a/., 1995), dioxins and dibenzofurans (Goksoyr and 

Forlin, 1992). Although cytochrome P450IA1 is part of the detoxification system, it can 

activate certain xenobiotics such as PAHs into mutagenic metabolites, and therefore its 

increased synthesis has consequences for carcinogenicity (Peters et al., 1997). Thus, in 

protecting the organism, cytochrome P450 also endangers the organism (Bast, 1986). The most 

studied enzyme activities include the 7-elhoxyresorufin O-deethylase, benzo(a)pyrene 

hydroxylase, and aryl hydrocarbon hydroxylase (Walker et a/., 1996). However, great care 

must be taken when such enzymatic activities are measured. For instance, cytochrome 

P450I A I status can change with species, reproductive condition and diet (Livingstone, 1993). 

In this context, such factors must be taken into consideration when using cytochrome P4501 A I 

as a biomarker. 
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Metallothioneins (MTs): they were first described by Margoshes and Vallee 

(1957) as cadmium-binding proteins in horse kidneys. They are widely-distributed, low 

molecular weight (6-7 Kda for vertebrates), cysteine-rich, metal-binding proteins, thought 

to be present in the tissues of most i f not all animals, including fish and marine 

invertebrates (Hamer, 1986; Kille et al., 1992). MTs bind metals in group lb and lib of the 

periodic table, via the cysteinyl residues, and usually contain displaceable metals such as 

Zn and Cu. MT's function is the uptake, intemal compartmentalisation, sequestration, and 

excretion of essential (Cu, Zn) and nonessential (Ag, Cd, Hg) metals (Newman, 1998). 

MTs are also thought to function as free radical scavengers with some involvement in 

general scavenger and stress responses, e.g. responses to temperature stress (Livingstone, 

1993). Induction of MTs has been observed for a wide range of metals, including Cd, Cu, 

Zn, Co, Ni , Bi, and Ag (KJlle et al„ 1992; Stegeman et al., 1992; Walker and Livingstone, 

1992) and forms the basis of their use as biomarkers for metal exposure (Stegeman et al., 

1992). In addition, it has been shown that fluctuations in MT levels may be associated with 

processes such as moulting and reproduction (Roesijadi, 1992), or with hormone 

fluctuations such as glucocorticoids (Karin and Herschman, 1981). MTs have no known 

catalytic function and therefore quantitation is based on the measurement of the amount of 

protein itself. Although the usefulness of MTs as biomarkers for metal exposure is clear, 

very little is known of their role, i f any, in the resultant pathophysiology of cell injury 

(Livingstone, 1993). 

DNA adducts: many organic xenobiotics are metabolically activated to 

electrophilic metabolites which bind to nucleic acids and proteins, forming covalent 

adducts (Randerath et al., 1981; Gupta et al., 1982; Shugart, 1986; Shugart et al., 1987; 

Livingstone, 1993; Walker, 1995). DNA adduct formation integrates xenobiotic uptake, 

metabolism and macromolecular repair, and is the initial event in chemical carcinogenesis 

(Loechler, 1995). Thus, it is currently being used in humans as a biomarker for exposure to 
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environmental carcinogens (Schoket, 1999; Farmer, 1999), and similar role as a biomarker 

of organic contaminant exposure and damage in aquatic organisms has been proposed 

(Kurelec et al., 1989b; Chipman and Marsh, 1991; Jones and Parry, 1992). The formation 

of adducts with DNA and other macromolecules following experimental exposure to 

organic xenobiotics such as B(a)P and aromatic amines has been demonstrated or indicated 

for fish (Stegeman and Lech, 1991) and marine invertebrates (Kurelec et al., 1989b; Venier 

and Canova, 1996; Canova et al, 1998; Harvey et al., 1999). Such adducts are persistent 

and dose-response relationships have been observed (Thomas, 1990). In other studies 

performed by Randerath and colleagues, it was shown that adducts may be rapidly lost or 

persist for several months (Randerath et aL, 1983; 1985a; 1985b; 1985c). Randerath et al. 

(1983) reported that persistent adducts may occupy specific genomic sites in quiescent cells 

where they may not be amenable to repair because of localised conformational alterations 

of DNA or shielding by associated proteins. In addition it was concluded that the bulk of 

the persistent adducts was present in dormant cells, that is in non-dividing cells (Randerath 

et al,, 1985a). DNA adduct formation has even been suggested to be associated with 

neoplasia in fish (McCarthy and Shugart, 1990). A commonly used method for the 

detection of DNA adducts is "'^P-postlabelling which has the potential to detect 

approximately 1 adduct in 10'° bases (Randerath et al., 1981; Reddy and Randerath, 1986). 

Despite the widespread use of DNA adducts as biomarkers, there are some limitations. For 

instance, 'natural adducts' which have been found in various aquatic species appear to be 

species-specific and are not determined by the site of collection o f the aquatic organism 

(Kurelec et aL, 1989a; Lyons et aL, 1997; Harvey et al., 1999). In addition, artefacts have 

been shown to appear when the "'^F-postlabelling was used (Scates et al., 1995). 

Other molecular biomarkers: many other biochemical responses have been 

proposed over the years as biomarkers and used with varying degrees of success. Most 

have been indicators of a general stress response, rather than specifically associated with 
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contaminant exposure, e.g. steroid hormones (Thomas, 1990), phosphogens and adenosine 

phosphates (Carr e( al., 1991), free amino acid composition (Carr et aL, 1991), release of 

tissue enzymes (transaminases and lactate dehydrogenase) into the blood (Carr et aL, 

1991), ATPase activity (Carr et aL, 1991), and inhibition o f acetylcholinesterase activity 

(Carr et aL, 1991). Numerous other potential biomarkers have been proposed, including 

oncogene products (Moore and Simpson, 1992), expression of multidrug resistance genes 

(Kurelec, 1992), and stress proteins (Baldwin et aL, 1992). 

Despite the usefulness of molecular biomarkers, researchers have to be aware of the 

possible limitations. It is important to understand the range of variation that a biomarker 

may exhibit under natural conditions. Rarely do we know enough about how and why 

physiological and biochemical processes vary in organisms in nature (Forbes and Forbes, 

1994). For instance. Sole et aL (1995) reported that the mixed-function oxygenase system 

and antioxidant enzymes of the mussel were subjected to seasonal variation. In another 

study, it was shown that the level of stress protein varied as a fionction of the age of the 

daphniids (Bond et aL, 1993). In addition, many biochemical bioassays proposed for use in 

an environmental impact assessment face a number of other limitations, including the 

specificity of a response to a particular species or phylogenetic group, differences in 

responses between species, lack of consistency in responses, slow response time, low level 

of precision, and cost (Forbes and Forbes, 1994). It is therefore recommended that 

physiological and biochemical techniques are used in conjunction with other methods, such 

as histology, pathology, and behaviour for assessing organism health (Forbes and Forbes, 

1994). 
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2.5 Detection of DNA damage and mutations 

The model systems used for testing mutagenic or genotoxic effects now rely on the 
firmly established fact that the (multi-step) processes of mutagenesis share common 
properties in widely different organisms, ranging from bacteria to man. The genotoxicity of 
pollutants is directly related to their effects on the structure and function of DNA 
molecules which may be determined using a number of laboratory methods. 

2.5.1 Detection of DNA damage 

2.5.1.1 Biochemical and molecular assays 

The detection of DNA adducts: the detection of DNA adducts provides a useful 

tool applicable to environmental monitoring (Shugart et al., 1987; Forbes and Forbes, 

1994; Newman, 1998). As previously mentioned, the "^^P-postlabelling method has been 

widely used in genetic-ecotoxicology mainly for its great sensitivity as it has the potential 

to detect approximately 1 adduct in lO'^ bases (Randerath et a/., 1981; Reddy and 

Randerath, 1986). One possible disadvantage is that this method is not artefact free (Scates 

et ai., 1995) and that relatively large amounts of DNA (compared to PCR) are required 

(e.g. 5 |ag). Immunoassays of DNA adducts have a potential advantage in that they are 

more applicable for routine and are relatively low-cost (Farmer, 1994; 1999; Li et aL, 

1999). Knopp et al. (1999) developed an immunochemical assay for the detection of 

metabolites excreted in urine as the result of exposure to PAHs in human. Immunoassays 

are quite sensitive as 1 adduct per 10̂  unmodified nucleotides can be detected (Farmer, 

1994; 1999). Once an adduct has been quantified, there are strong grounds for development 

of an immimoassay for its determination. One recent promising development of 

immunochemical procedures has been the use of the immunoslot blot assay (Farmer, 

1999). The main advantage is that the time and labour involved in adduct detection is 
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reduced and that a large number of samples can be analysed. However, when 

immunochemical detection is performed, the quantitative demands for sample size may be 

relatively large (e.g. up to 500 |ig) and cross reactivity is knovm to occur. Several other 

analytical methods proved useful for measuring the DNA adducts in organisms exposed to 

environmental contaminants. These include gas chromatography, gas chromatograph/mass 

spectroscopy (Giam et aL, 1989), fluorescence assays (Farmer, 1994), and electro-chemical 

detection (Park et aL, 1989). The techniques using fluorescence and mass spectrometry 

generally require hydrolysis of the DNA and are relatively sensitive as 1 adduct per 1.4 x 

lO' bases can be detected (Manchester et aL, 1988). The disadvantages of fluorescence 

assays for adduct analysis are that the number of adducts that can be analysed is limited and 

that cross-reactivity with other fluorophores can occur. The requirement for thermal 

stability and volatility of the analyte for gas chromatograph/mass spectroscopy 

determination is not always met by carcinogen-adducted nucleic acid components. 

However, the combination of liquid chromatography with electrospray mass spectroscopy 

holds considerable promise for DNA adduct detection (Farmer, 1999). 

DNA Strand breakages: firstly, Rydberg (1975) used the alkaline/neutral elution 

technique to detect DNA breakage in irradiated mammalian cells. Then, the comet assay, 

also called the single cell gel assay or microgel electrophoresis, was introduced by Ostling 

and Johanson (1984) as a microelectrophoretic technique for the direct visualisation of 

DNA breakage in individual cells. The technique was later modified to achieve a 

substantial increase in sensitivity for the detection of radiation-induced DNA damage in 

human lymphocytes (Singh et aL, 1994). The comet assay is a sensitive and rapid technique 

for DNA strand break detection in individual cells (Fairbaim et aL, 1995). This method 

which has been successively applied in numerous studies (Singh et aL, 1989; Liepelt et aL, 

1995; Klaude et aL, 1996; Alapetite et aL, 1996; Mitchelmore and Chipman, 1998a; 

1998b; Mitchelmore ei aL, 1998a; 1998b) is applicable to the detection of exposure to 
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agents which cause strand breakage either directly or during the process of DNA excision 

repair (Chipman and Marsh, 1991). I f required, only extremely small samples containing 

from I to 10,000 cells can be used and results can be obtained in a single day (McKelvey et 

al., 1991). As few as 1 DNA break per lO'** daltons can be detected in the assay (McKelvey 

et al., 1991). However, limitations are also associated with this technique. For instance, 

Speit et al. (1999) reported that the results obtained with the comet assay are influenced by 

the temperature and alkaline treatment. It is also known that the protocol for the slide 

preparation needs to be optimised for each species. Other methods have also been used to 

detect DNA breakages. For instance, Theodorakis et al. (1994; 1997; 1999) 

electrophoresed genomic DNA in agarose gel under alkaline or neutral conditions. 

Electrophoresis performed under alkaline (pH 12,0) conditions separates the DNA into 

single strands. The average molecular length which can be determined with a scanning 

laser densitometer is inversely proportional to the number of DNA breaks. The average 

molecular length determined from alkaline electrophoresis is affected by both single- and 

double-strand breaks, while with neutral electrophoresis it is affected by double-strand 

breaks only. Koji (1996) used a method called in situ nick translation to detect DNA 

single-strand breaks. In the principle of in situ nick translation, the DNA strand with breaks 

is elongated in the presence of biotin-11-dUTP by E. coli DNA polymerase I at the nicked 

sites. The biotin moieties incorporated into the newly synthesised strand are visualised 

using an immunohistochemical technique. Leroy et al. (1996) assessed the ability of three 

methods, alkaline elution, nick translation, and single-cell gel electrophoresis, to detect 

DNA single-strand breaks in human peripheral blood lymphocytes exposed in vitro to three 

genotoxic agents: y^^ySs ethyl methanesulfonate and B(a)P diol epoxide. Compared to the 

other assays, the sensitivity of the single-cell gel electrophoresis assay was significantly 

higher. In addition, single-cell gel electrophoresis is a relatively simple method, not time-

consuming and applicable to a large number of samples per working day. 
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2,5.1,2 Cytogenetical assays 

Sister chromatid exchange (SCE): SCE could not be regarded as an indicator of 

DNA damage in the conventional sense since they are morphologically intact. 

Nevertheless, SCE occurs at site of mutational events including chromatid breakage and it 

is considered to be an indicator of mutagenesis (Carrano et aL, 1978). SCE has been 

successfully detected in different species of mussels following exposure to genotoxins 

(Dixon and Clarke, 1982; Harrison and Jones, 1982; Brunetti et aL, 1986; Jha et aL, 2000). 

SCE was also successfully used to detect genotoxicity in plant systems (Schubert and 

Rieger, 1994; Gomez-Arroyo et al., 1997). These tests have been applied largely (but not 

exclusively) in laboratory exposures of test organisms (Jha et al,, 1996). 

Chromosome aberrations (CA): CA include breakage, chromosomal 

rearrangements and loss of chromosomal segments. The analysis of CA requires arresting 

the cells in metaphase stage by the addition of a mitosis inhibitor, such as colchicine prior 

to visualisation of the chromosomes. Originally CA tests were developed in vitro. They 

usually utilise mammalian somatic cells, the most popular being human peripheral blood 

lymphocytes or Chinese hamster fibroblasts in long-term culture (Scott et aL, 1990). In the 

field of genetic ecotoxicology, most of the tests developed use an in vivo animal system. 

Al-Sabati and Kurelec (1985) reported that the occurrence of CA increased with PAH 

exposure in mussel, under laboratory conditions. Jha et al. (1996) developed an in vivo 

marine genotoxicity assay using the embryo-larval stages of the polychaete worm 

Platynereis dumerilii to detect SCE and CA. The assay was then validated in different 

studies including the evaluation of the genotoxicity of environmental samples (Jha et aL, 

1997; 2000; Hutchinson et aL, 1998). The sea urchin, Strongylocentroius purpuratus has 

also proved to be an useful species for evaluating relationships between cytogenetic 

responses in embryos and abnormal development (Anderson and Wild, 1994a). CA have 
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also been detected in plant assay following exposure to genotoxins (Rank and Nielsen, 

1997). 

Micronuclei: anomalies during cell division, such as chromosome damage and/or 

spindle dysfunction can produce micronuclei which can be defined as nuclear segments 

isolated in the cytoplasm from the nucleus (Tucker and Preston, 1996). The micronucleus 

test was developed with different animal species such as mussel (Majone et al., 1987), 

Xenopiis (Van Hummelen et a/., 1989), fish (Das and Nanda, 1986), plants (Degrassi and 

Rizzoni, 1982; Minissi and Lombi, 1997; Minissi et al., 1998). Numerous studies have also 

shown the potential of micronuclei as a biomarker of exposure (Heddle et al., 1983; 

Sadinski et al., 1995; Venier ei al., 1997). Majone et al. (1987) reported that micronuclei 

persisted in the marine mussel after treatment with mitomycin C. The main advantage of 

the micronucleus test compared to other cytogenetic assays is that it does not rely upon 

chromosome number and size. 

Aneuploidy: Dixon (1982) compared the occurrence of aneuploidy in mussels 

embryos from a polluted dock area and an unpolluted site. He found that embryos from the 

polluted site exhibited a higher incidence of aneuploidy. Despite the wide use of 

mammalian cells for studying chemically induced mutagenesis and chromosome breakage, 

aneuploidy studies with mammalian cells are limited (Oshimura and Barrett, 1986), In 

ecotoxicology, it seems as well that very little attention has been drawn to study potential 

aneuploidogens. 

Limitations of cytogenetic assays: since most mutagens and genotoxic 

carcinogens are efficient inducers of chromosomal alterations, there represent important 

endpoints to look at (Natarajan et al., 1996). However, cytogenetic studies (except 

micronucleus tests) present a number of disadvantages. Firstly, the karyotype needs to be 

determined (Jha et al., 1995). Secondly, the cells need to divide to perform the study and 

the reduced size and large number of chromosomes can be a limiting factor. Finally, since 
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cytogenetic end points are cell cycle dependent, it is important to know the cell cycle 

kinetics of the cells used. 

2.5.1.3 PGR based methods 

Traditional PGR: PGR assays have been used to detect DNA damage because 

DNA polymerases are unable to synthesise across a damaged nucleotide residue (Moore 

and Strauss, 1979; Chan et ai, 1985; Malia and Basu, 1995). In the case of Thermus 

aquaticus {Tag) DNA polymerase, this has been demonstrated using a PCR-based 

ultraviolet footprinting assay (Axelrod and Majors, 1989). The fraction of gene segments 

which are spanned by PGR primers and bear one or more damaged nucleotides would be 

represented as a proportional reduction in the amount of amplified product. The advantage 

of the PGR assay is that it obviates the need for specific endonuclease complexes to 

recognise and cleave DNA adducts as previously required for analysing damage in specific 

genomic sequences (Jennerwein and Eastman, 1991). Studies have shown that a single 

photoproduct (Ghan et aL, 1985; Govan et ai, 1990) or cispiatin adduct (Jennerwein and 

Eastman, 1991) was sufficient to fully block PGR amplification. Thymine hydrates have 

also been shown to significantly inhibit PGR reactions (Ganguly and Duker, 1992). 

However, Murray et al. (1992) suggested that whilst single adducts were insufficient to 

completely halt the Taq DNA polymerase cross-linked adducts were much more efficient at 

doing so. It has also been reported that the level of radiation required to bring an inhibition 

of the PGR assay was 600 fold higher than that required to detect gene-specific damage 

using T4 endonuclease V (Bohr et al., 1986). This can be attributed to the smaller size of 

the target DNA which was analysed, 440 bp (base pair), compared to the 9-23 kbp (kilo 

base pair) fi-agments which were analysed in the endonuclease study. Such an enormous 

difference renders a direct comparison meaningless. PGR has been successively applied to 

evaluate quantitatively the extent of DNA damage and repair in specific genes (Wei et aL, 

1995; Bingham et al., 1996; Ploskonosova et al., 1999; Braithwaite et al., 1999). In 
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addition the ligation-mediated PGR assay has been successfully used for the detection of 

alkylguanine adducts and UV-induced cyclobutane pyrimidine dimers and (6-4) 

photoproducts (Pfeifer et al., 1992; 1993). The sequence position o f adducts can be 

mapped whenever it is possible to convert the adduct, either chemically or enzymatically, 

into a DNA strand break with a 5'-phosphate group. Fragments containing these ligatable 

breaks are amplified in a single-sided, ligation-mediated PGR reaction. Generally, PGR can 

be used to produce quantitative data. For instance, PGR has been successively applied to 

evaluate the extent of DNA damage and repair in specific genes (Wei et al., 1995; 

Bingham et al., 1996; Brandt and Aliosman, 1997; Ploskonosova et al,, 1999; Braithwaite 

et al., 1999). Despite the advantages of using traditional PGR assay for detecting DNA 

damage, there are a number of potential difficulties. Firstly, the nucleotide sequence of the 

genomic DNA before and after the target region of interest needs to be determined. 

Secondly, the size of the PGR products plays a crucial role for the detection of DNA 

damage. The amplification of short fragments (e.g. less than 300 bp) may not be inhibited 

at all even in case of extensive DNA damage. Indeed, there are 10 times the number of 

opportunities for nucleotide damage to occur in 1000 bp compared to 100 bp. However, 

other features such as secondary structures and 'hot spot' motifs may also have a role in 

determining the susceptibility of a portion of DNA to be damaged. Thirdly, it is 

conceivable that any reduction in the intensity of PGR amplicons could be due to a partial 

inhibition of the PGR reaction caused by factors other than DNA damage such as residues 

of phenol remaining after DNA extraction. Alternatively, i f an amplicon entirely disappears 

due to the presence of DNA damage, it could be argued that the PGR did not work at all. 

Differential display messenger RNA analysis: this method was originally 

developed in cancer research (Liang and Pardee, 1992; Liang et al., 1993). The basis of the 

mRNA differential is the systematic PGR-mediaied amplification of cDNA derived fi*om 

the total mRNA present in a target cell population. Brandt and Ali-Osmam (1997) used the 
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reverse transcriptase PGR (RT-PCR) to detect DNA damage in transcriptionally active 

genes. Its potential as a tool for ecotoxicological research lies in its ability to use the 

amplified mRNAs produced in further analyses such as molecular cloning, nucleotide base 

sequencing and as hybridisation probes (Depledge, 1998). The main advantage is related to 

the fact that no previous knowledge of the nucleotide sequence of the DNA or RNA is 

needed. In addition as gene expression is expected to be rapidly modulated as a response to 

the effects induced by the environmental pollutants, the differential display messenger 

RNA method is considered to be a sensitive assay. However, this test is not very specific as 

many parameters can modulate gene expression. 

2.5.1.4 DNA repair assay 

Unscheduled DNA synthesis (UDS): in non-replicative cells, the incorporation of 

the radioactive base is associated with the presence of DNA lesions which are removed and 

replaced by radioactively labelled nucleotides such as "^H-thymidine. This phenomenon has 

been called UDS by Djordevic and Tolmach (1967). In the presence of DNA damage, cells 

try to efficiently repair the lesion using numerous tools such as nucleotides and base 

excision repair, recombinational repair, and direct repair (Sancar and Sancar, 1988; 

Modrich and Lahue, 1996; Sancar, 1996; Wood, 1996). This technique has been 

successfully used in numerous studies (Mitchell el al., 1983; Walton ei al., 1984; Kelly and 

Maddock, 1985) because it is relatively easy to perform, and it measures DNA damage 

over the entire genome and not just at a specific locus (Mitchell et al., 1983). It can also be 

used in a wide variety of cultured cell types. Diploid human fibroblasts and primary rat 

hepatocyte cells have been widely used (Mitchell et al., 1983). However, UDS can also be 

performed on cells isolated from aquatic species such as oysters (Kelly and Maddock, 

1985) and rainbow trout (Walton et al., 1984). There are, however, some drawbacks 

associated with the technique. For instance, depending on the cell type, metabolic 

activation needs to be supplemented and "^H-lhymidine has been reported to degrade rapidly 
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(Kocal et al., 1988). Generally this technique suffers from the fact that cells cultured under 

in vitro conditions are used (please see below). 

In vivo rat hepatocyte DNA repair assay: a further advance o f the (JDS test was 

the development of an in vivo rat hepatocyte DNA repair assay in which the chemical is 

administered to the animal and the resulting DNA repair is assessed in hepatocytes isolated 

from the treated animal (Mirsalis et al., 1982). The advantage of in vivo assays is that they 

reflect the complex patterns of uptake, distribution, metabolism, detoxification and 

excretion that occur in the whole animal. Further, factors such as chronic exposure, sex 

differences, and different routes of exposure can be studied with these systems 

(Butterworth eM/., 1987). 

2.5.1.5 Restriction enzymes 

The methods rely on the fact that restriction enzymes such as DNA glycosylases 

(O'Connor and Laval, 1989), UvrABC nucleases (Tang et al., 1989), T4 endonuclease V 

(Smith and Taylor, 1993), endonuclease III (Didzdaroglu et al., 1993) can specifically 

recognise diverse types of DNA damage. Thus after digestion the extent of DNA damage 

can be estimated by electrophoresis. The higher the number of breaks, the higher the extent 

of DNA damage. The main advantage of these techniques is that they specifically recognise 

a type of DNA damage. Thus qualitative and quantitative data can be generated. However 

these techniques may be appropriated to experiments performed in the laboratory but not in 

the field unless chemical analyses have been previously carried out. 

2.5.2 Detection of Mutations 

2.5.2.1 In vitro mutational assays 

It is sometimes considered that cytogenetic assays are equivalent to mutagenicity 

assays (Fielder et aL, 1992) because cytogenic damage is indicative of the interaction of a 

test compound with DNA and consequently of its potential to induce other genotoxic 
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damage such as gene mutation. However, the mutagenicity assays described herein concern 

only the detection of mutation. Mutations arising at the nucleotide level include: base-pair 

substitutions (transitions, tranversions), frameshifts resulting fi-om small deletions or 

insertions, or large scale genomic rearrangements like deletions, insertions, duplications, 

and translocations. 

Bacterial assays: the test receiving by far the most use and attention has been the 

Salmonella mutagenesis test (or Ames test) developed by Ames et ai. (1973, 1975) because 

of its initial promise of high qualitative (yes/no) predictivity for cancer in rodents and, by 

extension, in humans. However, the relationship between mutagenesis and carcinogenesis 

is weak (Fetterman et al., 1997). Some other tests have been developed such as the SOS 

chromotest (Quillardet et al., 1982; White and Rasmussen, 1996) and the umu-test (Oda et 

al., 1985; Oda et al., 1993) to overcome the drawback of having to use several strains to 

detect various kinds of mutagens (Oda et al., 1985). 

Gene mutation assays in cultured mammalian cells: the origin of the most used 

cell lines come from the mouse, Syrian hamster, Chinese hamster and human (Cole et al,, 

1990). Commonly used systems work by selecting for the loss of function of a gene 

product (enzyme) which is inessential for the survival of cells in culture- Three genetic loci 

[hypoxanthine phosphoribosil transferase (hprt) (Chen et al., 1990), thymine kinase, and 

the cell membrane NaVK"*" ATPase] are widely used for mutagenicity testing (Cole et al., 

1990). For instance, the cells resistant to 6-thioguanine result from lack of hprt enzyme 

activity (Li et al., 1987) whereas those resistant to trifluorothymidine are due to a loss in 

the thymidine kinase enzyme activity (Clive et al., 1987). One of the disadvantages is that 

rodent and human tumour cells in vitro are generally unstable and may drift in their 

sensitivity to mutagens (Fox, 1985). An additional limitation is the restricted metabolic 

capacity of many cultured cell lines (Cole et al., 1990). 

42 



/// vUro ecotoxicological assays: the Salmonella bacterial assay has also been 

adopted for use with marine invertebrates. Rat liver post-mitochondrial supernatant (PMS) 

is substituted with subcellular fractions of tissues of aquatic organisms such as molluscs, 

crustaceans and echinoderms (Depledge, 1998). It has been reported that activation of 

B(a)P can be achieved using PMS of digestive gland of mussel (Michel et al., 1992; 1993). 

It is important to mention that, in ecotoxicology, the information that can be obtained from 

in vitro bioassays whether performed on prokaryotic or eukaryotic cells has limited value 

for predicting the possible impact of genoloxic pollutants on complex organisms in the 

natural environment. 

2.5.2.2 Tests for recombinogens 

Assay systems are available with organisms of different genetic complexity to 

screen specifically for recombinagens: bacteria (Hoffmann, 1992), fungi (Zimmermann, 

1992), Drosophila (Vogel, 1992), cultured mammalian cells (Bhattacharyya et aL, 1990) 

and the mouse in vivo (Fahrig and Neuhauser-Klaus, 1985). Such studies do complement 

the classical mutagenicit>' testing o f chemicals and complex mixtures and make it possible 

to improve the testing in safety toxicology (Wurgler, 1992). 

2.5.2.3 PGR based methods 

The restriction site mutation assay (RSM): Parry et aL (1990) developed the 

RSM assay to detect and study DNA base change following mutagen exposure. The RSM 

assay has been applied in various species such as mouse, rat, Xenopus, flatfish and human 

cells (Jenkins et aL, 1999). The RSM assay allows the detection of mutations in restriction 

enzymes sites through selective PGR amplification of induced restriction enzyme-resistant 

sites and the concurrent destruction of wild-t>'pe sequences by enzymatic digestion. This 

method possesses a number of advantages. Any genes can be analysed for mutations in all 

type of tissues and silent mutations and phenotype altering mutations are equally detectable 

(Jenkins et aL, 1999). The main disadvantage is related to the fact that the RSM assay is 
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limited to analysing four to six bases and that nucleotide sequence must be known to 

perform PGR. 

Restriction fragment length polymorphism (RFLP)/PCR: this technique is 

similar in principle to the RSM assay. In RFLP/PGR, mutations in restriction sites 

rendering them resistant to digestion and allowing their amplification by PGR are similarly 

detected (Ghiocca et al., 1992; Sandy et al., 1992). The technique involves the isolation of 

the gene of interest by preparative restriction digestion, in order to enrich the DNA for the 

target gene. Then, the amplified mutants are cloned and identified by oligonucleotide 

probing. For instance, the RFLP/PGR technique has been employed to examine mutations 

in the U-ras gene (Sandy et al., 1992) but mainly in the p53 gene (Aguillar et al., 1993) of 

cultured human cells. The main advantage lies in its very high sensitivity for the detection 

of mutation. However, this is a complex procedure (Steingrimsdottir et al., 1995) which 

has only been described for two regions of human genomic DNA. 

Example of some other tests: PGR amplification and DNA sequencing have been 

used to analyse benzo(a)pyrene-7,8-diol-9,10-epoxide (Ghen et al., 1990) and UV-induced 

(McGregor et al., 1990) mutations in the hprt gene of human fibroblasts. A l l mutations 

analysed in these two studies were substitution mutations. Despite its usefulness this 

approach is not a desired approach for large tracts of genomic DNA. Several PGR-based 

techniques have been developed which are able to localise single base changes within 

rather large segments of genomic DNA (Gebula and Koch, 1991). 'Multiplex' PGR, 

whereby several exons are amplified simultaneously in a single reaction, has been used 

successfully to routinely screen for deletions within the large (>2Mb) Duchenne muscular 

dystrophy locus (Ghamberlain et al., 1988) and the hprt gene (Gibbs et al., 1990). Ganguly 

and Prockop (1990) developed a method which uses a water soluble carbodiimide which 

modifies mismatched G and T residues. The advantage is that the polymerisation 

temiinates at or near the modified base. PGR is extremely useftjl in the analysis of 
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mutational 'hot spots'. PGR amplification combined with allele specific oligonucleotide 

hybridisation can rapidly characterise frequent mutational events. For example, PGR- allele 

specific oligonucleotide analysis has been used to characterise mutations at different 

codons of ras (Verlaan De Vries et al., 1986). Roest et al. (1993) have developed a rapid 

and sensitive method, the protein truncation test. It is based on a combination of reverse 

transcriptase-PGR, transcription and translation and selectively detects translation-

terminating mutations. Recently, Youil et al. (1995) used the T4 endonuclease Vn to 

consistently detect mismatches in heteroduplexes in the various PCR-derived products. 

They proposed that this method may be effective in detecting and positioning almost all 

mutational changes when DNA is screened for mutations. 

2.5.2.4 DNA fingerprinting 

Analysis of the vertebrates genome has revealed sequence elements known as 

minisatellite DNA that are subject to very high rates of germinal mutation (Jeffreys et al., 

1988). Minisatellite DNA sequences are tandemly repeated arrays of nucleotides, with units 

varying between 10 to 100 bp in length, that are spread throughout the genome of 

eucaryotic organisms. Minisatellite mutation rates are much higher than rates in unique 

sequence DNA regions considered to be hypervariable (Yauk, 1998). The hypervariability 

at minisatellite loci is maintained through a high germinal mutation rate producing new 

alleles resulting from changes in the number of repeated units. The technique consists of 

digesting the genomic DNA with a restriction enzyme, electrophoresing the digested 

products in agarose gel, and transferring the pattern to a membrane. A radioactive probe is 

then hybridised to the membrane and revealed by autoradiography. Mutations are identified 

as novel fragments present in the DNA fingerprints of offspring that cannot be ascribed to 

either parent. Alterations in banding patterns observed on DNA fingerprinting analyses 

refiect DNA alterations from single base change to complex chromosomal rearrangements 

(White et aL, 1990). DNA fingerprinting proved useful in the examination of cancer-

45 



associated genetic alterations (Thein et al., 1987; De Jong et al., 1988; Fey et al., 1988; 

Smit et al., 1988; White et ai, 1990). Dubrova et al. (1996) reported that the rate of 

germline mutation increased in a population exposed to caesium-137 and possibly other 

environmental mutagens in the region of Chernobyl. In another study, Yauk and Quinn 

(1996) reported that multilocus DNA fingerprinting revealed high rates o f heritable genetic 

mutations in herring gulls nesting in an industrialised urban site. Minisatellite DNA has 

several advantages for the detection of genotoxin-induced DNA damage (Yauk, 1998): 

minisatellite DNA has a much higher rale of mutation than unique sequence, mutations are 

predominantly of germline origin, and several loci are screened simultaneously. However, 

since minisatellites are predominantly in non-coding regions of the genome, mutations are 

not manifested as malformations or abortion. 

2.5.2.5 Transgenic animals 

Jaenisch and Mintz (1974), using purified simian virus 40 DNA, provided the first 

evidence that foreign DNA injected into mouse embryos could be found in tissues of the 

resultant offspring. Subsequent reports of high efficiency transformation of cultured 

mammalian cells by direct microinjection of DNA into the cell nucleus (Anderson et al., 

1980) suggested that nuclear injection of DNA might be effective with embryos. 

Transgenic animals such as mouse (Wight and Wagner, 1994) and fish (MacClean, 1998) 

can harbour bacterial reporter genes for the quantitative detection of mutations in diverse 

tissues (Boerritgter et al, 1995). The reporters LacZ (Gossen et al., 1989; Douglas et al., 

1995; Dolle et al., 1999), and lad transgenic mice (De Boer, 1995) have been often used in 

such studies. For instance, treatment of adult female transgenic mice with N-QXhy\-N-

nitrosourea resulted in a dose-dependent increase of the firequency o f mutated vectors 

isolated fi-om brain DNA (Gossen et al., 1989). Transgenic animals can be regarded as a 

sensitive, organ-specific, short-term mutagenicity assay. One of the major problems in 

working with transgenic animals is the difficulty and cost associated with maintaining a 
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large number of animals on hand while DNA study and/or expression is carried out (Wight 

and Wagner, 1994). In addition, a possible drawback is that mutational data has to be 

extrapolated from the foreign DNA inserted into the genome of the organism under study 

(Jenkins et aL, 1999). 

2.5.2.6 Conformation analyses 

Some of the recently developed methods used for mutation detection in genomic 

DNA rely on conformational changes in either double- or single-stranded DNA structure. 

Gonformations can be distinguished by electrophoresis due to their different response to an 

electrical field. The rate of migration or mobilit>' of DNA molecules through the electrical 

field depends not only on the shape of the molecules, but also on the ionic strength, 

viscosity, and temperature of the medium in which the molecules are moving (Drouin et 

al., 1996a). Homoduplexes and heteroduplexes have distinctive melting properties, causing 

them to migrate differently when subjected to denaturating gradient gel electrophoresis 

(Fischer and Lerman, 1983). Orita et aL (1989) developed the single-strand conformation 

polymorphism technique. This is a rapid electrophoretic method for detection of point 

mutations which is based on mobility changes of single-stranded nucleic acids in non-

denaturating polyacrylamide gels. The migration of single-stranded DNA is dependent not 

only on the size but also on the specific sequence of the DNA fragments. The main 

advantage of these methods is the high sensitivity and the rapidity to run the assays. 

However, the migration of DNA fragments is highly dependent on choice of the assay 

conditions and temperature. An empirical approach is recommended in establishing assay 

conditions (Gebula and Koch, 1991). 
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2.5.3 Comparison 

2.5.3,1 Relative sensitivity of some of the assays previously described 

A study was performed on 41 chemicals assayed with 4 in vitro tests [Samonella 

assay, chromosomal aberrations (CA) in Ghinese hamster ovary (GHO) cells, sister 

chromatide exchange (SGE) in GHO cells, and mutation in mouse lymphoma cells] 

(Benigni, 1992). The results suggested that there was a gradual increase in the sensitivity of 

the tests to detect genotoxic effects in the following order: mutation in mouse lymphoma 

cells > SGE in GHO cells > GA in CHO cells > Samonella assay. In a comparative study, 

benzo(a)pyrene, cyclophosphamide, and TV-methyl-A^-nitro-A'-nitrosoguanidine were tested 

for their ability to induce genotoxic effects in the single cell gel test and the SGE test using 

human blood cells. While the range of concentrations which induced DNA migration or 

SGE was the same for A^-methyl-A^-nitro-A^-nitrosoguanidine and benzo(a)pyrene, much 

higher cyclophosphamide concentrations were necessary for a positive response in the 

single cell gel than in the SGE test (Hartmann and Speit, 1995). Perera et al (1992) used a 

battery of biological markers to measure molecular and genetic damage in peripheral blood 

samples from residents of a highly industrialised region and from a control site, in Poland. 

The results showed that the exposure to environmental pollution was associated with 

significant increases in carcinogen-DNA adduct, SGE, and GA. Perera et al. (1992) found 

that DNA aromatic adducts were significantly correlated with chromosomal mutation. 

Rank and Nielsen (1994) compared the effect of 15 genotoxic chemicals in four different 

systems, namely the Allium GA test, the Ames test, the Microscreen assay, and the 

carcinogenicity tests in rodents. The results were as follow: carcinogenicity tests in rodents 

(100%) > Allium GA test (82%) > Ames test (73%) > Microscreen assay (45%). Finally, 

Tates et al. (1991) carried out a study on two populations occupationally exposed to 

ethylene oxide using different parameters. Blood samples were collected fi-om 9 hospital 

workers and 15 factory workers engaged in sterilisation of medical equipment with 
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ethylene oxide and from matched controls. Blood samples were analysed for ethylene oxide 

DNA adducts, hprt mutants, CA, micronuclei (MN) and SGE. The relative sensitivity of 

endpoints for detection of ethylene oxide exposure was in the following order: ethylene 

oxide DNA adducts > SGE > GA > MN > hprt mutants. 

2.5.3.2 In vitro versus in vivo 

In vitro tests generally constitute miniaturised tools, rapid and easy to use, which 

are well-suited for large screening studies (Godet et aL, 1993). Another advantage of in 

vitro genotoxic bioassays is that they require only sample small volumes which is 

especially useftil when analysing environmental water samples (Godet et aL, 1993). While 

microbioassays facilitate rapid testing, the results are often difficult to interpret in the 

broader context of human or animal health. In toxicology, in vitro eukaryotic cell cultures 

are considered to be more relevant than those using bacteria. However, the main criticism 

of in vitro tests (versus in vivo tests) is that it is difficult to extrapolate in vitro test results 

to higher levels of organisation in which the responses obtained integrate the effects of 

complex metabolising systems, hormonal regulation and immunological defences. In 

genetic ecotoxicology, the health of the ecosystem is of paramount importance. Therefore, 

while bacterial tests could still be used to detect the intrinsic genotoxic potential of 

contaminants, the in vivo tests are the ultimate choice. 

2.5.4 The use of RAPD. AP-FCR and OAF to detect DNA damage and mutations 

Advances in molecular biology have led to the development of a number of 

selective and sensitive assays for DNA analysis. The random amplified polymorphic DNA 

(RAPD), the arbitrarily primed polymerase chain reaction (AP-PGR) and DNA 

amplification fingerprinting (DAF) techniques are three semiquantitative methods which 

have been used in genetic mapping, taxonomy and phylogeny (Welsh and McGlelland, 

1990; Williams et aL, 1990; Welsh et aL, 1991; 1995b; Bassam et aL, 1992). In particular, 
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the RAPD method has been used to detect genetic polymorphism in studies examining 

genetic diversity (Gampos et al., 1994; Grayson et al., 1999; 2000), pedigrees (Tinker et 

al., 1993), the construction of genetic maps (Binelli and Bucci, 1994), the identification of 

cultivars (Koller et al., 1993), the identification of pest resistance genes (Dax et al., 1994), 

and sex markers (Hormaza et al., 1994). RAPD, AP-PCR and DAF are a modification of 

PGR that provides an information-rich fingerprint of genomic DNA. These techniques are 

based on the selective amplification of genomic sequences that, by chance, are flanked by 

adequate matches to an arbitrarily chosen primer. I f two template genomic DNA sequences 

are different, their arbitrarily primed PGR products display different banding patterns. Such 

differences can be exploited in ways largely analogous to the uses of RFLPs. 

Polymorphisms detected by these techniques can be used as taxonomic markers in 

population studies of a wide variety of organisms (Welsh et al., 1992), 

Despite the successful application of the RAPD in many areas of research, some 

studies have also criticised the technique for its lack of reproducibility (Ellsworth et al., 

1993; Khanda et al., 1997), and Mendelian inheritance (Riedy et ai, 1992; Scott et al., 1992; 

Ayliffe et al., 1994). Spurious amplification has also been reported to occur in RAPD 

reactions (Mullis, 1991). Nevertheless after suitable optimisation, the RAPD methodology 

has been reported as a robust assay with good reproducibility under defined conditions 

(Rothuizen and Van Wolferen, 1994; Benter et al., 1995; Bielawski et al., 1995). 

2.5.4.1 Description of RAPD, AP-PCR and DAF 

Although RAPD, AP-PGR and DAF are very similar techniques often causing some 

ambiguity in terminology, there are some procedural differences which have been cleariy 

defined by Meunier and Grimont (1993). Table 2.1 gives an overview o f these procedural 

differences among these techniques. 
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Table 2.1 Procedural differences among AP-PCR, RAPD, and DAF. 

RAPD AP-PCR DAF 

Primer length (bp) 10-12 20 5-15 

Primer concentration (^M) 0.3-3 3 3-30 

Annealing temperature Low Low and high Low or high 

Number of cycles 42 40 35 

Separation agarose polyacrylamide polyacrylamide 

Visualisation ethidium bromide radiolabelling silver staining 

Resolution PCR product 

lower than 1 Kb 
intermediate/low intermediate high 

Resolution PCR product 

higher than 1 Kb 
intermediate intermediate/low low 
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2.5.4.2 Detection of genetic diversity 

The RAPD and AP-PCR techniques have also the potential to detect genetic effects 

that are not directly due to interactions of genotoxins with the DNA molecule. These 

represent the effects of chemical exposure on the genetic composition o f the population, in 

terms of genetic variability, or the distribution of allele frequencies. Such effects come 

about as the result of pollution-mediated mortality or curtailment of reproduction, events 

that could lead to genetic bottlenecks or the introduction of a novel selective pressure 

(Nevo et al., 1986; Guttman, 1994). Recently, the RAPD method was used to detect genetic 

diversity among populations which had been exposed to environmental contaminants, 

including well-known genotoxins (Nadig et al., 1998; Theodorakis et al., 1998; Krane et al., 

1999; Theodorakis et al., 1999). Nadig et al. (1998) reported that fish populations in the 

contaminated sites were consistently less genetically distant fi-om each other than they were 

from each of the reference sites. Krane et al. (1999) suggested that RAPD based measures of 

genetic diversity may be suitable for development as a sensitive means o f directly assessing 

the impact of environmental contaminants upon ecosystems. Finally, Theodorakis et al. 

(1999) indicated that the probability of survival and degree of DNA strand breakage in 

radionuclide-exposed mosquitofish were dependent on RAPD genotype, £uid were consistent 

with the hypothesis that the contaminant-indicative RAPD bands were markers of loci which 

imparted a selective advantage in radionuclide-contaminated environments. 

2.5.4.3 Detection of DNA damage and mutations 

RAPD and AP-PCR have been used for the detection of mutations and DNA 

damage. For example, AP-PCR was used to detect y-ray-induced genetic damage in fish 

embryos (Kuboia et al., 1992; 1995). Recently, Lopez et al. (1999) used the AP-PCR 

technique to analyse genomic damage in the mutagen-sensitive mus-201 mutant of 

Drosophila melanogaster. AP-PCR has been shown to be capable of detecting mutations 

(Welsh et al., 1995b) that occurred in anonymous sequences in certain tumours (Arribas et 
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al., 1997). Such mutations included allelic losses or gains (Peinado ei al, 1992), deletion 

of one or a few nucleotides (lonov et al., 1993) and large deletions (Kohno e( al., 1994). Of 

special interest regarding the application of AP-PCR to cancer is that the amplified bands 

usually originate from unique sequences rather than from repetitive elements. Furthermore, 

the amplification is semi-quantitative, in that the intensity of an amplified band is 

proportional to the concentration of its corresponding template sequence (Welsh et al., 

1995a). The degree of aneuploidy of a tumour cell genome is reflected in the intensities of 

AP-PCR bands, compared to those from normal diploid genome from the same individual. 

In this context, by adjusting carefully the concentration of the template DNA, it is possible 

to detect losses or gains in the number of copies of a sequence by changes in the intensity 

of a band in the AP-PCR pattern (Welsh et al., 1995a), This property is very useful in many 

studies such as the investigations of the genetic events that occur in the process of 

transformation from normal to cancer cell, 

RAPD has also been successfully used to detect DNA damage and has been 

proposed as a biomarker assay in ecotoxicology (Savva, 1996; 1998). For instance, RAPD 

profiles generated from rats exposed to ben2o(a)pyrene revealed the appearance and 

disappearance of bands in comparison to control patterns (Sawa et aL, 1994). Sawa 

(1998) concluded that changes observed in the fingerprints of exposed animals may be due 

to the presence of DNA adducts, mutations or DNA strand breaks. Recently, Becerill et al. 

(1999) used the RAPD technique to detect mitomycin C-induced genetic damage in fish 

cells. 

2.5.4.4 Relative sensitivity of RAPD/AP-PCR/DAF for the detection of DNA damage 

and mutations 

Although the sensitivity of the DAF technique is better than RAPD, the resolution 

of bands of a size greater than 1 Kbp is often poor. Thus, as the sizes of the PCR fragments 

plays a central role in detecting changes in amplicon profiles, DAF is probably not the ideal 
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tool for the detection of DNA damage. Because longer DNA fragments are more likely to 

possess regions which are prone to DNA damage, RAPD is the preferred method of 

analysis. To the best of our knowledge, DAF has never been used to investigate the effect 

of genotoxin on genomic DNA. Although the AP-PCR technique has proven to be a 

sensitive and useful means for detecting DNA lesions and mutation (see above) the 

maximum size of amplicon obtained is around 2 Kb and there is the inconvenient 

requirement for radioactive bases to be added to the reaction for the last 10 PGR cycles. In 

conclusion, the RAPD method has a broader range of application than DAF. Although AP-

PCR has been more used than RAPD to detect DNA damage and mutation, both methods 

seem to have exactly the same potential. 

2.6 Species selection criteria for ccotoxicolo^ical and cco-genotoxicolo^icfll studies 

More than 90% of the organisms in ecosystems are invertebrates. Of particular 

interest are the aquatic species which represent by far the highest proportion of 

invertebrates. In this context, relevant ecotoxicological studies should use either freshwater 

or marine species. Since each of the species has its own merits and demerits, it can be 

difficult to select a particular species for eco-genotoxicological studies. However, the 

following criteria should be taken into account to select a particular species. The 

invertebrate species should be ecologically relevant, widely distributed, easy to culture with 

a short life cycle. The karyotype of the species in question should be known when 

cytogenetic tests are carried out. Finally, the ideal invertebrates species should be well 

documented in terms of molecular biology, physiology, etc. 
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2.6.1 Example of some of the species used in in vivo ecotoxicological studies 

There are a number of freshwater and saltwater vertebrates and invertebrates 

species including fishes, macroinvertebrates and amphibians (Table 2.2) which are 

recommended for performing acute toxicity tests (ASTM, 1975). These species were 

selected on the basis of availability, commercial, and ecological importance, past 

successful use, and ease of handling in the laboratory. Their use is encouraged to increase 

comparability of results and availability of much information about a few species rather 

than a little information about many species (ASTM, 1975). The most commonly used tests 

in ecotoxicology are certainly the Daphnia tests as described herein. A variety of 

phytotoxicity tests have also been conducted with freshwater green algae, duckweed, blue-

green algae, diatoms and rooted macrophytes (whole plants and seeds) (Lewis, 1995). 

Several tests methods have been standardised for microalgae which are used primarily with 

chemicals, effluents, contaminated sediment elutriates and hazardous waste leachates 

(Lewis, 1995). However, phytotoxicity tests are conducted less frequently than acute 

toxicity tests with animal species. 

2.6.2 Example of some of the species used in /// vivo genotoxicological studies 

There is a lack of adequately validated in vivo test methods which could be used 

effectively to evaluate genotoxicity in ecologically relevant organisms (e.g. aquatic 

organisms) under environmentally relevant conditions (Jha et a/., 2000). A few in vivo test 

systems have been developed for genotoxicity and ecotoxicological evaluations. These 

include aquatic models such as the amphibian Xenopus laevis (Sadinski et a!., 1995), the 

sea urchin Strongyiocentrotus purpuratus (Anderson et al., 1994a), the polychaete worm 

Neantiies arenaceodentata (Pesch et a/., 1981; Harrison and Anderson, 1989; Pesch, 1990) 

or Platynereis dumerilii (Jha et al, 1996; 1997; Hutchinson et al., 1998), and the mussel 

Mytilus edulis (Dixon, 1982; Dixon and Clarke, 1982; Al-Sabti, 1989; Jha et al., 2000) and 
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Table 2.2 Species recommended by the American Society for Testing Materials 

(ASTM) for conducting acute toxicity tests. Reproduced from ASTM, 1975, EPA-

660/3-75-009, Standard guide for conducting toxicity tests with fishes, macroinvertebrates, 

and amphibians, with permission of ASTM. 

s p e c i e s ' 

F r e s h w a t e r : 
V e r t e b r a t e s : 

F r o g , A o n a s p . 
T o a d . Bufo Gp. 
C o l i o s a l m o n , Oncorhynchus Msutch 
ReUnbow trout. Saimo gairdnerl 
B r o o k trout. SatvQiinus lontinolis 
GokJftsTi. C o r a s a / u s nurmus 
F a t n e a d m i n n o w . PimephsJ^ p r o m o / a s 
C h a n n e l ca t f i sh , /cta/urus punctatus 
BluegiO. LjBpomis macrochirus 
G r e e n s u n f i s h . Lepomis cy^noftus 

I n vertebrates : * 
O a p h n k l s . Osphnia magna, D. pulox, D. pulicaria 
A m p h i p o d s . Gammarus tacustris, G. tasciatus, 

G. pseudoiimnaeus 
C r a y f i s h . O r c o n e c f e s s p . . Camtwus s p . , 

Procami>arus s p . . 
PacHastacus ien(usculus 

Stonef l ies , Pteronarcys s p . 
Mayf l ies , Baetis s p . . ephamorefla s p . 
Mayf l i es . Hejtagenie limt>ata. H, Oitineata 
M i d g e s . Chironomus s p . 
S n a i l s . Physa intogra, P. haterastropha. Amnicofa iimosa 
Pianar ia . Dugesia tigrina 

S a l t w a t e r : 
Ver tebra te s : 

S h e e p s h e a d minnow. Oyprinoaon variagatus -
M u m m i c h o g , Fun<iuius hetaroclttus 
L o n g n o s e kBlifish. Funtiutus simWs 
Si lvers ide . Mankfia s p . 
T h r e e s p i n e s t i ck leback . Gastat^staus acuJeatus 
P m f i s h . Logodon rhomPoiaes 
S p o t , Laiostomus xartthurus 
S h i n e r p e r c h . Cymatogastar aggragata 
Tidepoo l scuipin . Ofigocortus macutosus 
S a n d d a b . Cttharichthys sttgmaeus 
Flounoer . Para/ichthys dentatus, P. lethostigma 
S t a n v fk)ur«*er. Piatlchthys ste/Zatus 
E n g l i s h sole , Parophrys vetutus 
H e r r i r ^ . Clupea harengus 

i n v e n e b r a t e s : ^ 
C o p e p o d s . 

Acartia c/eusi 
Acartia tonsa 

S h n m p . Penaeus setitarus. P. c/uorarum. P. aztacus 
G r a s s shrimp. Palaemoneres pugio, P. intermedius, 

P. vutgaris 
S a n d Shrimp. Crangon septemspinosa 
S h n m p . P a n d a j u s Jordani. P. danae 
B a y Shr imp. Crangon nighcauda 
M y s i d . Mysidopsis Pahia. M. Pigeiowi. M. almyra 
B l u e c r a o . CaJiinectes saptdus 
S h o r e c r a b . Hemigrapsus s p . . Pachygrapsus sp. 
G r e e n c r a b , Carcinus maenns 
FIddter c r a b . U c a sp . 
O y s t e r . Crassostrea virginica. C. gigas 
Poiychae te . Caprtalta capitata 
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Mytilus galloprovincialis (Al-Sabti and Kurelec, 1985; Brunetti e( al, 1986). Plants species 

have also been used to detect the effect of pollutants on DNA in Vicia faba root tips 

(Degrassi and Rizzoni, 1982; Gomez-Arroyo et al., 1997; Minissi et al,, 1998), 

Tradescantia (Ma et aL, 1996), Picea abies (Schubert and Rieger, 1994), and Allium cepa 

(Rank and Nielsen, 1993; 1994; 1997). In most of these animal and plant tests, cytogenetic 

methods are used to detect chromosome aberration, and/or sister chromatide exchange, 

and/or micronucleus. Thus it seems important to develop new in vivo tests which are able 

to detect DNA damage not necessarily at the chromosomal level. 

2.6.3 Dapluiia masna 

Although the karyotype of different species of Daphnia is known (Trentini, 1979; 

Beaton and Herbert, 1989), to the best of our knowledge, no cytogenetical analyses have 

been carried out on Daphnia possibly because of the reduced size of the chromosomes. 

2.6.3.1 Generalities about Daphnia magna 

D. magna (crustacea, cladocera) is a freshwater planktonic filter feeder. This 

species is distributed throughout the temperate regions of the northern hemisphere in ponds 

and lakes rich in small algae. D. magna plays an important role in freshwater food chains. 

They are often dominant consumers of phytoplankton and are important food for 

invertebrate and vertebrate predators. 

D. magna exhibits two forms of reproduction, asexual and sexual. During most of 

the year, populations of D. magna consist almost exclusively of females, the males being 

abundant only in spring or autumn. Under favourable conditions females reproduce by 

diploid parthogenesis to produce genetically identical female offspring. Production of 

males appears to be induced principally by declining food quantity or quality, photoperiod 

and crowding conditions. These conditions also induce the females to produce two eggs 

which require fertilisation. When fertilised these are enclosed, as a pair, by a dense 
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brown/black case (the ephippium) which is released by the female at the next moult 

(Doma, 1979). These 'ephippial eggs' are resistant to adverse conditions such as drought 

and cold, and may remain dormant for a period of years. When hatched from the ephippia 

the young develop as females. 

Laboratory cultures of D. magna are maintained in the asexual phase of 

reproduction. Under favourable conditions the first brood is released af\er approximately 8 

days at a temperature of 20°C. Subsequent broods are produced every 3 days during the 

female life cycle. 

2.6.3.2 The Daphnia magna tests 

D. magna is the most commonly used test organism in freshwater ecotoxicology. 

Indeed, this species is sensitive to wide range of toxicants and is easy to handle and culture 

in the laboratory. In addition, it represents a major trophic level and it has a short 

generation time. In addition D. magna species are widely distributed. Two major types of 

tests are usually performed using D. magna (Adema, 1978). The 48-h acute toxicity test 

uses immobility as the end-point, producing a 48-h EC50 (effect concentration) value (i.e. 

the toxicant concentration resulting in 50% of the exposed individuals exhibiting the end-

point effect). The effects of a toxicant on D. magna growth and reproduction, over a 21-day 

period, constitute the only common laboratory-performed study on population effects. The 

short life-cycle of D. magna makes it ideal for reproductive studies. The visibility of the 

eggs in the brood pouch allows toxicant effects on delaying egg production to be observed. 

The number of juveniles per adult is calculated at the end of the test, and the length of the 

surviving animals measured. Time-independent 'threshold' concentrations for immobility 

effects can be calculated. Other effects, such as the inability of the animals to moult, the 

presence of undeveloped eggs in moulted exoskeletons and the production o f ephippia, 

may also be observed. These data are used to calculate EC50 values, the effect being the 

reduction in numbers of juveniles released, or the no-observed effect concentration 
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(NOEC): the highest toxicant concentration having no significant observable differences 

from the control population. 

Toxicity tests based on Daphnia have been used in numerous studies. For instance, 

Arambasic et al. (1995) examined the acute toxicity of heavy metals to Daphnia and plant 

species. Based on the 50% inhibitory concentration values, the results showed varied 

sensitivity among the test organisms when the toxicity of phenol, Cu, Pb, Zn, Na2S04, and 

NaCI was investigated. Another study compared the toxicity of 30 reference chemicals 

using D. magna and D. pulex (Lilius et al., 1995). The results of both studies revealed that 

there was no difference in the overall sensitivity of the two species o f Daphnia. Such a 

situation is not necessarily expected (see below). Experiments were also successfully 

conducted to determine the toxicity of chemicals such as boric acid (Lewis and Valentine, 

1981), copper (Dave, 1984), and physical agents (Hessen, 1994) on Daphnia. However, 

there are some clear limitations. The main problem is that there is a considerable variation 

in interlaboratory bioassays using the same reference toxicant. Indeed the toxicity of a 

compound depends on diverse parameters such as medium quality, amount of food and the 

use of different clones of the same species (Meador, 1991; Soares et al., 1992; Koivisto 

and Ketola, 1995). To improve consistency in the D. magna bioassay among testing 

laboratory, it seems essential to use the same culture conditions as well as the same clone 

(i.e. same genotype) (Baird et al., 1989). 
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G E N E R A L MATERIALS AND METHODS 



Details of the formulation, preparation of reagents, solutions, growth media, 

technical details, and DNA markers can be found in appendix I at the end of this research 

project, 

3.1 Experimental organisms 

3.1.1 Daphnia masna 

The water flea D. magna (clone 5) (Figure 3.1) was provided by Astra Zeneca's 

environmental laboratory at Brixham, Devon (UK), and was cultured at the University of 

Plymouth, UK. Initially, D. magna (clone b, provided by the University of Reading, UK) 

was also used but its utilisation was limited to some of the studies performed in chapter 4. 

The animals were maintained in Elendt's medium (Elendt and Bias, 1990), at a temperature 

of 20 ± 2*̂ 0 with a photoperiod of 16 hour (h) light (1000 lux): 8 h dark. Populations 

consisting of a maximum of 50 individuals were maintained in I L of medium contained in 

2 L tall-form glass beakers (Sigma, Poole, UK). The medium was changed 3 times per 

week (Monday, Wednesday, Friday). Animals were fed with the algae Chlorella vulgaris 

[1.2-2.4 X lO' cells per daphnid per day (d)] and a booster solution of Frippack 

microencapsulated food (Salt Lake Brine Shrimp, Grantsville, USA). This extra source of 

carbon was incorporated into the culture medium at a ratio of 0.023 mg Frippack for every 

1.2 X lO' algal cells. The Frippack microencapsulated food consists o f proteins, lipids, 

phospholipids, minerals and vitamins. 

3.1.2 Enteromorpha intestinalis 

The green marine macroalgae E. intestinalis (Figure 3.1) was collected from 

Wembury beach near Plymouth, Devon (UK) which is considered to be an uncontaminated 

site. The thalli were harvested 24 h prior to the experiments and maintained in filtered sea 
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Daphiiia magna (water flea) P'^ ' " " I 

Enteromorpha intestinalis (gutweed) i ̂  "̂̂  i 

4 cm Palmaria palmata (red seaweed) i 1 

Figure 3. 1 Photographs of some of the aquatic species u.sed in the studies. The latin 



My til US edulis (common mussel) i ^ "̂̂  i 

Can inns maenus (common shore crab) "̂̂ t 

Pkitynereis dunierilii (rag worm) r " ^ " ^ i 

and common name of each species plus the scale are indicated below each photograph. 
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water at constant temperature (15± TC) and in low light conditions (25 |imoI m'^ s'', 

fluorescent tubes, Phihps TLD 32W/83 HF, Holland) in growth cabinets (Philips, 

Holland). 

3.1.3 Pahnaria palmata 

The red marine macroalgae P, palmata (Figure 3.1) was collected from Wembury 

beach near Plymouth, Devon (UK) and was cultured under the same conditions as E. 

intestinalis. 

3.1.4 MytUis eduUs 

The marine mussel M edulis (Figure 3.1) was collected from a clean site at 

Whitsand Bay, near Torpoint, Cornwall (UK). The mussels were maintained in aerated sea 

water (10pm charcoal filters) at a temperature of 15 ± 2^C. M edulis was fed Liquifry® 

marine (Interpet, Surrey, UK) consisting of 70 % waterlife innertfood (a suspension of 

plankton and other marine derived proteins, vitamins and mineral salts), 28% liquifry 

marine (dextrin, pea flower, whole egg, yeast, and spinach), 1 % selco, and 1 % 

Haematococcus species (algae). 

3.1.5 Carciiius maeiias 

The common shore crab C maenas (Figure 3.1) was collected from a clean site at 

Bantham estuary, near Plymouth, Devon (UK). The crabs were maintained in aerated sea 

water (10pm charcoal filters) at a temperature of 15 ± 2°C and were fed cooked mussel 

flesh every 4 d ( I mussel per animal). Water was changed every 2-3 d. 

63 



3.1.6 Platynereis dtunerilii 

The polychaete marine worm P. dumerilii (Figure 3.1) (provided by Or Adriann 
Dorresteijn, University of Mainz, Germany) was maintained at 20 ± 2°C in filtered sea 
water (10|im charcoal filters). The worms were fed spinach 3 times a week (Monday, 
Wednesday, Friday) and fish flake (Waltham®, Elland, UK) twice a week (Tuesday, 
Thursday). 10 g of spinach was dissolved in 100 ml of distilled water; 20 ml of this 
solution was given in a tank containing approximately 100 animals. Medium was changed 
al least once a week. 

3.1.7 Elminiiis modestiis 

Adult barnacles were obtained originally from Exmouth, Devon (UK) and have 

been cultured at the Marine Biological Association, Plymouth (UK). Adults were 

maintained in aerated, 1 |im-filtered seawater at 22 ± 2°C. The seawater was changed 

every 2 d and the barnacles were fed on Artemia species. Nauplii were cultured in batches 

of about 5000, at 1 larva ml ' ' , in aerated seawater at 28°C and on a 16:8 light dark cycle. 

They were fed daily on Skeletonema costatum (1 L of 2 x 10^ cells ml ' ' ) . Antibiotics were 

added following the procedure of Rittschof al. (1992). Development of the cyprid stage 

took 7-8 d under these conditions. 

3.1.8 Echerichia coli (C600. SMR 127. and SMR 346) 

The strains C600, SMR346, and SMR687 were provided by Dr Susan Rosenberg 

(University of Alberta, Canada). After arrival the strains were kept at 4*̂ C and later grown 

on plates [1.5 % agar in Luria-Betani (LB) medium] at 37°C. For more details please see 

chapter 9 (section 9.2.4.1) and appendice I . 
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3.2 DNA extraction and purification of genomic DNA 

3.2.1 From Daphnia maena 

3.2.1.1 Phenol/chloroform method 

D. magna were homogenised in 400 |al of sperm lysis buffer and 4 | i l RNase was 

added. The samples were kept at 37®C for 2 h. A volume of 480 |al o f phenol (pH = 8; 

Fisher, Loughborough, UK) was added and the tubes were gently inverted by hand for 10 

min. The samples were then centrifuged at maximum speed (18,000 x g) for 15 min and the 

upper aqueous layer was carefully collected and placed into a fresh tube. An equal volume 

of chloroform-.isoamyl alcohol (1:1) (Sigma, Poole, UK) was added and the tubes were 

inverted by hand for 10 min. After centrifiJgation at maximum speed for 15 min, the upper 

aqueous layer was carefully collected and placed into a fresh Uibe. One tenth volume of 

sodium acetate (3 M, pH = 4.8) and 2 volumes of ice-cold ethanol were added. The tubes 

were inverted 10 times and incubated at -SO'̂ C overnight. After centrifugation at maximum 

speed for 15 min, the supernatant was very carefully discarded (the pellet can be loose) and 

the pellets were washed by adding 1 ml of 70 % ethanol. After centriftigation at maximum 

speed for 15 min, the 70 % ethanol solution was carefully removed. The tubes were 

centriftjged at maximum speed for a few seconds (s) and the remaining solution was 

removed (usually less than 10 )il) using the capillary action of a 10 j i l tip. Finally the tubes 

were opened and were allowed to dry at 37°C for at least 1 h, and the genomic DNA pellet 

was dissolved in 100 ^1 Tris-EDTA (TE) buffer ( IX) . 

3.2.1.2 Genie DNA extraction Kit 

The kit was obtained fi"om Immunogen International (IGi), Sunderland, UK. 

Individual D. magna were homogenised in 100 (il of sperm lysis buffer, and treated with 1 

| i l RNase at 37'*C for 1.5 h. DNA extraction was performed using the protocol supplied by 

the manufacturer for the recovery of DNA from solution. A volume of 450 | i l of gel 
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solution A was added to the sample as well as 10 |al gel resin per 1-2 (ig of DNA to be 

recovered. The tubes were incubated at room temperature for 1 min, with frequent tube 

inversions, and centrifuged at maximum speed (18,000 x g) for 30 s. After the supernatant 

was careftilly removed (at this stage the pellet is often translucent and difficult to see), 1 ml 

of IX-wash solution was added. The pellet was resuspended and the tubes were centrifuged 

at maximum speed for 30 s. The wash solution was removed and the pellets were 

centrifijged at maximum speed for a few s to bring any remaining wash solution to the 

bottom of the tube. The capillary action of a yellow tip was used to remove any left-over 

wash. Finally, the samples were left with lids open to allow evaporation of any residual 

alcohol at either 55^C for 1 min or at room temperature for 5 min. A volume of 40 |al of TE 

buffer solution ( I X ) was added and after incubation at room temperature for 1 min, the 

tubes were centrifijged at maximum speed for 30 s and the eluted DNA sample was 

carefully removed to a fresh tube. The previous step was repeated to recover any remaining 

DNA and the second elution was pooled with the first one. 

3.2.2 DNA extraction from other species (Palmaria palmata^ Enteromorpha 

iniestinalis, Platvnereis dumerUii^ Mvtilus edulis^ Carcinus maenas, Elminiits modestus) 

3.2.2.1 Phenol/chloroform procedure 

Algal samples were subjected to a preliminary step contrary to the animal species. 

The algae was frozen in liquid nitrogen and ground with a mortar and pestle. From this 

point the procedure, which applies to every organism cited in the heading, is described in 

the section 3.2.1.1 except that the phenol step was repeated. 

3.2.2.2 Caesium chloride DNA purification {Palmaria palmata) 

After phenol chloroform extraction (see above), genomic DNA was purified by 

caesium chloride-ethidium bromide density gradient centrifugation according to Sambrook 

et aL (1989) or Maniatis et al. (1982). DNA molecules are separated from impurities 
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according to their density into discrete bands which can be readily harvested for use in a 

wide range of genetic manipulation techniques. The method described here is designed for 

use in the Beckman TLIOO Ultracentrifuge (Beckman, Buckshire, UK) utilising 3.8 ml 

'Quick-Seal' tubes in the TLA 100.3 rotor. A volume of 2.5 ml containing approximately 

75 pg genomic phenol-chloroform extracted DNA dissolved in TE buffer (final 

concentration = I X ) was mixed with 6 g of caesium chloride and 0.25 ml ethidium 

bromide (10 mg/ml). Afler gentle mixing, the sample was placed in the dark at ambient 

temperature overnight. During this time period, a complex of ethidium bromide-proteins 

was formed, and this unwanted material was then removed by centrifiigation at 2,000 x g 

for 20 min. The supernatant containing the DNA was collected using a Pasteur pipette, 

placed into the ultracentrifuge tube and centrifuged at 272 000 x g for 20 h. After 

centrifugation, DNA bands were visualised using UV light and removed using a 

hypodermic syringe fitted with a large gauge needle. Ethidium bromide was removed fi-om 

purified DNA solutions by organic phase extraction using isopropanol saturated with 

water. An equal volume of isopropanol was added to the DNA solution and the 2 phases 

were mixed. The phases were allowed to separate for 5 min and the upper phase consisting 

of ethidium bromide and isopropanol was removed. This extraction was repeated until all 

the pink colour had disappeared from both phases. The genomic DNA contained in the 

clear aqueous phase was then precipitated by adding 3 volumes of ice-cold ethanol in the 

presence of 0.1 volume of 3 M sodium acetate (pH = 4.8), incubated at -80°C for 15 min. 

After centrifugation at 14 000 x g for 5 min, the supernatant was discarded and the pellet 

was washed in 1 ml of 70 % ethanol. At this stage the caesium chloride dissolved in the 

supernatant which was later discarded. The pellets were rewashed in 1 ml of 70 % ethanol, 

and the samples were centrifuged at 14 0000 x g for 5 min. After discarding the 

supernatant, the pellet was allowed to air dry and was dissolved in either sterile analytical 

grade water or I X TE buffer. 
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3.2.3 DNA extraction from Escherichia coii 

3.2.3.1 The Marmur^s method 

DNA was prepared as described by Marmur (1961) except that the bacteria were 

lysed with lysozyme and Triton-X-100 as described by Borck ei al (1976). The bacterial 

cells were centrifuged at 7 500 x g for 10 min at 4°C, and the pellet was resuspended in 860 

| i l of ice cold sucrose solution as well as 125 ^il freshly prepared lysozyme. The samples 

were gently shaken at 37°C for 30 s and placed on ice for 5 min. A volume of 466 | i l of ice-

cold Na2EDTA solution was added and after 5 min a volume of 967 \x\ of a Triton lysis 

solution was added and the samples were left on ice for 20 min. The lysale was next treated 

according to the Marmur procedure (1961). A volume of 610 nl of perchlorate solution (5 

M) and 2 volumes of chloroform:isoamyl alcohol (1:1) were added. After shaking the 

preparation for 30 min, the samples were centrifuged at 3 000 x ^ for 5 min and the upper 

aqueous phase was carefully placed into a fresh tube. After addition of 2 volumes of 

chloroform:isoamyl alcohol (1:1), the samples were shaken for 5 min, centrifuged at 3 000 

x g for 5 min and the upper aqueous phase was carefully placed into a fresh tube. Two 

volumes of 95 % ethanol were added and the threads of precipitate were 'spooled' and 

dissolved in 2.8 ml of dilute saline citrate solution. A volume of 0.3 ml of concentrated 

saline citrate solution was successively added along with 2 volumes of chloroform:isoamyl 

alcohol (1:1). The samples were shaken for 15 min, centrifuged at 3 000 x g for 5 min and 

the upper aqueous phase was placed into a fresh tube. This last procedure 

(chloroform:isoamyl alcohol, mixing, centrifugation and transfer) was repeated twice. Two 

volumes of 95 % elhanol were added and the treads of precipitate were 'spooled' and 

dissolved in 2.8 ml of dilute saline citrate solution. A volume of 0.33 ml of acetate-EDTA 

solution plus 2.7 ml of isopropanol were added. After vortexing for a few s, the precipitate 

was collected and placed in a 0.33 ml dilute saline citrate solution. A volume of 0.33 ml of 

acetate-EDTA solution was also added. Finally, two volumes of 95 % ethanol were added 
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and the samples were placed at -80°C overnight. After centrifugation at 18 000 x g for 15 

min, the supernatant was discarded, and the DNA pellet, which was air dried, was 

dissolved in either analytical grade water or I X TE buffer. 

3.2.3.2 Puregene DNA isolation kit 

The kit was obtained from Puregene (Mirmeapolis, USA). DNA extraction was 

performed using the protocol supplied by the manufacturer (gram-negative bacteria 

protocol/5 ml overnight culture preparation). The bacterial cell were centrifuged at 7 500 x 

g for 15 min and the pellet were stored at -20°C. A volume of 3 ml of cell lysis solution 

was added to the cell pellet and was 'pipetted' up and down to resuspend the cells. The 

samples were then incubated at 80°C for 5 min to lyse the cells and a volume of 15 | i l of 

RNase solution was added to the cell lysate. The samples which were mixed by inverting 

the tubes 25 limes were incubated at 37^C for 0.5 h and the tubes were allowed to cool at 

room temperature. A volume of 1 ml of protein precipitation solution was added and the 

samples were vortexed vigorously at high speed for 20 s. After centrifugation at 2 000 x g 

for 10 min, the precipitated protein formed a tight pellet. The supernatant containing the 

DNA was poured into a clean tube containing 3 ml 100 % isopropanol and the samples 

were mixed by inverting the tubes 50 times. After centrifugation at 2 000 x g for 3 min, the 

DNA was normally visible as a small pellet. The supernatant which was poured of f was 

added into a volume of 3 ml 70 % ethanol and the samples were inverted several times to 

wash the DNA pellet. After centriftigation at 2 000 x g for I min, the ethanol was careftilly 

discarded and the pellets were allowed to air dry for 15 min. Finally, 500 ^1 of I X TE 

buffer solution was added and the DNA was allowed to rehydrate overnight at room 

temperature. 
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3.2.4 Other genomic DNA used 

Caesium chloride DNA extracted from Escherichia coli (strain B; reference 
D4889), calf thymus (reference D4764) and human placental tissue (reference D4642) were 
purchased from Sigma (Poole, UK) and used in some of the studies presented in this 
research project. 

3.3 Estimation of DNA concentration 

3.3.1 Agarose gel electrophoresis 

A rapid way to estimate the amount of DNA is to utiHse the UV-induced 

fluorescence emitted by elhidium bromide molecules intercalated into the DNA. Because 

the amount of fluorescence is proportional to the total mass of DNA, the quantity of DNA 

in the sample can be estimated by comparing the fluorescence yield of the sample with that 

of a series of standards (Sambrook et al., 1989). As little as 1-5 ng of DNA can be detected 

by this method. Usually a minimum of 10 (e.g. 1, 2.5, 5, 10, 20, 30, 60, 100, 200, 300, 400, 

500, and 750 ng/15|il) known amounts of single stranded Lambda phage DNA (Sigma, 

Poole, UK) were loaded in 1.2 % agarose gel. After elecu-ophoresis, the agarose gel was 

exposed to UV light using a transilluminator (UV Products Inc., California, USA). The 

DNA concentration of unknown samples was estimated by comparing the fluorescent yield 

with that of the standard. This was performed either by eye or by computer (image of the 

gel was captured using a digital camera) or both. Quality of the samples could be estimated 

in terms of protein contamination and ribonucleic acid (RNA) as well as nucleic acid 

degradation. Most of the time, this method was preferred compared to the 

spectrophotometric measurements. 
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3.3.2 Spectrophotometric measurements 

Alternatively, i f the samples are pure (i.e. without significant amounts of 
contaminants such as protein, phenol, agarose, or other nucleic acids), spectrophotometric 
measurement of the amount of UV irradiation absorbed by the bases is simple and accurate 
(Sambrook et ai, 1989). The readings were taken at wavelengths of 260 and 280 nm. The 
readings at 260 nm allowed calculation of the concentration of nucleic acid. An optical 
density (OD) of 1 corresponds to approximately 50 |ig/ml for double-stranded DNA, 40 
Hg/ml for single-stranded DNA and RNA, and 20 [ig/ml for oligonucleotides (Sambrook et 
al., 1989). The ratio between the readings at 260 and 280 nm (OD260/OD280) provided an 
estimation of the purity of the nucleic acid. Pure preparations of DNA and RNA have 
OD260/OD280 of 1-8 and 2.0, respectively. I f there is a contamination with protein, phenol, 
or with other UV absorbing substances the OD260/OD280 wil l be not accurate. In addition 
when the DNA concentration is pretty low (< 250 ng/ml) the spectrophotometric 
measurements may not be accurate. 

3.4 PGR reactions 

The buffer, MgC^, H2O, eppendorf tubes, filter tips, pipettes were systematically 

exposed to UV (254 nm) for at least 30 min in a PGR cabinet (Holten LaminAir, 

Gydevang, Denmark). Further precautions (e.g. the use of a set of micropipettes only 

dedicated to PGR, the aliquots of the PGR reagents, the use of filter tips) were also taken to 

avoid DNA contamination, and cross-contamination. 

A l l PGR reactions were performed with reagents obtained from IGi (Sunderland, 

UK). Oligonucleotide primers were also obtained from Operon Technologies 

(Southampton, UK) or MWG Biotech (Milton Keynes, UK). Reactions were carried out in 
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a final volume of 25 | i l , overlaid with mineral oil (Sigma, Poole, UK) in a Perkin Elmer 

480 DNA thermal cycler (Roche, Lewes, UK). 

3.4.1 Optimised conditions 

The RAPD PGR assay was performed using PGR buffer (1 X) , 0.33 mM dNTP, 2 

| i M primer, 5.11 mM MgCl2,2.5 | jg bovine serum albumin (BSA), 2-20 ng genomic DNA 

template and 2 or 2.8 units of Taq DNA polymerase. Most of the reactions were performed 

using 20 ng genomic DNA as well as 2.8 units of PGR enzyme except when otherwise 

mentioned. The PGR thermal cycling conditions consisted of a template denaturation step 

of 95*'G for 4 min, followed by 40 cycles of 95°G for 1 min (denaturation), 50°C for 1 min 

(annealing) and 74°G for 1 min (extension). Polymerisation was augmented by a final 10 

min extension step. 

3.4.2 10 mer-primers used in the different studies 

The sequence of the primers used in the different studies is given in Table 3.1. 

3.5 Agarose p;el electronhoresis 

Agarose gel electrophoresis of DNA was carried out using gel electrophoresis 

apparatus supplied by Pharmacia (Milton Keynes, UK). Agarose gels were prepared by 

adding the desired percentage of agarose (molecular biology grade, Igi, Sunderiand, UK) to 

250 ml of I X Tris-Borate-EDTA (TBE) buffer. The solution was heated in a 800 watts 

microwave for 3 min at maximum power. Molten agarose was cooled down using running 

tap water for 1.5 min after which gels were cast by pouring the agarose solution into the gel 

former supplied with the electrophoresis apparatus. The comb was quickly inserted and the 

gels were allowed to set for at least 40 min before use and most of the time the gels were 

allowed to dry overnight. A volume of 25 \x\ of the PGR reaction was mixed with 5 \x\ of 
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Table 3.1 Sequence of the main lO-mer primers used in the different studies (except in 

chapter 9). The sequence of each primer is given from 5' to 3'. The sequence can also be 

obtained from http//www.operon.com. 

0PA9 

GGGTAAGGGG 

OPBl 

GTTTGGGTGG 

0PB5 

TGGGGGGTTG 

OPB6 

TGGTGTGGGG 

0PB7 

GGTGAGGGAG 

0PB8 

GTGGAGAGGG 

OPBIO 

GTGGTGGGAG 

OPBl l 

GTAGAGGGGT 

OPE 12 

GGTTGAGGGA 

0PBI4 

TGGGGTGTGG 

OPBl 7 

AGGGAAGGAG 
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gel loading buffer (5 X) and 12-15 | i l were subjected to electrophoresis alongside 

molecular size markers in a 1.2 % (w/v) agarose gel, using I X TBE buffer system. Three 

molecular markers were used namely the I Kb ladder [Gibco BRL (BRL), Paisley, UK] , the 

1Kb ladder (Igi, Sunderland, UK), and the lOObp DNA ladder plus (Igi, Sunderland, UK). 

The molecular size (in Kb) of each bands of the three markers is presented in appendix 1. 

After electrophoresis of either the PGR product (RAPD amplicons) at 80-100 volts (V) for 

6 h, or the genomic DNA at 100 V for 2 h, gels were stained using ethidium bromide 

[0.015% (v/v)], visualised under UV illumination and photographed using a Polaroid CU5 

camera system (Eastman Kodak, New York, USA). The Kodak Digital Science™ 1 D 

analysis software (Eastman Kodak, New York, USA) allows the size of each band 

displayed in the RAPD profile to be determined by comparison with the DNA ladder as 

well as the relative band intensity. 

3.6 Measurement of parameters at the nonuiation and molecular levels 

3,6.1 Measurement of growth, reproduction, and mortality 

The length of D. magna (apex to base) was measured by video capture and image 

analysis using a Quantimet 570 image analyzer (Cambridge Instnmients, Cambridge, UK). 

During experiments, neonates were counted and recovered at daily intervals. Once pooled, 

each batch of neonates was snap frozen in liquid nitrogen and stored at -80°C prior to DNA 

extraction and RAPD. In addition, the number of dead animals was determined on a daily 

basis. 
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3.6.2 Calculation of fitness parameters 

The intrinsic rate of natural increase of the D. magna population r^, was calculated 
using Lotka's equation: Z IN e'̂ ^m^ = 1 (Lotka, 1925; Krebs, 1978). For a cohort of 
animals observed from birth to death at regular intervals; x is the age in days; 1.x is the age-
specific survival (number of living females on day x/number of females at start of life 
table); m.x is the age-specific fecundity (number of new-bom individuals produced on day 
x/number of living females on day x). Realised fecundity (Ux) vi'as also calculated for the 
test populations (Ux = Umx). Using these data, the net reproductive rate (Ro) can also be 
calculated, as Ro represents Ux summarised over the entire test period (Ro = Z Ix nix -

Z U x ) . Minimum generation time (Jmin) was calculated by measuring the time that elapsed 

between birth and the deposition of the first batch of offspring. The inter-brood time (Bt) 

was measured as the time (in d) between clusters or broods. 

3.6.3 Estimation of genomic template stability 

In order to compare the changes in RAPD profiles with the fitness parameters, each 

separate DNA effect observed in RAPD profiles (disappearance of bands, appearance of 

new bands and variation in band intensities) was given the arbitrary score of +1 , and the 

average calculated for each experimental group of animals with the different primers used. 

The genomic template stability (GTS) (%) was calculated as '100-(100a/n)' where 'n ' is 

the number of bands detected in control DNA profiles and 'a' the average number of 

changes in DNA profiles. The GTS gives a qualitative evaluation of the DNA effects 

(including DNA damage and mutation) induced by genotoxins. An example for the 

calculation of GTS is given in appendix 11. 
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3.6.4 Transformation of the data 

To compare the sensitivity of each parameter (GTS, Ix, m.̂ , rm and Ro), changes in 
these values were calculated as a percentage of their control value (set to 100 % ) . 

3.6.5 Statistical analyses 

The LC50 value and 95 % confidence limit was determined either by using the 

method of Finney (1971) (Ghapter 5) or the probit method (Wardlaw, 1985) (Ghapter 7). 

LG50 value and 95 % confidence limit were calculated using the package software SPSS 

6.1 for Windows for Chapter 5 and 7, respectively. 

Differences among growth rates were calculated using multiple regression analysis. 

For more details refer to Conradi and Depledge (1998). Briefly, data were log-transformed 

to homogenize the variances. Because the number of surviving animals decreased as the 

toxic effect increased, the regressions were weighted with n*^ (where n is the number of 

the surviving animals). Correlation and analysis of variance (ANOVA) were performed 

using the computer software package Statgraphics (Statgraphics plus for Windows version 

2.1, Statistical Graphics, USA). 

To compare the sensitivity of each parameter, changes in GTS and key fitness 

parameters [age-specific survival (Ix), age-specific fecundity (m.x), net reproductive rate 

(Ro) and intrinsic rate of population increase (rm)] were statistically tested using ANOVA 

(Statgraphics plus for Windows version 2.1, Statistical graphics, USA). The LSD (least 

significant differences) test was used to reveal statistical differences. 

3.6.6 Experimental approach 

Figure 3.2 gives an overview of the experimental approach which was adopted to 

compare the GTS with the parameters measured at the population level. Briefly, after 

having exposed an organism to an environmental contaminant the DNA was extracted, 
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DNA concentration was determined and PGR was performed. After electrophoresis the 

GTS was calculated and was compared to parameters measured at higher level of 

biological organisation (fitness and Darwinian parameters). 
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Key organisms exposed 
to relevant genotoxins 

Extraction of the DNA 
(chloroform/phenol, kits) 

Estimation of DNA concentration 
(Agarose gel, spectrophotometer) 

PCR reactions under 
optimised conditions 

Gel electrophoresis 
(RAPD profiles) 

Measure of mortality, growth, 
and reproductive output 

Evaluation of fitness parameters 
(i.e. intrinsic rate of natural increase, 

age-specific survival, age-specific fecundity 
and net reproductive rate) 

Estimation of the genome template stability 
(GTS reflects changes in RAPD profiles) 

Comparison of GTS with fitness parameters 

Figure 3.2 Brief diagrammatic representation of the experimental protocol followed 

in some of the studies presented in this research project. 
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OPTIMISATION OF T H E RAPD REACTIONS 

FOR T H E D E T E C T I O N OF 

DNA DAMAGE AND MUTATIONS 



4.1 Introduction 

Before evaluating the potential of the RAPD technique to detect toxicant-induced 
DNA effects in aquatic organisms it was essential to verify whether this methodology is a 
robust assay. Indeed the use of the RAPD method has often been questioned mainly due to 
its lack of reproducibility. 

Despite having shown great utility for many applications, problems may occur in 

RAPD which diminish its discriminative ability. The problems include the presence of 

spurious amplification products in negative control reactions not containing template DNA 

(Ruano et al., 1989; Mullis, 1991), and a lack of reproducibility (Khandka et ai., 1997; 

Ellsworth et al,, 1993) amongst amplification patterns in positive controls. In addition, the 

use of the RAPD technique for paternity assessment has been questioned since non-

parental bands were detected (Scott et al., 1992; Riedy et aL, 1992). It was demonstrated 

that the non-parental band present in some RAPD reactions may consist of a heteroduplex 

molecule formed between two allelic sequences of different size (Ayliffe et al., 1994). 

Another restriction is related to the fact that homozygotes cannot be distinguished from 

heierozygotes (Gwakisa et aL, 1994). In addition, profiles may reveal a poor efficiency in 

amplification and to some extent the absence of PGR products, as may occur with any PGR 

assays. It has been even suggested that the Taq DNA polymerase could be contaminated 

with DNA (Bottger, 1990) and protocols have been proposed to avoid false positives with 

PGR (Kwok and Higuchi, 1989; Kitchin et aL, 1990). It is clear that among the possible 

problems, the main concern about RAPD has certainly been the lack of reproducibility. The 

arbitrary nature of the DNA polymerisation catalysed in the RAPD reactions has often 

drawn criticism because of the low annealing temperature (34-36^G) used with short 

primers. 

After robust optimisation of the RAPD reactions, many studies have also reported 

that reproducibility was achieved (Rothuizen and Van Wolferen, 1994; Benter et aL, 1995; 
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Bentley and Bassam, 1996; Caetano-Anolles, 1998). Those converted to the method claim 

that, with practice and care, repeatabilit>' is actually high (Hedrick, 1992). However, it is 

also well established that many conditions of the RAPD reaction procedure may influence 

the results. For instance, the use of different thermostable DNA polymerase, or thermal 

cyclers can generate variable RAPD profiles (MacPherson et al., 1993; Meunier and 

Grimont, 1993; Schierwarter and Ender, 1993). In this context, a comparison of RAPD 

profiles among laboratories should not be attempted unless RAPD reactions are performed 

under strictly identical conditions. 

The aim of this chapter was to identify and solve the potential problems associated 

with the technique. This implicated the study of each parameter (physical and chemical) on 

the RAPD profiles using different species belonging to the bacterial, vegetal, and animal 

kingdoms. 

4.2 Materials and methods 

4.2.1 Effect of UV treatment of DNA, Thermits aguaiicus DNA nolvmerase, primer 

OPA9. and dNTP on RAPD profiles 

Genomic DNA was extracted from D. magna (clone b, see section 3.1.1) using a 

phenol-chloroform extraction procedure as described in section 3.2.1.1. The extracted 

DNA was electrophoresed in 1.2 % agarose gels at 100 V for 2 h and the DNA 

concentration of unknown samples was determined by comparison with known amounts of 

Lambda phage DNA (see section 3.3.1). Genomic DNA (10 ng). Tag DNA polymerase, 

primer 0PA9, and dNTP were exposed to UV in turn and used to perform RAPD reactions. 

The UV box contained 3 UV-C tubes (254 nm) and materials to be treated were placed at a 

distance of 5 cm which corresponded to an energy of 550 |iwatts/cm. PGR reactions were 

carried out under the following conditions (condition 1). RAPD reactions were performed 

80 



with 0.22 mM dNTP, 2.18 mM MgCb, 10 ng DNA, 2.8 units of Taq DNA polymerase 

(Promega, Madison, USA), 1 X buffer (appendix I) and 0.56 | i M primer OPA9 (see section 

3.4.2). The thermocycling conditions were 5 min denaturation at 95°C, following by 10 

cycles with an annealing temperature of 32°G, and 30 cycles with an annealing temperature 

of 35°G. Each cycle also included I min at 74°G for extension [except for the last cycle (10 

min)] and I min at 95°C for denaturation. PGR products were electrophoresed in 1.2 % 

agarose gel at 90 V for 6 h, stained with ethidium bromide and visualised under UV light. 

A photograph was also taken and the image of the gel was saved electronically for further 

analysis when necessary (see section 3.5). 

4.2,2 Effect of annealing temperature on RAPD profiles 

Genomic DNA was extracted from D. magna (clone b, see section 3.1.1) using a 

phenol-chloroform extracted procedure as described in section 3.2.1.1. DNA concentration 

was estimated as described in section 4.2.1. The effect of different annealing temperatures, 

35, 37, 39, 41, 43, 45, 50, 52, 54, 55, and 60°C on RAPD profiles were investigated under 

the following conditions: 4 min denaturation at 95*̂ C followed by 40 cycles with a 

denaturation step at 95°C (1 min), an annealing temperature of X^G (Imin), extension 

temperature of 74°G [(1 min); the final extension period was adjusted to 10 min]. RAPD 

reactions were performed under the following conditions (condition 2) with 0,22 mM 

dNTP, 2.18 mM MgGb, 10 ng DNA, 2.8 units of Taq DNA polymerase (Promega, 

Madison, USA), I X buffer (appendix I) and 2 j i M primer 0PA9 (see section 3.4.2). 

Reactions were also performed in the absence of genomic DNA template. PGR products 

were electrophoresed, gels stained, and the results analysed as described in section 4.2.1. 

81 



4.2.3 Effect of ever>̂  PCR reagent concentration on RAPD profiles 

Genomic DNA was extracted fi-om D. magna (clone 5, see section 3.1.1) and the 

alga P. palmata (see section 3.1.3) as well as E. intestinalis (see section 3.1.2) using a 

phenol-chloroform extracted procedure as described in sections 3.2.1.1 (D. magna) and 

3.2.2.1 {P. palmata and E. intestinalis). Experiments were also carried out using caesium 

chloride extracted DNA from £. coli, calf thymus, and human placenta (Sigma, Poole, UK; 

see section 3.2.4). DNA concentration was estimated as described in section 4.2.1. Every 

PCR reagent concentration was subjected to variation as follows: 

- Magnesium: 1, 2, 3, 4, 5, 6, 7 and 8 mM. 

- dNTP: 0.11, 0.22, 0.33, 0.44, 0.55, 0.66, 0.77 and 0.88 mM. 

- 10-mer primer: 0.25, 0.5, 1, 1.5, 2, 3 and 4 ^iM. 

- DNA: 0.001, 0.002, 0.003, 0.007, 0.015, 0.03, 0.06, 0.125, 0.25, 0.5, 

1, 2,4, 8, 16, 32, 64, 128 and 256 ng (except when otherwise 

mentioned). 

- Tag DNA polymerase: 0.25, 0.5, 1,1.5, 2, 3.5, 5 and 7.5 units. 

- Buffer: 0.25, 0.5, 1, 1.5, 2 and 3 X. 

Each PCR reaction was run in duplicate. When the concentration o f a PCR chemical 

was varied, the remaining PCR chemical and physical parameters were as stated in the 

optimised PCR conditions (see section 3.4.1) using some of the primers described in 

section 3.4.2. PCR products were electrophoresed, gels stained, and results analysed as 

described in section 4.2.1. 

4.2.4 Effect of DNA preparation on RAPD profiles 

D. magna (clone 5, see section 3.1.1) was used in this experiment. The effect of 

DNA purity on RAPD profiles was determined by using different DNA preparations as 

follow. Single D. magna was either boiled for 15 min in 50 | i l of analytical grade water or 
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homogenised in 100 j i l of analytical grade water and diluted 200 times in analytical grade 

water. In both procedures, 4 )il was used in PGR reactions. Genomic DNA was also 

extracted and purified using a phenol/chloroform extraction procedure or a Genie DNA 

extraction kit as described in sections 3.2.1.1 and 3.2.1.2, respectively. D N A concentration 

was estimated as described in section 4.2.1. RAPD profiles were generated using lO-mer 

primers OPA9 (see section 3.4.2) under the optimised conditions as described in section 

3.4.1. PGR products were electrophoresed, gels stained, and results analysed as described 

in section 4.2.1. 

In a second set of experiments, genomic DNA was extracted from P. palmata (see 

section 3.1.3) using a phenol/chloroform extraction procedure as described in section 

3.2.2.1. Some of the extracted DNA was further purified by equilibrium centrifugation 

caesium chloride ethidium bromide gradients (see section 3.2.2.2). DNA concentration was 

estimated as described in section 4.2.1. Genomic DNA obtained from both procedures was 

resuspended in 100 | i i of analytical grade water and 50 | i l of this volume was transferred to 

a fresh tube and concentrated TE buffer was added to obtain a final concentration of IX . 

RAPD profiles were generated using lO-mer primers 0PA9, OPBl, 0PB5, and OPB8 (see 

section 3.4.2) under the optimised conditions as described in section 3.4.1. PGR products 

were electrophoresed, gels stained, and results analysed as described in section 4.2.1. 

4.2.5 RAPD profiling of genomic DNA templates obtained from different species 

The applicability of RAPD profiling to genomic templates isolated from different 

organisms [D. magna (clone 5, see section 3.1.1), £. coli, calf thymus and human placenta 

(see section 3.2.4)] was determined. Genomic DNA was extracted from D. magna using a 

phenol/chloroform extraction procedure as described in section 3.2.1.1. DNA concentration 

was estimated as described in section 4.2.1. Gaesium chloride purified genomic DNA from 

E. coll, calf thymus and human placenta was purchased from Sigma (Poole, UK), RAPD 
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profiles were generated using 10-mer primers 0PA9, OPBI, 0PB5, 0PB6, 0PB7, 0PB8, 

OPBIO, O P B l l , 0PB12, 0PB14, 0PB17 (see section 3.4.2) under our optimised 

conditions (see section 3.4.1). PCR products were electrophoresed, gels stained, and results 

analysed as described in section 4.2.1. 

4.2.6 Inter-Individual reproducibility of RAPD nrofiling 

The reproducibility of the RAPD profiling method was evaluated using genomic 

DNA from individuals of D. magna (cloneS; see section 3.1.1), P. palmata (see section 

3.1.3), P. dumerilii (see section 3.1.6) and M. edulis (see section 3.1.4). Genomic DNA of 

these 4 species was extracted from the whole organism (D. magna, P. palmata and P. 

dumerilii) and from the gill ( M edulis) using a phenol/chloroform extraction procedure as 

described in section 3.2. DNA concentration was estimated as described in section 4.2.1. 

Profiles were generated using 10-mer primers 0PA9, OPBl, 0PB5 OPB8 and 0PB14 

(except that primers 0PA9, 0PB7, and OPBIO were used for D. magna) (see section 3.4.2) 

on four replicate templates under the optimised conditions as described in section 3.4.1. In 

the case of unreproducible profiles, the presence/absence of amplification products and 

hence the fidelity of the PCR amplification was determined by using DNA concentrations 

of both 5 and 20 ng. PCR products were electrophoresed, gels stained, and results analysed 

as described in section 4.2.1. 

4.2.7 Influence of time of DNA extraction and PCR on RAPD profiles 

Forty D. magna (clone 5, see section 3.1.1), £. intestinalis [see section 3.1.2, mixture 

of 3 individuals (approximately 1 g)] and P. palmata [see section 3.1.3, mixture of 3 

individuals (approximately 1 g)] were homogenised in I ml of sperm lysis buffer (appendix 

I) and 3 samples (3 X 100|il) were phenol/chloroform extracted (see sections 3.2.1.1 and 

3.2.2.1) on day i . After the first extraction, the samples (7 X l00|al) were kept at -20°C 
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until DNA extraction (3 X 100|il) was performed on days i i and i i i . DNA concentration 

was estimated as described in section 4.2.1. RAPD reactions were also carried out on days 

iv and v under the optimised conditions (see section 3.4.1) using 10-mer primers OPA9 and 

0PB5 (see section 3.4.2). PGR products were electrophoresed, gels stained, and results 

analysed as described in section 4.2.1. 

4.3R£&ultS 

4.3.1 RAPD under non optimised conditions 

Figure 4.1 A and B reveal that reproducibility between individual and mixture of D. 

magna (clone b) was not satisfactory when RAPD reactions were performed using non 

optimised conditions. Bands of molecular weights higher than 1 Kb were not always 

amplified and the relative intensities between bands appeared to be different (e.g. Figure 

4.IB the highest molecular weight band for individual number 6 and 7). In addition, 

amplified bands may appear in reactions not containing any DNA template (Figure 4.2A 

and 4.2B). Negative controls are used to ascertain the purity of PGR reagents with respect 

to DNA contamination. Results clearly showed that the reproducibility o f amplified bands 

in the absence of DNA target was poor (Figure 4.2A and 4.2B). 

4.3.2 Effect of UV treatment of DNA, Thermus aauadcus PNA polymerase, primer 

OPA9, dNTP and negative control on RAPD profiles 

Figure 4.3 clearly shows that after 20 min of UV-G irradiation, 10 ng of DNA 

could not be amplified. The number of bands decreased with the time o f exposure and the 

amplification of the longer fi*agments was more inhibited than that of the shorter fi-agments. 

The Tag DNA polymerase was also affected after 20 min of exposure but to a lesser extent. 

In contrast, UV C radiations did not have any effect on the dNTPs and primer OPA9. 
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Figure 4.1 Problem of reproducibilit> among RAPD profiles generated by individuals 

(from 1 to 10) and mixtures (from mi to m?) of Daphnia magna (clone b). -: no DNA 

control (negative control). M : 1 Kb DNA ladder (BRL). The molecular sizes (Kb) are 

indicated on the left of each gel. PCR reactions were performed under condition 1 with 

primer 0PA9. 
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Figure 4.2 Spurious amplirication in absence of genomic DNA target. -: no DNA 

control. M: 1 Kb DNA ladder (BRL). The molecular sizes (Kb) are indicated on the left of 

each gel. PCR reactions were performed with primer 0PA9 under condition 1 and 2 for 

Figures 2A and 2B. respectively. 
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Figure 4.3 Effect of UV irradiation of genomic DNA (Daphnia magna), Thermus 

aquatlcus DNA polymerase, dNTP, and primer OPA9 on RAPD profiles. M : 1 Kb 

DNA ladder (BRL). The molecular sizes (Kb) are indicated on the left. Time of exposure to 

UV-G irradiation (s) and irradiated chemicals as indicated at the top of the gel. PGR 

reactions were performed with primer OPA9 under condition I . 
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Another set of experiment was carried out to investigate the effect of UV radiation 

and primer concentration on negative controls. Figure 4.4. revealed that PGR products were 

present in both UV-treated and untreated reactions. In addition, it was particularly clear that 

the number of bands present in negative control was proportional to the concentration of 

the primer. 

4.3,3 Optimisation of the RAPD reactions 

4.3.3.1 Stringency of the PGR conditions 

Different annealing temperatures were tested from 35 to 60°G in positive (Figure 

4.5A) and negative (Figure 4.5B) controls. At high annealing temperatures such as 55 and 

60°G respectively, RAPD profiles were either partially or completely affected in both 

negative and positive controls. The results showed that in absence of DNA template 

spurious amplifications occurred even under stringent conditions. An important feature was 

the fact that the reproducibility in negative controls was very poor in contrast to positive 

controls. Since RAPD profiles could be generated at high annealing temperature we have 

selected an annealing temperature of 50°G to conduct the optimisation work. 

Figure 4.6 revealed that the use of DMSO reduced the efficiency in both positive 

and negative controls; the inhibition of the PGR reactions was consistent with the increase 

in DMSO concentration. However, a clear negative control could not be generated in 

combination with a high quality positive RAPD profile. 

4.3.3.2 Influence of DNA preparation on RAPD profiles 

The reproducibility of RAPD patterns was satisfactory when DNA was purified 

using either the phenol/chloroform extraction method (Ei) or the kit (E2) (Figure 4.7A). 

However, the repeatability was affected when D. magna was boiled (B) and it was very 

poor when the water flea was homogenised and diluted in analytical grade water (H). The 

intensity and number of bands decreased when compared to RAPD profiles obtained with 
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M 1 

Figure 4.4 Effect of UV treatment and primer concentration on RAPD negative 

controls. 1: UV treated, 0.2 primer, 2: UV treated, 2 primer, 3: not UV treated, 2 

primer. M : 1 Kb DNA ladder (BRL). Ever> PCR reagent (except the Taq DNA 

polymerase) was exposed to UV-C radiation for 20 min. The UV box contained 3 UV-C 

tubes (254 nm) and materials to be treated were placed at a distance of 5 cm which 

corresponded to an energy of 550 |iwatts/cm. The molecular sizes (Kb) are indicated on the 

left. PCR reactions were performed with primer OPA9 under condition 2 except for lane 1 

(primer concentration was 0.2 ^M). 
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M'l I I 11 I I ^ I 1 M'l 11 ^ I I I I I ^ I 
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B) 35 37 39 41 43 45 50 52 54 55 60 
M l ^ I 1̂ 1̂ 1̂ I M l 1̂ I I ^1 ^ I II 1 

0 .5 -

0 .3 -

Figurc 4.5. Effect of annealing temperature on RAPD profiles generated by positive 

(A) and negative (B) controls. Annealing temperature as indicated at the top of each gel. 

M and M ' : 1 Kb DNA ladder from BRL and Igi, respectively. The molecular sizes (Kb) are 

indicated on the left of each gel. PCR reactions were performed with primer OPA9 under 

condition 1. D. magna (clone b) was used as positive control. 
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Figure 4.6 Effect of DMSO on R.APD profiles. Percentage of DMSO as indicated at the 

top of the gel. -: negative control. 1: 20 ng DNA [D. magna (clone b)]. M: I Kb DNA 

ladder (BRL). The molecular sizes (Kb) are indicated on the left. PCR reactions were 

performed with primer 0PA9 under condition 2. 

92 



Figure 4.7 Effect of DNA preparation on RAPD profiles. - = no DNA control. M : 1 

Kb DNA ladder (BRL). The molecular sizes (Kb) are indicated on the left of each gel. 

PGR reactions were performed under the optimised conditions (see section 3.4.1) with 

primer 0PA9 (Figure 4.7A) and as indicated at the top of Figure 4.7B. A) Individual D. 

magna (clone 5) were subjected to different treatments. H: homogenised in 100 pi of 

analytical grade water, B: boiled in 50 ^1 of analytical grade water for 15 min (volume 

used = 4 | i l for both treatments), E l : phenol/chloroform extracted DNA, E2: kit extracted 

DNA. B) DNA from P. palmata was extracted using two methods of purification: 

phenol/chloroform extracted DNA (medium quality DNA) and caesium chloride 

extracted DNA (high quality DNA). Lanes I and 2: 20 and 5 ng DNA dissolved in 

analytical grade water, respectively; lanes 3 and 4: 20 and 5 ng DNA dissolved in I X TE 

buffer, respectively. 
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extracted DNA. In addition, both DNA extraction procedures generated similar RAPD 

profiles. 

In another experiment presented in Figure 4.7B, PCR was performed using DNA 

which had been extracted from P. palmata with phenol/chloroform and caesium chloride 

diluted in either sterile analytical grade water or IX TE buffer. The results showed that 

RAPD profiles were identical using 2 primers and 2 concentrations of DNA. The use of 2 

other 10 mer-primers led to the same conclusion (appendix III). 

4.3.3.3 Effect of DNA concentration on RAPD profiles 

PCR reactions were performed using variable amounts of genomic DNA from D. 

magna (from 7 pg to 256 ng) and P. palmata (from 1 pg to 256 ng) (Figure 4.8.). The 

RAPD profiles showed high levels of reproducibility and discrimination in the range of 250 

pg to 64 ng and 30 pg to 256 ng DNA for D. magna and P. palmata, respectively. Although 

other experiments suggest that the optimum concentration of genomic template varies 

according to species and priming oligonucleotide (appendix III), the overwhelming 

majority of high quality DNA profiles were produced in the range 50 pg to 100 ng. 

4.3.3.4 Effect of primer sequence and concentration on RAPD profiles 

As expected, RAPD profiles were variable depending on the specific priming 

oligonucleotide utilised in the PCR reactions. With regard to the amount of primer per 

reaction, RAPD patterns were generated using D. magna, P. palmata, and human placenta 

DNA templates and oligonucleotide concentrations of 0.25 to 4 | i M (Figure 4.9 and 

appendix 111). The overall effect of increasing primer concentration, was to increase the 

number and intensity of DNA bands seen on electrophoretic profiles. The clearest profiles 

were produced using primers at a concentration of 1 to 4 \xM. In addition, even at high 

primer concentration, non specific PCR products could not be found (Figure 4.9). These 

results were confirmed with other primers (appendix III). 
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Figure 4.8 Effect of DNA concentration on RAPD profiles. M : 1 Kb DNA ladder 

(BRL). The molecular sizes (Kb) are indicated on the left of each gel. PGR reactions were 

performed with primer 0PA9 (A) and OPBl (B) using genomic DNA from D. magna and 

P. palmata. respectively, under the optimised conditions (see section 3.4.1) except for the 

DNA concentration (as indicated at the top of each gel). 
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Figure 4.9. Effect of primer concentration on RAPD profiles. M: 1 Kb DNA ladder 

(BRL). The molecular sizes (Kb) are indicated on the left of each gel. PCR reactions were 

performed with primer OPB8 using genomic DNA from P. palmata (A) and human 

placenta (B), under the optimised conditions (see section 3.4.1) except for the primer 

concentration (as indicated at the top of each gel). 
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4.3.3.5 Effect of magnesium ion concentration on RAPD profiles 

The optimum concentration of magnesium ions for inclusion in the RAPD reaction 

mixture was determined using amounts in the range of 1 to 8 mM with Z). magna and E. 

intestinalis genomic DNA (Figure 4.10 and appendix ni). RAPD patterns could not be 

generated or were significantly affected at 1 and 2 mM Mg"*"*", respectively. In the range 3-6 

mM, DNA profiles of high quality were generated. Above these concentrations, 

reproducibility and discrimination were affected. 

4.3.3.6 Effect of cINTP concentration on RAPD profiles 

dNTP concentration was subjected to variation within the range 0.11 to 0.88 mM 

using D. magna and E. intestinalis genomic DNA (Figure 4,11 and appendix III). 

Reproducible RAPD profiles were found using amounts between 0.22 and 0.66 mM. The 

discrimination of the pattern was affected at low (0.11 mM) and high (0.77 and 0.88 mM) 

dNTP concentrations. Of greater significance however, was the effect of dNTP 

concentration on the appearance of spurious amplification products in negative control 

reactions. At dNTP concentrations of 0.33 mM and above, spurious amplification were 

rarely found (see negative controls which were performed in the different studies). 

4.3.3.7 Effect of Thermits aquaticus DNA polymerase concentration on RAPD profiles 

The concentration of Tag DNA polymerase used in RAPD reactions was varied 

within the range 0.25 to 7.5 units using P. palmata, E. coli, and calf thymus genomic DNA 

(Figure 4.12 and appendix III). With increasing enzyme concentration an increase in the 

number of amplified bands was observed, up to a maximum amount in reactions catalysed 

by 2.0-3.5 units. Above this concentration, profiles were not improved, and below this 

concentration they were impoverished with respect to the number of visible DNA bands. 
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Figure 4.10 Effect of magnesium concentration on RAPD profiles. M: 1 Kb DNA 

ladder (BRL). The molecular sizes (Kb) are indicated on the left of each gel. PCR reactions 

were performed with primer 0PB5 using genomic DNA from D. magna (A) and £. 

intestinalis (B). under the optimised conditions (see section 3.4.1) except for the 

magnesium concentration (as indicated at the top of each gel). 
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Figure 4.11 Effect of dNTP concentration on RAPD profiles. M: 1 Kb DNA ladder 

(BRL). The molecular sizes (Kb) are indicated on the left of each gel. PCR reactions were 

performed with primer 0PA9 (A) and 0PB5 (B) using genomic DNA from D. magna and 

£. intestinalis, respectively under the optimised conditions (see section 3.4.1) except for 

the dNTP concentration (as indicated on the top of each gel). 
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Figure 4.12 Effect of Tliermus aquaticus DNA polymerase concentration on R.\PD 

profiles. M : 1 Kb DNA ladder (BRL). The molecular sizes (Kb) are indicated on the left of 

each gel. PCR reactions were performed with primer OPB5 using genomic DNA from P. 

palmata (A) and E.coli (B) under the optimised conditions (see section 3.4.1) except for 

the enz> me concentration (as indicated on the top of each gel). U: unit(s). 
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4.3.3.8 Effect of PGR buffer concentration on RAPD profiles 

The buffer concentration was subjected to variation in the range 0.25-3 X using D. 

magna and P. palmata (Figure 4.13 and appendix III). As expected, the optimum 

concentration of buffer was 1 X. However, RAPD profiles were also generated at 

concentrations of 0,5 and 1.5 X, Outside this range, a decrease or increase in PGR buffer 

concentration had a significant effect on the profiles. No or very poor quality profiles were 

generated when the buffer concentration was either 0.25 X or 2-3 X. 

43.4 Recommended RAPD reaction conditions 

Table 4.1 gives an overview of some the results presented in this chapter. For each 

parameter (except for PGR buffer and bovin serum albumin) an optimised range to produce 

good quality RAPD profiles is given. 

4.3.5 RAPD profiling obtained from different species 

RAPD profilings of genomic templates isolated from D. magna, E. coli, calf thymus 

and human placenta using 11 different oligonucleotide primers are shown in Figure 4.14. 

Profiles generated using template DNA at both 20 ng and 5 ng were identical, 

demonstrating the high reproducibility of the methodology and the lack of template-

dependent amplification artefacts. 

4.3.6 Inter-individual reproducibility of RAPD profiling 

The reproducibility of the RAPD method, using genomic DNA from individuals of 

the same species, is shown in Figure 4.15 and appendix I I I . The species tested were P. 

palmata, P. dumerilii and M edulis (Figure 4.15) as well as D. magna (appendix III). 

Profiles obtained with 4 individuals of P. palmata and P. dumehlii (Figure 4.15) or 7 

individuals of D. magna (appendix 111) were reproducible. The best reproducibility was 
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Figure 4,13 Effect of buffer concentration on RAPD profiles. M: I Kb DNA ladder 

(BRL). The molecular sizes (Kb) are indicated on the left of each gel. PCR reactions were 

performed with primer OPB8 (A) and 0PB5 (B) using genomic DNA from D. magna and 

P. palmata, respectively, under the optimised conditions (see section 3.4.1) except for the 

buffer concentration (as indicated on the top of each gel). X: concentration. 
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Table 4.1 Optimised conditions (range) to produce good quality RAPD profiles at 

high annealing temperature. 

PCR parameters Optimised conditions 

Annealing temperature 50-54**C 

Mg"^ concentration 3-6 mM 

dNTP concentration 0.33-0.44 \xU 

Primer concentration (10-mer) 1.0-4.0 | i M 

Number of native Taq DNA polymerase units 2.0-3.0 U 

Amount of DNA 0.05-100 ng 

PCR buffer 
1 X (10 mM Tris-HCl pH 8.8 at 25°C, 

50 m M KCl, 0.08% Nonidet P40) 

Bovin serum albumin 2.5 Mg 

Thermal cycling conditions 

First cycle: 95°C for 4 min, 39 cycles: 

95°C for 1 min, 50°C for 1 min, 74°C for 

1 min. Last cycle: 95°C for 1 min. 5{fC 

for 1 min, 74°C for 10 min. 
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Figure 4.14 RAPD profiles of (A) Daphnia magna, (B) Escherichia coii, (C) calf 

thymus, and (D) human placenta. Primers as indicated at the top of each gel. Lanes 1 and 
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2: 20 and 5 ng DNA, respectively. M and M": I Kb DNA ladder from BRL and Igi. 

respecti\ ely. The molecular sizes (Kb) are indicated on the left of each gel. 
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Figure 4,15 Reproducibilit> of RAPD profiles among 3 marine species, (A) P. palmata, 

(B) P. dumehlii, and (C) M. edulis. Primers as indicated at the top of each gel. M : 1 Kb 

DNA ladder (BRL). The molecular sizes (Kb) are indicated on the left of each gel. Each 

number represents a single animal. (D) RAPD profiles reproducibility generated by the 4 
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individuals (M. edulis; used in Figure 4.15C) using 20 and 5 ng DNA. Lanes 

1-4 and r-4": 20 and 5 ng genomic DNA. respectively. PCR reactions were 

performed under the optimised conditions (see section 3.4.1). 
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obtained with the red macroalgae P. palmata and the water flea D. magna. However, this 

was not the case when PGR reactions were performed using genomic D N A extracted from 

M edulis. Indeed, a reproducible profile could not be obtained using the same 

oligonucleotide primers. Nevertheless, the fidelity of the PGR reaction conditions was 

confirmed by varying the template concentration, with comparable sample-specific profiles 

at DNA concentrations of both 5ng and 20 ng (Figure 4,15D). With regard to P. dumerillii 

(Figure 4.158) the reproducibility was not perfect contrary to P. palmata (Figure 4.15A). 

However some of the differences in RAPD profiles obtained among the worms were shared 

whereas with M edulis the RAPD profiles presented a high degree of variation. 

4.3.7 Influence of time of DNA extraction and PGR on RAPD profiles 

The results presented in Figure 4.16 and appendix 111 showed that RAPD profiles 

were identical whenever DNA extraction and PGR reactions were performed using the 

same sample. The only differences were due to a variation in the intensit>' o f some bands. 
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Figure 4,16 Effect of time of DNA extraction and PCR on RAPD profiles using 

Daphnia magna (A) and Enteromorpha intestinalis (B). D N A extraction was performed 

on day i , i i and i i i as indicated on the top of each gel. Lanes 1, 2, 3 and \ \ 2\ 3' indicate 

that PCR reactions were performed on day iv and v, respectiyely. M: 1 Kb DNA ladder 

(BRL). The molecular sizes (kb) are indicated on the left of each gel. PCR reactions were 

performed under the optimised conditions (see section 3.4.1) using primer 0PB5. 
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4.4 Discussion 

The principal aim of this research project was to evaluate the potential of the RAPD 
technique to detect DNA damage and mutation. However before doing so, it was important 
to identify and overcome the potential problems associated with the technique. The 
arbitrary naUire of randomly primed PGR methods has drawn criticism due to the formation 
of spurious amplifications (Ruano et al., 1989; Mullis, 1991), affecting both the 
reproducibility (Khandka et aL, 1997; Ellsworth et al., 1993) and the detection of 
Mendelian inheritance patterns (AylifTe et al., 1994; Riedy et al., 1992; Scott et al., 1992). 
Initially, when RAPD reactions were performed we encountered the problem of 
reproducibility in positive controls as well as the presence of amplicons in negative 
controls. It was initially thought that the pattern in the negative control was due to 
contamination of one of the reagents or the tubes, tips, pipettes, etc. Each of these were 
changed in turn but the problem still existed, suggesting that contamination was not the 
causative factor. This was confirmed by the fact that UV treated negative control displayed 
patterns whose complexity depended on the primer concentration. DNA exposed to high 
level of UV radiation cannot be amplified, due to the presence of DNA photoproducts such 
as thymine dimers which seriously hamper the processivity of DNA polymerases (Sarkar 
and Sommer, 1990 and Figure 4.3). In this way, contaminating DNA is prevented from 
acting as template for amplification. In addition, the major bands in negative controls 
displayed poor reproducibility in comparison to the profiles generated by positive controls. 
Thus, these results suggested that in the absence of DNA template spurious amplifications 
occurred as a consequence of non-specific reactions such as primer-mediated 
polymerisation. 

The first objective of this study focused on determining the optimal conditions 

which are required for the generation of reproducible RAPD profiles from different 
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individuals of the same species. The parthenogenetically produced offspring of D. magna 

were chosen in order to eliminate the potential confusion caused by genomic changes due 

to sexual reproduction and also form a sound basis for the objective study o f the key 

influences on assay reproducibility. The optimisation work was also performed using other 

species belonging to the bacterial, plant and animal kingdoms. 

Despite having potential for many applications, the arbitrary nature of the randomly 

primed PCR methods has drawn criticism owing to the low stringency annealing conditions. 

Relatively low annealing temperatures (34-36°C) are used in RAPD to ensure a maximal 

number of primer binding events and consequent generation of a large number of amplified 

DNA fragments for analytical purposes. However, the low stringency of the accompanying 

DNA hybridisation can result in the formation of spurious amplifications (Ruano et aL, 

1989; Mullis, 1991; Riedy et ai, 1992; Scott et al., 1992; Ellsworth et al., 1993; Ayliffe et 

ai, 1994; Khandka et al,, 1997). In this context, it was essential to significantly increase the 

stringency of the RAPD reactions by increasing step by step the annealing temperature and 

by using DMSO, a solvent which proved useful in this respect (Kidd and Ruano, 1995; 

Landre et al., 1995). In the absence of DNA target, DMSO reduced the spurious 

amplifications. However, as it also decreased the performance of the PCR reactions in the 

presence of genomic template, DMSO could not be used in the reactions. The experiments 

presented in this chapter show that with selected primers, reproducible DNA profiles 

consisting of a large number of amplified fragments with a heterogeneous size range, can be 

produced at an annealing temperature of 50°C under optimised PCR conditions. This 

contrasts with the study of Williams et al (1990) who reported that annealing temperatures 

above 40°C prevented amplification by 10-mer primers. It is also generally believed that the 

repeatability of the PCR assay is jeopardised by annealing temperatures higher than the 

denaturation temperature (T j ) of the oligonucleotide primer. Td [known also as Ta 

(annealing temperature), or Tm (melting temperature)] may be calculated using the formula. 
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Td = (4 X GC) + (2 X AT) - 10°C, where GC and AT refer to the number of guanine plus 

cytosine and adenine plus thymine bases in the primer, respectively (Sawa, 1996). Thus 

according to the formula, the highest applicable annealing temperature would be 30°C (i.e. 

4x10 + 2x0 - 10) for 10 mer-primers. The results of the present study do not support this 

statement. This formula which gives an estimation of the annealing temperature for longer 

primers (e.g. 20 bases) does not seem to be suitable for short primers. The purity and yield 

of the reaction products depend on several parameters, one of which is the annealing 

temperature. At both sub- and super-optimal annealing temperature, non-specific products 

may be formed, and the yield of products is reduced (Rychlik et aL, 1990). Other studies 

have also reported that RAPD profiles can be generated at high annealing temperature (48-

52°C) (Ellsworth et aL, 1993; Bentley and Bassam, 1996; Caetano-Anolles, 1998) for short 

primers. The main advantage of high stringency conditions is that nonspecific reactions are 

significantly reduced. Thus, protocols that use a high annealing temperature should always 

be preferred i f the sensitivity of polymorphism detection is not jeopardised. 

As clearly demonstrated by previous studies (Benter et aL, 1995; Newton and 

Graham, 1997), the influence of DNA purity on the success of PCR reactions was also 

evident in our experiments. DNA of good purity, fi^ee from other macromolecules and 

possible inhibitory compounds produced clear and discriminatory RAPD profiles. Indeed, 

the intensity of an amplified band depends on the efficiency of the interaction of the 

genomic sequence with the primer during the initial steps (Welsh et aL, 1995a). In this 

context, it is likely that when DNA is not properly purified, the proportion of cell 

components increase and interfere with the PCR events (e.g. annealing of the primers) and 

reagents (e.g. primers and Taq DNA polymerase). For the bulk of our experiments, genomic 

DNA prepared by a standard phenol/chloroform extraction purification was sufficient to 

produce RAPD profiles of good quality. Identical patterns were obtained whether DNA was 

higly purified (caesium chloride treated DNA) or not (phenol/chloroform extracted DNA), 
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When PCR is performed to ampliiy a single copy of genomic DNA, it is not always 

necessary to extract and purify the genomic DNA (Mercier et al, 1990; McEwan and 

Wheeler, 1995). However as RAPD amplifies multiple loci, it is generally recommended to 

carefully extract DNA although RAPD profiles can also be obtained without purification of 

the genomic DNA (Mazurier et al., 1992). 

The concentration of DNA template is also crucial in the production of reproducible 

genomic profiles, not only to ensure the largest number of amplified bands and therefore 

maximum discrimination, but also to confirm the fidelity of the PCR reaction condition. I f 

profiles from the same genomic template, or from different individuals of the same species 

vary, the reproducibility of the assay should be confirmed by repeating the PCR reaction 

using 2 different template concentrations, differing by at least two fold. I f profiles still vary, 

then the results should always be treated with skepticism. This safeguard against 

concentration dependent spurious amplifications was highlighted by Welsh et al. (1995a), 

but unfortunately has not been adopted by many workers using the RAPD technique. In the 

present study, M edulis genomic DNA extracted from different individuals and subjected to 

RAPD, produced non reproducible profiles although sample-specific patterns (i.e. without 

artefacts) were clearly generated. The non reproducibility between different M. edulis 

individuals could be attributed either to a true genetic diversity within this species or to a 

contamination with foreign DNA (e.g. the presence of different strains of bacteria in the gill 

tissue). Our optimal range for genomic DNA (0.05-100 ng) is generally in agreement with 

other studies (Benter et al., 1995; Bentley and Bassam, 1996; Caetano-Anolles, 1998). 

However, it is important to recognise that variations in the estimation of the DNA 

concentration of the same sample by two experimenters may also be an important factor 

depending on the method used. 

The priming oligonucleotide is obviously crucial to the success of any RAPD 

protocol, and our experiments support the judicious choice of primer for each application 
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and DNA template. Nevertheless, our set of 11 primers, have been successfully applied to 

RAPD profiling of each genomic DNA template we have studied, covering the bacterial, 

plant and animal kingdoms. In this context, this set of primers shows the potential to 

generate RAPD profiles with any genomic DNA of sufficient quality. Khandka et al. 

(1997) reported that the optimal concentration of every primer should be determined 

empirically for each application. This study does not support this statement as RAPD 

profiles of high quality were obtained using different primers and species, under the same 

conditions. 

Experiments to assess the influence of each PGR reagent on RAPD profiles 

revealed that consistent profiles were generated when component concentrations were 

subjected to variation (within the predefined optimal conditions). In contrast, artefactual 

variation has often been described when RAPD reactions were performed at low annealing 

temperauires (Khandka et al., 1997; Ellsworth et ai, 1993) although the experimenters did 

not use two different DNA concentrations to prove that the changes in banding patterns 

were indeed artefacts (Welsh et al., 1995a). With regard to the magnesium concentration, it 

has been suggested that a relatively low magnesium ion concentration prevents undesirable 

annealing events within the PGR (Wilkie et al., 1993). Our results however, showing 

satisfactory reproducibility with Mg"^ concentrations between 3-6 mM, support other 

studies which recommend the use of higher concentrations to improve the stability of the 

results (Benter et al., 1995; Bentley and Bassam, 1996). It was also reported that 2.5 units 

of Tag DNA polymerase gave more reproducible results compared to low concentrations 

(e.g. 1 unit) (Benter et al., 1995). The results presented in this chapter led us to the same 

conclusion. 

In addition, one of our major goals was to minimise the presence o f spurious 

amplifications (primer polymerisation) generated in the absence of template DNA (Ruano 

et al., 1989; Mullis, 1991), By varying the dNTP concentrations between otherwise 
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identical reaction mixtures, it was shown that 'dirty' negative controls could be greatly 

reduced. A dNTP concentration of 0.33 mM produced a large number of bands in reactions 

containing template DNA with a complete or partial reduction in spurious amplifications in 

those reactions without genomic DNA templates. Since the complexity of the RAPD 

profiles (in positive control) was affected when the dNTP concentration was increased, it is 

likely that dNTP interfere between the lO-mer primers like a physical barrier. When the 

RAPD methodology is used, negative controls are not always presented in the literature 

probably because of the presence of products in reactions containing no target DNA. The 

thermodynamic driving force for PGR is the molar excess of reagents with respect to 

template. This situation leads to the formation of primer dimers and other artefacts which 

consume the stock of primers and enzyme with a consequent reduction in the yield of the 

appropriate products. Although methods such as the Booster PGR (Ruano el al., 1991) and 

the Hot-Start'^'^ PGR (Erlich ei al., 1991) have been developed to tackle these problems, 

these procedures are not convenient when PGR reactions are performed with a large 

number of samples. For instance, since the ultimate manipulation is performed within the 

heating block of the thermocycler, there is a considerable risk of sample contamination. 

In many studies researchers reported that some PGR parameters (e.g. magnesium 

concentration and annealing temperature) should be optimised for each species and primer 

combination separately (Wolff et al., 1993). In the presented study, our results suggested 

that there was no need to have different PGR conditions for each species and primer 

combination as RAPD profiles of satisfactory quality were generated using different 

species and lO-mer primers. Furthermore, it was also clear that identical RAPD profiles 

were obtained whenever the DNA extraction or PGR were performed. In another study, it 

was reported that DNA extractions at different times and amplification of the same DNA 

on different days produced minor bands that varied in intensity (Benter et a/., 1995). 
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In conclusion, the RAPD protocol was found to generate high quality genomic DNA 

profiles from phylogenelically different groups of organisms (bacteria, plants and animals) 

using the same set of primers. Since RAPD reactions are performed at a high annealing 

temperature, spurious amplifications are kept to a minimum and consistent profiles are 

generated when component concentrations are within the predefined optimal range, contrary 

to PGR reactions performed at low annealing temperature. Thus after rigorous optimisation, 

the RAPD method appears to be a robust assay. In this context, the evaluation of the 

potential of the RAPD method to detect toxicant-induced DNA effects in aquatic organisms 

could begin. 
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5.1 Introduction 

Following the optimisation experiments (chapter 4), the potential of the RAPD 
method to detect DNA effects in aquatic organisms was evaluated. DNA effects include 
DNA damage (e.g. DNA adducts, DNA breaks) as well as mutations (point mutations and 
large rearrangements) and possibly other effects (e.g. structural effects) at the DNA level 
that can be induced by chemical or physical agents that directly and/or indirectly interact 
with genomic DNA. In this chapter, the effects of benzo(a)pyrene [B(a)P] were 
investigated because B(a)P is known to be carcinogenic to animals. In addition, the effects 
of B(a)P on DNA are well documented, and the presence of this chemical is ubiquitous in 
the environment which makes this study ecotoxicologically relevant. 

Polycyclic aromatic hydrocarbons (PAHs) are formed by incomplete combustion of 

organic materials and are widespread in the atmosphere. PAHs are one of the most 

ubiquitous carcinogenic, mutagenic and toxic contaminants found in aquatic systems 

(Kennish, 1992). Exposure to PAHs is virtually unavoidable, and they are strongly 

suspected of being a causative factor in several human cancers (Phillips, 1983). Among 

PAHs, B(a)P is one of the most studied. B(a)P can be converted into toxic metabolites 

which have been shown to induce different kind of DNA lesions such as DNA adducts 

(Venier and Canova, 1996), micronuclei (Venier et a/., 1997), strand breaks (Mitchelmore 

et al., 1998), chromosomal aberrations (Matsuoka et al., 1998), oxidative damage (Canova 

et al., 1998) and mutations (Rodriguez and Loechler, 1993). B(a)P is also know to create 

adducts on proteins such as hemoglobin (Shugart ei al., 1987). Four different pathways 

have been proposed for the metabolic activation of B(a)P (Figure 5.1). The most widely 

accepted activation mechanism (pathway 1) is based on ring oxidation to diol epoxides. In 

particular, the (+)-anti-B(a)P-7,8-diol-9,10 epoxide forms stable DNA adducts whose 

mutagenicity and carcinogenicity have been widely studied (Buening ei aL, 1978; Wei el 
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Figure 5.1. Possible pathways for activation of B(a)P leading to DNA lesions in vivo. 

Reprinted from Mutation Research, volume 399, Canova et al, 1998, Tissue dose, DNA 

adducts, oxidative DNA damage and cyp la-immunopositive proteins in mussels exposed 

to waterbome ben2o(a)p}Tene, pages 17-30, with permission from Elsevier Science. 

119 



al., 1995). Pathway 1 also leads to the production of phenols, diols and tetrols (Sims et al., 

1974). Dehydrogenation of 7,8-diols mediated by the dihydrodiol dehydrogenase can divert 

diols from pathway 1 to yield transient catechols, quinones and quinone redox cycling 

(pathway 2). Free radicals which are produced through pathway 2 account for oxidative 

damage and DNA fragmentation (Devanesan et al, 1996; Flowers et al., 1996). Pathway 3 

involves the formation of radical cation, possibly mediated by the cytochrome P450 or by 

peroxidative reactions (Cavalieri and Rogan, 1995). Finally, pathway 4 leads to the 

formation of the ultimate DNA-reactive metabolite, benzylic carbenium ion due to 

endogenous methylation of B(a)P (Stansbury et ai, 1994). 

The objective of this study was to evaluate the potential of the RAPD technique to 

detect B(a)P-induced DNA effects in D. magna, and to compare any changes in RAPD 

profiles induced by exposure to B(a)P with fitness and Darwinian parameters. 

5.2 Materials and methods 

5.2.1 Culture of Dapbnia masna 

D. magna (clone 5) was cultured in M7 medium at 20 ± 2'̂ C as described in section 

3.1.1. 

5.2.2 Preparation of test solutions and toxicity tests 

Test solutions for chronic exposures were prepared from stock solutions of B(a)P at 

a concentration of 2 mg/ml in dimelhylformamide (DMF). Once prepared, test solutions 

were stored at 4°C prior to use. Both B(a)P solutions, and the DMF solvent controls were 

added to the D. magna culture media in a volume of 100 | i l of DMF in 1 L of medium 

ensuring a level below the 0.05 % maximum percentage of the solvent recommended by 

the American Society for Testing Materials (ASTM, 1975). 
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5.2.2.1 Acute toxicity 

The acute toxicity of B(a)P was assessed by determining the LG50 of the chemical 

for D. magna over a period of 48 h. Freshly bom neonates (less than 48 h) were exposed in 

replicate groups of 20, to concentrations of B(a)P equivalent to O.l, 0.15, 0.2, 0.25 and 0.5 

mgL"'. Animals were fed (see section 3.1.1) during the test, and surviving animals were 

counted to determine the 48h-LG50. 

5.2.2.2 Chronic toxicity 

The chronic toxicity test of B(a)P to D. magna was performed under the same 

experimental conditions as for the acute toxicity tests, with a blank control, DMF solvent 

control and B(a)P concentrations of 0.0125, 0.025, 0.05, 0.1, and 0.2 mgU' . The 

experiment lasted 14 d. Surviving animals were counted at 0, 3, 5, 7, 10 and 14 d. 

Moribund, non-swimming (but alive) animals were removed from culture at regular 

intervals on and between counting d. These animals and the healthy D. magna following 

B(a)P exposure for 14 d were placed individually in 1.5 ml microcentrifiige tubes, snap 

frozen in liquid nitrogen and stored at -80°G, prior to DNA extraction and RAPD profiling. 

5.2.3 Growth and reproductive measurements 

The length of D. magna (apex to base) surviving at day 0, 3, 5, 7, 10 and 14 was 

measured by video capture and image analysis using a Quantimet 570 image analyser 

(Gambridge Instruments, Gambridge, UK) and neonates were counted and recovered at 

daily intervals (see section 3.6.1). 

5.2.4 Calculation of fitness parameters 

The fitness parameters measured were the intrinsic rate of natural increase (rm), the 

age-specific survival (Ix), the age-specific fecundity (mx), and the net reproductive rate 

(Ro), Minimum generation time {Trjji„) and the inter-brood time (Bt) were also measured 
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(see section 3.6.2). 

5.2.5 Generation of Daphnia maena DNA profiles using RAPD 

Total DNA from D. magna was extracted and purified using either a conventional 

phenol/chloroform method (section 3.2.1.1) or a commercially available extraction kit (see 

section 3.2.1.2). Two methods were used because traces of organic compounds may inhibit 

PGR reactions, and one of the methods could have failed to produce D N A o f sufficient 

quality to obtain robust R A P D profiles. Furthermore, both protocols of D N A extraction 

proved to generate similar R A P D patterns (see Figure 4.7). The extracted D N A was 

electrophoresed in 1.2 % agarose gels at 100 V for 2 h and the D N A concentration of 

unknown samples was determined by comparison with known amounts of Lambda phage 

DNA (see section 3.3.1). R A P D profiles were generated using 10-mer primers OPA9 and 

0PB7 (see section 3.4.2) under the optimised conditions as described in section 3.4.1. PGR 

products were then electrophoresed in 1.2 % agarose gel at 90 V for 6 h, stained with 

elhidium bromide and visualised under UV light. A photograph was also taken and the 

image of the gel was saved in the computer for analysis when necessary (see section 3.5). 

5.2.6 Estimation of genomic template stability and transformation of the data 

Genomic template stability (GTS) represents a qualitative estimation of the obvious 

changes occurring in R A P D profiles and a qualitative estimation of the D N A effects. For 

more details please refer to section 3.6.3 and appendix II. To compare the sensitivity of 

each parameter (GTS, Ix, m.x, rm and Ro), changes in these values were calculated as a 

percentage of their control value (set to 100 %). 

5.2.7 Statistical analyses 

For more details see section 3.6.5. 
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5,3 Results 

5.3.1 Acute toxicity tests 

Using survivorship data, the 48h-LC50 of B(a)P for D. magna was 0.25 ± 0.04 

mgL"' B(a)P ( ^ ' = 63.6, p < 0.005). 

5.3.2 Effects at population levels 

Demographic trends for the populations of D. magna exposed to differing 

concentrations of B(a)P are shown in Table 5.1. From these results, it can be seen that, with 

increases in toxicant concentration in the range 0.025-0.2 mgL"' B(a)P, consistent 

reductions occurred in the maximum number of eggs per female, maximum body size, and 

number of broods. However, the mean period for D. magna to become ovigerous was 

identical among groups. The data also indicate that D. magna exposed to gradual increases 

in B(a)P concentrations displayed a lengthened time between the first and second brood. 

The number of living organisms was significantly reduced at the highest B(a)P 

concentrations; for instance, organisms could not survive more than 5, 7 and 14 d at 0.2, 

0.1 and 0.05 mgL'' B(a)P, respectively (Figure 5.2A). In contrast, D. magna from the other 

groups [i.e. control, control + DMF, 0.0125, and 0025 mgL"' B(a)P] survived throughout 

the exposure period. Although both populations growing at 0.1 and 0.2 mgL'' had a smaller 

body size than controls (p < 0.001), there were no significant differences between the 

control groups and the other B(a)P exposed groups (Figure 5.2B). In addition, the size of 

sub-24 h juveniles (first generation) was identical between the following groups control, 

solvent control, 0.0125, 0.025, and 0.05 mgL'' B(a)P (p < 0.05, appendix HI). The length of 

the neonates generated by the population of D. magna exposed to 0.1 mgL'' B(a)P was not 

determined. Finally, the total number of offspring was significantly reduced at 0.025 mgL'' 

and higher B(a)P concentrations (Figure 5.2C and Table 5.1). 
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• B(a)P Mean period f min Maximum Maximum Number Inter Total Age Age Net Intrinsic rate 

concentrations 
1 

to become (days) body size number of of brood number of specific specific productive of natural 

1 

' (mgL-') ovigerous (mm) eggs/female broods period neonates survival fecundity rate increase 

1 (days) (days) (Ix) (mx) (Ro) ( r j 

Blank Control 5±0.00 6 4.03 12 3 ±0.00 3 826.5 ±71.4 5.97±0.04 42.45 ±1.97 42.35±2.13 0.59±0.22 

DMF Control 5 ±0.00 6 3.89 12 3 ±0.00 3 921±I0I .8 5.95±0.07 47,55±2.97 47.17±3.51 0.66 ±0.21 S 

0.0125 5 ±0-00 6 3.9 12 3±0.00 3.5 861.6±I33.6 5.90±0.14 43.78±5.69 43.07±6.68 0.78±0.16 

0.025 5 ±0.00 7 4.03 11 2.5±0.49 4 499±22.6 5.82 ±0.11 26.48 ±2.39 25.63 ±2.09 0.45 ±0.15 

0.05 5.1 ±0.01 6 3.67 11 2 ±0.00 4 227±45,3 4.95 ±0.07 l l . 6 6 ± l . 9 7 l l . 61±1 .90 0.33 ±0.04 

0.1 5.31 ±0.00 7 3.16 9 1 ±0.00 - 40.5±6.4 2.50 ±0 .63 2.08±0.40 2.08±0.40 0.06±0.0I 

1 0.2 - - 2.44 5 0 - 0 1.92±0.03 0 0 0 



Table 5.1 Demographic trends of Dapluiia magna populations under various B(a)P treatments. Values which represent mean ± SD were 

calculated using both replicates (i.e. 40 D. magna per concentration). All parameters were determined throughout the experiment until D. 

magna were unable to swim properly. Parameters such as minimum generation lime {T,„i„), age-specific survival (Ix), age-specific fecundity 

(mx), net reproductive rate (Ro) and intrinsic rate of natural increase (rm) are described in section 3.6.2. Parameters referring to reproduction 

could not always be calculated for the 2 highest B(a)P concentrations (i.e. when number of broods < 2). 
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Figure 5.2 Variation in (A) number of living Daphnia magna per replicate, (B) 

growth, and (C) total number of offspring in populations of Daphnia magna exposed 

to B(a)P. — I — 0 (control), — • — 0 (solvent control), — » — 0.0125, 0.025, 

0.05, —A— 0.1, and — • — 0.2 mgL"' B(a)P. ** indicate a significant difference from 

control (p< 0.01). 
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B(a)P induced some phenotypic changes in D. magna. Figure 5.3 shows that the 

possible malformation of eggs of one animal exposed to 0.05 mgL'' B(a)P for 10 days. In 

addition, the exposed D. magna seemed to be darker compared to the control animal. 

5.3.3 Changes in fitness parameters 

Alterations to the key fitness parameters; age-specific survival (Ix), age-specific 

fecundity (mx), net reproductive rate (R<j) and intrinsic rate of population increase (rm) are 

presented in Table 5.1 and Figure 5.6, before and after transformation respectively (see 

section 3.6.4). D. magna exposed to concentrations higher than 0.05 mgf* exhibited 

reduced life-spans (1 )̂ compared to the controls. Age-specific fecundity (mx) also gradually 

decreased when the population of D. magna was exposed to 0.05 rngf' and higher B(a)P 

concentrations. The intrinsic rate of natural increase and the net productive rate were 

shown to be significantly reduced by increasing B(a)P concentrations above 0.0125 mgL'' 

(p < 0.001). Ro and mx appeared to be the most sensitive fitness parameters, as rm was 

calculated to be only significantly different at 0.1 and 0.2 mgL'' B(a)P. None of the fitness 

parameters appeared to be altered at the lowest hydrocarbon concentration. 

5.3.4 RAPD profiling 

DNA amplified was extracted from moribund, non-swimming (but alive) organisms 

after 14, 7 and 5 days at 0.05, 0.1 and 0.2 mgL'' B(a)P, respectively. For the other groups 

[i.e. control, control + DMF, 0.0125, and 0.025 mgL"' B(a)P], healthy organisms were 

sacrificed after 14 days. RAPD profiles produced by 10-mer primers 0PA9 and 0PB7 are 

shown in Figure 5.4 and 5.5, respectively. The patterns show significant differences 

between unexposed and exposed individuals, with visible changes in the number and size 

of amplified DNA fragments, and both increases and decreases of DNA band intensities. 
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Figure 5.3 Phenotypic effects in Daphnia magna exposed to B(a)P. A) control D. 

magna after 10 days, B) D. magna exposed to 0.05 mgL ' for 10 days. Scale (A and B): 
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Figure 5.4 RAPD profiles of Daphnia magna exposed to B(a)P. A) Patterns generated by 

3 individuals of each concentration (replicate 1). B) and C) Reproducibility of bands 9-1 and 

9-2 from D. magna exposed to 0.025 and 0.05 mgL"', respectively. The numbers and 'm ' 

represent individual animals and a mixture of 4 D. magna, respectively. D) RAPD profiles 
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by 3 individuals of each concentration (replicate 1). B) and C) Reproducibilitv' of bands 7-
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Changes in RAPD patterns were particularly evident with primer 0PA9 (Figure 

5.4A). For instance, extra bands 9-1 and 9-2 generally appeared in the patterns generated 

by exposed D. magna. Since these two bands may also appear in control £>. magna (as very 

faint bands) they could be considered as variation in band intensity. To avoid any 

confusion, they will be always described as extra bands. PGR products produced by B(a)P 

exposed D. magna also disappeared; for example bands 9-3 and 9-4 disappeared and 

reappeared at low and high B(a)P concentrations, respectively. Finally band intensity was 

also subjected to variation. Bands 9-5 and 9-6 represent an example of an increase and a 

decrease in band intensity, respectively. Ghanges in RAPD profiles were also produced 

with primer OPB7 (Figure 5.5) but to a lesser extent in comparison to primer OPA9. For 

instance, extra bands (7-1, 7-2, and 7-3) only appeared in D. magna exposed to 0.025 and 

0.05 mgL"' B(a)P. Variation in band intensity also occurred in RAPD profiles generated by 

the treated population (e.g. bands 7-4, 7-5). Further experiments confirmed that the 

variation in band intensities was not a consequence of either a variation in the 

concentration of template DNA (see appendix III) or a variation in PGR reagent 

concentration (e.g. Tag DNA polymerase) since a master mix was employed. The 

reproducibility of the RAPD profiling method in detecting B(a)P-induced DNA changes 

was also determined using both replicates (Figure 5.4B and 5.4G). This experiment was 

performed to confirm i f extra bands 9-1 and 9-2 appeared in the pattems produced by the 

organisms exposed to 0.025 (Figure 5.4B) and 0.05 (Figure 5.4G) mgL"' B(a)P. The results 

showed that both bands were very reproducible between different individuals and mixtures 

of D. magna. The frequency of bands 9-1 and 9-2 was calculated to be at least of 95% at 

0.025 and 0.05 mgL'' B(a)P. When the same samples were subjected to analysis with 

primer 0PB7, bands 7-1, 7-2 and 7-3 appeared all together or not at all (Figure 5.5B and 

5.5G). The frequency with which these bands appeared at 0.025 (Figure 5.5B) and 0.05 

(Figure 5.5G) mgL'' B(a)P was calculated to be of 42 % and 87 %, respectively. 
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An accessory experiment designed to determine the effects of B(a)P exposure on 

subsequent generations of D. magna was performed by comparing profiles of pooled DNA 

from the offspring (last generation) of B(a)P exposed animals against the banding pattern 

obtained with maternal DNA with primer 0PA9 (Figure 5.4D) and 0PB7 (Figure 5.5D). 

Figure 5.4D revealed that band 9-1 clearly appeared in RAPD profiles generated by the last 

generation of offspring [except for replicate 1 at 0.0125 mgL"' B(a)P]. Results also indicate 

that extra bands (7-1, 7-2, 7-3) present in maternal DNA profiles were not visible in 

neonatal profiles at low concentrations of B(a)P (0.0125 and 0.025 mgL"') but may appear 

at higher concentrations (0.05 mgL"', replicate 1). 

5.3.5 Comparison of fitness parameters with RAPD profiles 

To compare the sensitivity of Ix, m.x, rm, and Ro with genomic template stability, 

changes in each parameter were calculated as a percentage of their control value (set to 100 

% ) . A l l the parameters presented in Figure 6.6 were measured until D. magna were unable 

to swim but still alive after 14, 7 and 5 d at 0.05, 0.1 and 0.2 mgL'' B(a)P, respectively. For 

the other groups [i.e. control, control + DMF, 0.0125, and 0025 mgL"' B(a)P], the measures 

were performed throughout the experiment. Changes in RAPD profiles were expressed as 

reduction in genomic template stability (a qualitative measure reflecting the obvious 

changes to the number and intensity of DNA bands in DNA patterns generated by toxicant-

exposed daphnids) in relation to profiles obtained from control D. magna. Before 

transformation (i.e. control value set to 100 % ) , the genomic template stability was 96.5, 

91.3, 63.4, 44.9,28.6, 46.3, and 53.6% in control, control + DMF, 0.0125, 0.025, 0.05, 0.1, 

and 0.2 mgL"' B(a)P, respectively. These values were calculated with primer 0PA9 and 

0PB7. Although mx and Ro are the most sensitive fitness parameters, changes in DNA 

profiles are more sensitive than any other population parameters. Interestingly, based on 

observation, fitness parameters were found to be negatively correlated to B(a)P 
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Figure 5.6 Comparison between key fitness parameters and genomic template stability (GTS) in populations of Daphnia magna 

exposed to B(a)P. Ix = age-specific survival; mx= age-specific fecundity; Ro= net reproductive rate, and rm = intrinsic rate of natural increase. 

B 0 (control), • 0 (solvent control), • 0.0125,0 0.025, • 0.05, E! 0.1, and • 0.2 mgL"' B(a)P. • and ** indicate a significant difference from 

control (p < 0.05 and p < 0.01, respectively). Error bars represent standard deviation. 



concentrations, whereas the genomic template stability followed a reversed Gauss curve 

(Figure 5.6). Genomic template stability was subjected to a gradual decrease in the range 

0.0125-0.05 mgL'* B(a)P, but it increased at the 2 highest B(a)P concentrations in 

comparison to 0.05 mgL"' B(a)P, 

5.4 Discussion 

In ecotoxicology, the specific evaluation and environmental monitoring of 

potentially genotoxic agents would be improved with the development of sensitive and 

selective methods to detect toxicant-induced alterations in the genomes of a wide range of 

biota. Nevertheless, the value of such procedures would be further enhanced by linking 

molecular/cellular effects to higher order changes such as reductions in Darwinian fitness 

and decreases in species diversity (Wurgler and Kramers, 1992; Anderson ef a/., 1994b; 

Depledge, 1994a). This study evaluates the suitability of a DNA-profiling/fingerprinting 

assay combined with the measurement of parameters at the population level with the 

objective to better understand the impact of B(a)P on D. magna. 

RAPD profiles detect alterations to genomic DNA through the use of randomly 

primed PGR reactions. These effects include changes in oligonucleotide priming sites and 

variations in the activity of the Tag DNA polymerase. Such effects lead to visible changes 

in the electrophoretic profiles of RAPD reaction products. Changes include the appearance 

of extra amplified bands, the apparent disappearance of amplified bands, and the changes 

in amplified band fluorescence. However, although obvious changes occurred in RAPD 

profiles obtained from the exposed population, there were no obvious trends among 

patterns obtained at the different B(a)P concentrations. New PGR amplification products 

may reveal a change in the DNA sequence due to point mutations [resulting in (a) new 

annealing event(s)], and/or large deletions (bringing 2 pre-existing annealing sites closer), 
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and/or homologous recombination (juxtaposing 2 sequences that match the sequence of the 

primer) and/or structural effects (see below). Indeed, this method (in fact, the AP-PCR 

technique) has already been successfully used for the detection of mutations (lonov et aL, 

1993; Peinado ei aL, 1992). Following exposure to mutagens, DNA replication (Christner 

et a/., 1994; Lawrence and Hinkle, 1996) and error-prone DNA repair (Sancar and Sancar, 

1988) are generally implicated in generating mutations (Livneh et aL, 1993). Although the 

experiment did not exceed 14 days, DNA replication occurred at an intensive rate since D. 

magna have a rapid growth rate (Figure 5.2B). Thus, the frequency of mutations in the 

exposed populations may be elevated compared to control D. magna. Although new PCR 

products can be amplified i f a mutation occurs within the annealing site, the probability 

that a mutation wil l arise within such small regions wil l be low in comparison to the rest of 

the genome. However, the RAPD assay can potentially detect mutations in a much larger 

region than that covered by the priming binding sites (Bowditch et aL, 1993). For instance, 

new annealing events could be aUributed indirectly to mutations inducing genomic 

structural changes (please see below). Mutations can only be responsible for the appearance 

of new bands i f they occur at the same locus in at least a minimum number of cells to be 

amplified by PCR. This is likely as numerous studies have reported 'hot spot' interactions 

between DNA and metabolised B(a)P products (Boles and Hogan; 1984; Ross et aL, 1994; 

Ross and Nesnow, 1999). It is now well established that genotoxins leave fingerprints 

because of specific binding to the target genomic DNA (Vogelstein and ICinzler, 1992). 

Changes in RAPD profiles (e.g. appearance of new amplicons) may also result from 

structural changes induced by B(a)P adducts, mutations and/or by non genotoxic events 

such as transposition and DNA amplification. The presence of bulky adducts (Shugart et 

aL, 1987) which potentially block the PCR enzyme (Moore et aL, 1981; Huang et aL, 

1993; Van Beerendonk et aL, 1994) are expected to have significant effects on RAPD 

profiles. The Taq DNA polymerase may also bypass a DNA adduct, a process which is 
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conditioned by the local sequence context, the conformation of the adduct, and the nature 

of the polymerase (Ide et ai, 1991). Furthermore, the disappearance of bands is not likely 

to be due to random mutations because the same event must happen in most o f the cells i f 

not all. Finally, the third observed change in ElAPD pattems, the variation in band intensity, 

is likely to be due to the sum of all DNA alterations (e.g. B(a)P adducts, mutations, 

rearrangements, structural changes) induced by B(a)P. hi an unrelated work, RAPD profiles 

generated from rats exposed to benzo(a)pyrene revealed appearing and disappearing bands 

in comparison to control RAPD pattems (Sawa el al., 1994). Sawa (1996) hypothesised 

that DNA adduct formation would alter the DNA fingerprint of individuals due to the fact 

that the presence of an adduct in a priming site on the DNA would prevent the binding of 

the primer to that priming site. In addition, the DNA fingerprints wil l be altered when 

priming sites are lost or gained as a result of mutations and when certain PGR products are 

not synthesised as a result of DNA strand breaks (Sawa, 1996). 

Variation among RAPD profiles can be estimated by calculating indexes such as the 

band sharing index or the nucleon diversity index. The band sharing index involves the 

calculation of the fraction of bands which are shared between individuals (Lynch, 1990). 

The nucleon diversity index relies upon the band pattern frequencies o f the population 

(Nei, 1987). Genetic distances between populations can then be calculated using Roger's 

genetic distance (Nei, 1987) and dendrograms can be drawn using the neighbour-joining 

algorithm (Saitou and Nei, 1987). One of our objectives was to compare the variation in 

RAPD profiles with the effects arising at the population level. However, the different 

indexes documented in the literature were not appropriate because o f the relatively 

complex calculations involved. The band sharing index, despite being very simple to 

estimate, was discarded because it does not take into consideration the absence o f bands in 

profiles. Therefore, a simple method of calculating the variation in RAPD profiles was 

developed. In this smdy, we have defined the genomic template stability, a qualitative 

(40 



index taking into account the obvious variations occurring in RAPD profiles in comparison 

to control patterns. This index is directly related to the extent of DNA damage, mutations, 

the efficiency of DNA repair and replication, and possibly to other effects occurring at the 

DNA level. A high level of DNA damage does not necessarily decrease the genomic 

template stability (in comparison to a low level of DNA alterations) because DNA repair 

and replication may be inhibited due to excessive, lethal actions of the B(a)P induced 

adducts. I f the survivorship of a population is affected, a toxic effect can completely inhibit 

a biological response (e.g. fitness parameters); in contrast, the genomic template stability 

cannot be completely affected because the induction of DNA damage may not increase 

linearly (plateau effect). Furthermore, since genomic template stability is likely to be 

related to all kinds of DNA effects, it would be difficult to anticipate a dose-response 

relationship. In this context, the genomic template stability could be misleading; for 

instance, it displayed the same value at 0.025 and 0.1 mgL'' B(a)P (Figure 5.6). However, 

to better understand the effect of B(a)P on D. magna, the changes in RAPD profiles must 

be interpreted carefully. Indeed, each change in RAPD profile may have specific 

significance(s) and the measure of some parameters at the population level can facilitate 

the interpretation of the data at the molecular level. For instance, a significant reduction in 

growth correlates with a significant inhibition in DNA replication, suggesting that the 

extent of DNA damage may be important in the majority of the cells. Unfortunately, since 

genomic DNA and proteins are affected by B(a)P, with consequent toxic and genotoxic 

effects, it may be difficult to discern clear relationships. 

It is proposed that alterations to RAPD profiles can be regarded as alterations in 

genomic DNA template stability and that this quzditative measure of DNA effects can be 

directly compared with changes in key Darwinian fitness parameters. The results from this 

experiment clearly suggest that genomic DNA template stability, can be a more sensitive 

reflection than growth parameters and of at least equal or even greater sensitivity than other 
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measures of fitness such as age-specific survival, 9ge-specific fecundity, net-reproductive 

rate and the intrinsic rate of population increase. It is also important to note fi'om this series 

of experiments, that RAPD profiling can detect DNA changes earlier than other changes in 

conventional toxicity assays measuring fitness parameters. Af^er exposing larval Xenopus 

laevis to B(a)P, Sadinski et al. (1995) suggested that DNA adducts and micronuclei were 

sensitive measures of sublethal DNA damage, as well as possible short-term indicators of 

indirect effects on fitness parameters. The present study using a novel and simple approach 

also supports this notion in a clonal freshwater invertebrate species. 

Figures 5.4D and 5.5D shows that changes in RAPD profiles generated by the 

exposed populations can be transmitted to the neonates. However, since neonates were 

exposed to B(a)P for a short period (maximum 24 h) changes in RAPD profiles may be 

attributed to the direct action of B(a)P. However, i f the length of time was not sufficient to 

induce changes in neonatal panems some of the modifications in parental D. magna could 

be transmitted to the next generation. This could implicate the occurrence of mutation in 

non-somatic cells. This possibility was investigated in more details in chapter 10. 

The 96h-LG50 for D. pulex to B(a)P has been reported in the literature as, for 

instance, 5 | igL' ' B(a)P (Trucco et al, 1983), and 50 ^igL"' B(a)P (Covers et al., 1984). In 

the present study, the 48h-LG50 of B(a)P for D. magna (clone 5) was 250 | igL ' ' B(a)P. 

However, the great variability among different studies makes direct comparisons difficult 

because the toxicity of a compound depends on diverse parameters such as the quality of 

the medium, amount of food and the use of different clones of the same species (Meador, 

1991; Scares et al., 1992; Koivisto and Ketola, 1995) and obviously the duration of the 

experiment. The growth experiment suggested that D. magna exposed to 0.1 and 0.2 mgL'' 

B(a)P had a size significantly reduced. By attaining reproductive maturity at a smaller body 

size, the D. magna are able to buffer the impact of lower body growth rate on the age at the 

first reproduction (Lynch, 1985). Generally, when food is limited, D. magna generate fewer 
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but larger neonates compared to organisms fed adequate amounts of food (Enserik et al., 

1993). Thus, the identical size of the neonates at first reproduction (see appendix III) plus 

the fact that growth rates were a good indicator of the intrinsic rate of population increase 

(rm) (Lampert and Trubetskova, 1996) suggests that the decrease in size at maturity was 

more readily ascribed to a direct toxic effect of B(a)P. In other words, the effects on growth 

were not due to a limitation in food levels due to B(a)P. The data also indicate that D. 

magna exposed to gradual increases in B(a)P concentrations lengthened the time between 

the first and second brood. This response is generally known to lessen the impact of 

adverse effects on survival and the number of offspring at each breeding (Calow et a/., 

1997). Finally, at least one of the D. magna exposed to 0.05 mgL"' B(a)P revealed the 

presence of malformed eggs in its brood pouch. However, this result has to be considered 

as an illustration since it was not our intention to screen for the presence of abnormalities. 

Environmental pollutants including genotoxins have been shown to induce malformations 

in numerous studies (Kubota ei al., 1992; Sundelin and Eriksson, 1998; Brown et al., 

1999). In addition the exposed animal seemed to be darker than the control D. magna. This 

could be due to a high level of hemoglobin in the treated animal. Indeed it is well known 

that pale Daphnia (haemoglobin poor) lives in well-aerated water, while red Daphnia 

(haemoglobin rich) lives in low oxygen concentration (Kobayashi and Hoshi, 1982). 

Results suggested that changes in RAPD profiles generated from the B(a)P exposed 

population were not always easy to interpret. For example, with primer OPA9 extra bands 

9-1 and 9-2 appeared for all B(a)P concentrations (Figure 5.4A) whereas with primer 0PB7 

extra bands 7-1, 7-2, and 7-3 appeared only at 0.025 and 0.05 mgL"' B(a)P (Figure 5.5A). 

The RAPD method allows a qualitative assessment of the DNA effects. Aldiough 

quantitative data can be generated after scoring of the DNA fingerprints, the RAPD cannot 

be used to quantify the DNA effects. We hypothesise that the RAPD technique could give 

an overview of genotoxicity due to its potential to detect DNA damage (e.g. DNA adducts, 
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DNA breaks) and mutations. Whilst the RAPD technique clearly shows promise in the 

detection of pollutant-induced DNA effects, a great deal of further experimentation and 

validation is required. Firstly, it seems primordial to evaluate the potential of the RAPD 

assay to detect other genotoxin-induced DNA effects. Secondly, it is fundamental to 

investigate the relationship between each DNA lesion as well as mutation and their 

potential effects on RAPD profiles. Thirdly, as this study shows that the RAPD technology 

has the potential to detect B(a)P-induced DNA damage, future work should focus on the 

determination of sensitivity and selectivity of the RAPD technique by comparison with pre

existing DNA analysis methodologies [e.g. •'̂ P postlabelling (Gupta et aL, 1982), comet 

assay (Singh et aL, 1994)]. It is also important to assess the performance of this assay in the 

detection of chromosomal aberrations and mutations. Using this approach it should then be 

possible to determine the general applicability of this method to the detection of DNA 

effects under in vitro and in vivo conditions and the specific ability of RAPD to evaluate 

pollutant-induced genotoxicity in natural populations of invertebrate animals. 

In conclusion, the RAPD technique shows potential as a reliable and reproducible 

assay for the detection of DNA effects induced by B(a)P in D. magna. Furthermore, the 

present study suggests that, when coupled with the measurement of pollutant induced 

effects at higher levels of biological organisation, this technique could prove to be a usefijl 

ecotoxicological tool. Nevertheless, it is clear that more studies are needed to assess the 

potential of the RAPD technique to detect DNA effects induced by other well known 

genotoxins using D. magna and possibly other species. 
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C O M P A R I S O N O F U L T R A V I O L E T R A D I A T I O N -

I N D U C E D DNA E F F E C T S D E T E C T E D B Y RAPD W I T H 

C H L O R O P H Y L L F L U O R E S C E N C E AND G R O W T H IN 

A M A R I N E M A C R O A L G A E , PALMARIA PALMATA 



6.1 Introduction 

To further examine the use of the ElAPD for the detection of toxicant-induced DNA 
effects, this chapter investigated the effects of UV radiation, a physical genotoxin, as 
opposed to chapter 5 where a chemical genotoxin was utilised. UV radiation seemed a 
suitable 'candidate' not only because it is known to be mutagenic and carcinogenic 
(Anathaswamy and Pierceall, 1990) but also because the effect of UV radiation on DNA is 
well documented mainly in plants and mammals (e.g. Tachibana et ai., 1990; Stapleton, 
1992; Liu and Smerdon, 1995; Akiyama et al,, 1996; Stapleton et al., 1997). In addition, 
UV radiation has a timely relevance given the current debate about ozone depletion and the 
likely ecological effects. 

There is great concern about ozone depletion in the earth's upper atmosphere and 

the associated higher levels of UV-B (280-320 nm) radiation which have the potential to 

adversely affect terrestrial and marine biota [World Health Organisation (WHO), 1994; 

Lumsden, 1997; Cordi et al., 1999]. The role of the ozone layer is fundamental since it 

shields the earth from biologically damaging solar radiations. UV-B radiations which are 

absorbed by DNA, the most important cellular target, induce photochemical damage. 

Although DNA damage is usually accurately and efficiently repaired (Witkin, 1976; 

Szymkowski et al., 1993; Todo et al., 1993; Britt, 1995), in the case of a high level of 

DNA lesions, some of the alterations to the DNA may remain as permanent mutations 

(Hutchinson, 1987; Livneh et al., 1993) and may initiate carcinogenesis (Brash, 1988; 

WHO, 1994), Numerous t>T3es of UV induced DNA damage include strand breaks (single 

and double), monomeric photoproducts (e.g. thymine glycols, pyrimidine hydrates, 8-

hydroxyguanine), and dimeric photoproducts [e.g. cyclobutane pyrimidine dimers and 

pyrimidine (6-4) pyrimidone] (Taylor et al., 1997). The major dimeric photoproducts are 

illustrated in Figure 6.1. Other lesions can be formed in DNA molecules by UV radiation 
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Cyclobutane Dimer 

UV Radiation 

(6-4) Photoproduct Dewar Photoproduct 

Figure 6.1 The major dimeric photoproducts formed in DNA as a result of UV 

radiation. Reprinted from 'The induction and repair of DNA photodamage in the 

environment', Mitchell and Karentz, 1993, in Environmental UV photobiology. Young 

(ed.), with permission from Plenum press. 
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and include DNA-protein crosslinks and also larger-scale genetic alterations such as 

chromosome breakage, sister chromatid exchanges and chromatid aberrations (McLennan, 

1987). However, pyrimidine dimers which are toxic and mutagenic lesions are 

characteristic of the direct absorption that occurs at shorter UV wavelengths whereas strand 

breaks and 8-hydroxyguanine type lesions become increasingly important at longer 

wavelengths (WHO, 1994). Finally, UV radiation can also damage many other cellular 

targets such as RNA, proteins and lipids, hi cellular and molecular studies, it has been 

found that the primary products of UV exposure are generally reactive species or free 

radicals which can rapidly form and may produce effects that last for hours, days or, in 

some cases, years (WHO, 1994). 

The aims of this study were (a) to evaluate the suitability of the RAPD method to 

detect UV-induced DNA effects in the marine macroalga, P. palmata, and (b) to compare 

the sensitivity of genomic template stability with changes in chlorophyll fluorescence and 

growth after exposure to UV radiation. 

6.2 Materials and methods 

This study was performed in collaboration with Dr Britt Cordi, who conducted the 

exposure as well as the measurement of chlorophyll fluorescence and growth. 

6.2.1 Collection of macroalgae 

The macroalgae P. palmata (Rhodophyta) (see section 3.1.3) was collected at low 

tide from Wembury on the south-west coast of Devon, UK (50° latitude) between May and 

June 1997 (sea water temperature: IO**C). The thalli were harvested 24 h prior to the 

experiments and maintained in filtered sea water at constant temperature (15°C) and in low 
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light conditions (25 nmol m'^ s'', fluorescent tubes Philips TLD 32W/83 HF, Holland) in 

growth cabinets. 

6.2.2 UV treatments 

Thalli were cut to a length of approximately 3 cm and covered with filtered sea 

water to a depth of 1.5 cm per Petri dish. Each dish was exposed to the various treatments 

for 3 h (n = 4 per Petri dish). Photosynthetically active radiation (PAR) and temperature 

conditions were identical to those in the acclimatisation period. PAR was measured with a 

PAR meter (Sky Instruments). UV-B was supplied by two UV-B tubes (Philips TL ' 

20W/12 RS, Holland) and UV-A by two UV-A tubes (Philips 1609 15 W, Holland). A 

constant UV-A irradiance of 1.3 W m'^, which is approximately 4 times less than that 

calculated at 50° latitude in December (Driscoll et al, 1992), was included in all UV-B 

treatments. The total irradiance of both UV-A and UV-B tubes was measured using UV-B 

(MP-229) and UV-A (MP-236) cosine sensors (MicroPulse Technology Ltd., UK). These 

sensors were calibrated in the experimental light field against a double monochromator 

spectroradiometer (model SR 9910, Macam Photometries Ltd., UK). UV light was filtered 

with 35 | im cellulose diacetate foil which showed 0 % tremsmission below 286 nm (UV-C). 

For the control thalli, UV tubes were covered with Mylar 125 D which showed 0 % 

transmission below 320 nm (i.e. filtering out UV-B). 

Irradiances and doses used in the UV-B treatments are listed in Table 6.1. The 

weighted UV-B doses were calculated according to the generalised plant response action 

spectrum normalised at 300 nm (Caldwell, 1971), The corresponding percentage ozone 

depletion was calculated for 15.07.97 at Plymouth (UK) during clear sky conditions using 

the computer model of Bjom and Murphy (1985). The relatively high UV-B irradiance 

values were chosen to investigate the entire range of the exposure-response curves. 
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Table 6.1 Exposure irradiances and doses used in the experiment. 

UV-B irradiance (W m"̂ ) 0 1.4 2.6 9.0 12.7 

Unweighted UV-B dose (kJ m"̂ ) 0 15.1 28.1 97.2 137.2 

Weighted UV-B dose (kJ m" )̂ 0 4.3 7.9 27.4 38.7 

Calculated ozone depletion (%) 
0 Ambient 

August 

17 41 100 
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6.2.3 Measurements of chlorphyll fluoresence 

In vivo chlorophyll fluorescence was measured with a Plant Efficiency Analyser 
(Hansatech instruments). The ratio Fv/Fm was determined before, immediately after, 21 h 
and 45 h after the UV exposure of 3 h. Fm is the maximal fluorescence, Fo the initial 
fluorescence and Fv is Fm - FQ. Before the measurements the thalli were dark-adapted for 
10 min to ensure an oxidised electron transport chain. Prolonged dark adaptation (25 min) 
showed no change in Fo and Fm. The fluorescence was initiated by 1 second of red light 
pulses with a peak wavelength of 650 nm and an intensity of 3000 ^imol/m^/s. Illumination 
was provided by an array of 6 high intensity light emitting diodes (Hansatech instruments) 
which were focused onto the thallus surface to provide even illumination. 

6.2.4 Growth measurements 

The physiological variables were related to differences in thallus growth by 

measuring the increase in thallus area using a Quantimet 570 Automatic Image Analyser 

(Cambridge Instruments, Cambridge, UK) during a two week period. The process of image 

capture, image processing and measurements was programmed using QBASIC the 

command language of the Quantimet. Distance and light intensity were calibrated prior to 

measurements. 

6.2.5 Generation of Pahnaria palmata DNA profiles using RAPD 

Total DNA from P. palmata was extracted and purified using a conventional 

phenol/chloroform method as described in section 3.2.2.\. The extracted DNA was 

electrophoresed in 1.2 % agarose gels at 100 V for 2 h and the DNA concentration of 

unknown samples was determined by comparison with known amounts of Lambda phage 

DNA (see section 3.3.1). DNA profiles of P. palmata were generated using the decamer 

oligonucleotides, 0PA9, OPBl, 0PB5, 0PB14, and 0PB17 (see section 3.4.2) under the 
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optimised conditions as described in section 3.4,1. PGR products were then 

electrophoresed in 1.2 % agarose gel at 90 V for 6 h, stained with ethidium bromide and 

visualised under UV light. A photograph was also taken and the image of the gel was saved 

electronically for further analysis when necessary (see section 3.5). Genomic template 

stability was calculated as described in section 3.6.3 and appendix I I . The intensity of 

selected bands was determined using the Kodak Digital Science™ 1 D (see section 3.5). 

6.2.6 Transformation of the data 

To compare the sensitivity of each parameter [genomic template stability, 

chlorophyll fluorescence (Fv/Fm), and growth rate], changes in these values were calculated 

as a percentage of their control value (set to 100 % ) . 

6.2.7 Statistical analysis of chlorophvll fluorescence, thallus growth and genomic 

template stability 

Statistical analyses were conducted using software package Statgraphics 

(Statgraphics plus for Windows version 3.1, Statistical Graphics, USA). For Fv/Fm data, 

the spectrophotomelric measurements and growth data, sequential sampling of each thallus 

at all time periods was performed so each thallus could act as its own control. Inter-

individual variability was thus taken into account in the statistical analysis. A multivariate 

analysis of variance (ANOVA) for repeated measurements was applied. I f the above tests 

showed significant differences between groups and overall significant time-treatment 

interaction, Bonferoni tests were conducted to find where significant differences occurred 

(Milliken and Johnson, 1984). Growth data was analysed using multiple regression 

analysis. Slopes of the regression lines were determined on log transformed data. This part 

was performed by Dr Britt Cordi (University of Plymouth, UK). For more details please see 

Cordi etal., 1997. 

151 



GTS was statistically tested by performing one-way analysis of variance. The LSD 

(least significance difference) test was used to reveal statistical differences. Statistical 

analyses were performed using the software package STATGRAPHICS (Statgraphics plus 

for Windows version 3.1, Statistical Graphics, USA). 

6.2,8 Effect of DNA concentration on band intensity 

In order to investigate the effect of DNA concentration {P. palmata) on band 

intensity, a number of bands were selected across the width of the gels and the intensities 

were determined using the image analysis software. This extra experiment was performed 

on control P. palmata. The band which displayed the highest intensity was given the 

arbitrary score of 100 % and intensities of other bands were calculated as a percentage of 

their control value. Finally, data were pooled to calculate average and standard deviation. 

63 Results 

6,3.1 Measurements of chlorophyll fluorescence and growth rate 

The results concerning the chlorophyll fluorescence and growth of the present study 

have previously been reported in Cordi et al. (1997). The effects of UV exposure on Fy/Fm 

ratio, and growth rates of P. palmata are recorded in Table 6.2. Briefly, reduced levels of 

chlorophyll fluorescence were measured with increasing UV-B irradiance. After a recovery 

period of 45 h, only thalli exposed to UV-A or the lowest UV-B irradiance (1.4 W m"^) 

exhibited increases in chlorophyll fluorescence. Thalli exposed to 1.3 W m"^ UV-A and 1.4 

W m'^ UV-B suffered 25 and 58 % reductions in growth rate, respectively compared to 

controls. Thalli exposed to higher UV-B levels were unable to grow. 
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Table 6.2 Chlorophyll fluorescence and growth rate measured after exposure of Paimaria palmata to UV radiation, f indicate that the 

algae was irradiated with UV-A only (in W m"^). For more details, please see Cordi et al 1997. 

Time after 

UV exposure 

(h) 

Chlorophyll fluorescence and 

growth rate 

UV-B irradiance (W m'̂ ) 

0 1.3^ 1.4 2.6 9.0 12.7 

0 

Chlorophyll fluorescence, 

Fv/Fm ratio (%) 100 80 42 47 0 0 

21 

Recovery experiment 

Chlorophyll fluorescence, 

Fv/Fm ratio (%) 

100 88 54 32 0 0 

45 
Recovery experiment 

Chlorophyll fluorescence, 

Fv/Fm ratio (%) 

100 91 58 5 0 0 

- Growth rate (%) until day 11 100 75 42 0 0 0 



6.3.2 RAPD DNA profiling 

In total five 10-mer priming oligonucleotides were used to analyse the results. In all 

cases, RAPD patterns generated by UV-exposed algae were different fi-om those obtained 

using control DNA (Figure 6.2 and appendix lU). DNA patterns generated by each 

treatment group were reproducible, although each RAPD profile was obtained fi-om 

individual alga. The principal events observed following the UV exposure were a variation 

in the band intensity, as well as the disappearance and appearance of new bands (Figure 

6.2). Selected changes in comparison to control profiles are indicated in Figure 6.2. Table 

6.3 presents a summary of all RAPD profile modifications while Figure 6.3 displays the 

analysis of band intensity. The decrease in band intensity was particularly obvious for algae 

exposed to the two highest UV-B irradiances (9.0 and 12.7 W m"^). In contrast, an increase 

in band intensity occurred for the three lowest UV irradiances (UV-A and UV-B 

irradiances of 1.4 and 2.6 W m"^). The number of disappearing RAPD bands which 

occurred for all UV irradiances tested, was greater at higher UV-B irradiances. Only bands 

of molecular size greater than 1 Kb were shown to disappear (Figure 6.2). Finally, extra 

bands appeared for the three lowest UV irradiances; this event occurred, however, very 

rarely for 9.0 W m'^ and never for 12.4 W m'^ 

In order to investigate the effect of DNA concentration on band intensity, 8 bands 

have been selected from Figure 6.4A and 6.4B (all bands except Bl-2) . The band which 

displayed the highest intensity was given the arbitrary score of 100 % and the intensities of 

the other bands (of same molecular weight) were calculated as a percentage of their control 

value. The results clearly showed that there was very little variation in band intensities 

within the range 1-120 ng of genomic DNA (Figure 6.5). Thus, the changes in band 

intensities observed from the UV-exposed algae were unlikely to be due to a variation in 

DNA concentration (Figures 6.4 and 6.5) as PGR reactions were performed using 

approximately 10 ng DNA. However, although most of the bands followed the type of 
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UV-B (Wm -) 

12.7 UV-B (Wm-) 
M 

Figure 6.2 RAPD profiles of Palmaria palmata exposed to UV radiation. RAPD 

reactions were performed using oligonucleotide primers 0PA9 (A), OPBl (B), OPBl4 (C), 

and OPBl7 (D). UV-B irradiances as indicated at the top of each gel. * indicates that the 

alga were exposed to UV-A only. Each line represents an individual algae. M: 1 Kb DNA 
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M _ 
1.3' 1.4 

1 I 1 [ 
2.6 9.0 

1 I 
12.7 UV-B (Wm 

I I 1 M ' 

UV-B (Wm -) 

ladder (BRL). The molecular sizes (Kb) are indicated on the left of each gel. -: no DNA 

control. Selected changes are indicated by arrows in comparison to control patterns; *: 

variation in band intensities, +: appearance of a new band, and -: disappearance of a band. 
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Table 6.3 RAPD profile changes after exposure of Palmaria palmata to UV radiation. Numbers indicate the frequency in % of each 

event described in the table. Results were generated using approximately 18 bands for each UV irradiance. t indicate that the algae was 

irradiated with UV-A only (in W m'^). 

Changes in RAPD profiles 

compared with the control 

UV-B irradiance (W m"̂ ) 

1.3̂  1.4 2.6 9.0 12.7 

Appearance of bands 5 10 5 5 0 

Disappearance of bands 10 10 15 30 40 

Decrease in band intensities 5 15 15 50 60 

Increase in band intensities 80 65 65 15 0 
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Figure 6.3 Variation in band intensities selected from RAPD profiles generated by 

UV-exposed Palmaria palmata, A total of 10 relatively intense bands appearing across the 

width of the gels were arbitrarily selected. The band intensities were calculated as a 

percentage of its own control value (set to 100 % ) . Average and standard deviation were 

calculated with the 10 selected bands. The figures in parentheses above the standard 

deviation indicate the number of bands (out of 10) being significantly different from 

control (*: p < 0.05). f indicate that the algae was irradiated with UV-A only (in W m"^). 
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Figure 6.4 Effect of DNA concentration (Paimaria palmata) on band intensit>. RAPD 

reactions were performed using oligonucleotide primers OPA9 (A) and OPBl (B). DNA 

concentration as indicated on the top of each gel. Six bands were selected from Figure 6.4A 

(B9-1 to B.9.6), and three from figure 6.4B (Bl-1. B l -2 , Bl -3) . M : I Kb DNA ladder 

(BRL). The molecular sizes (kb) are indicated on the left of each gel. -: no DNA control. 

PCR reactions were performed under optimised conditions except for DNA concentrations. 
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Figure 6.5 Effect of DN.A concentration (Palmaria palmata) on band intensit>. Eight 

bands were selected from Figure 6.4 (all bands except Bl-2) and the average and standard 

deviation were calculated. 
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curve displayed in Figure 6.5, band intensity (e.g. Bl -2 in Figure 6.4B) followed another 

type of curve. The intensity of band Bl-2 increased with decreasing DNA concentration 

(appendix III). 

6.3.3 Comparison of chlorophvll fluorescence, thallus growth and RAPD profiles 

In Figure 6.6, the genomic template stability, a qualitative measure reflecting 

changes in RAPD patterns, was used to compare the modifications in RAPD profiles with 

reductions in chlorophyll fluorescence (Fy/Fm ratio) and growth rates. Following exposure 

to increasing UV-B irradiance, chlorophyll fluorescence and growth rates decreased 

gradually to zero. In contrast, the genomic template stability decreased after exposure to 

UV-A, but stabilised after UV-B exposure, varying from 52-60%. 

6.4 Discussion 

This study evaluates the suitability of a DNA-profiling/fingerprinting assay 

combined with the measurement of parameters at population level with the objective to 

better understand the impact of UV radiation on P. palmata. Although the effects of UV 

irradiance on the genetic material (Stapleton et al., 1997), physiological parameters (e.g. 

photosynthesis, chlorophyll fluorescence, reviewed by Franklin and Forster, 1997) and 

decreased growth rates (Grobe and Murphy, 1994) have been studied separately, to our 

knowledge, there has been no attempt to elucidate the potential consequences of induced 

DNA damage on the physiology and Darwinian fitness parameters of exposed populations. 

The effect of UV-B on marine biota is of particular interest as it may lead to a 

reduction in survival and productivity (Hader el al,, 1995). Investigations into the effects of 

enhanced UV-B radiation on phytoplankton and macroalgae are of great importance, as 
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Figure 6.6 Comparison among chlorophyll fluorescence, thallus growth, and genomic template stability in populations of Palmaria palmata 

exposed to UV radiation. The different limes represent the length of time (h) following the 3 h of UV exposure. * indicate that the algae was ^ 

irradiated with UV-A only (in W m-^). All the measured parameters were significantly different from control values (p < 0.05) apart from growth at 

1.3 W m" .̂ Error bars represent standard deviation. 



these vital primary producers form the basis of aquatic food webs (Houghton and 

Woodwell, 1989). In addition, since UV-B radiation can penetrate to ecologically 

significant depths in water, aquatic life in the upper layers of the hydrosphere may be at 

risk (Hadere/ a/., 1995). 

Previous studies have shown that changes in band patterns observed in DNA 

fingerprint analyses reflect DNA alterations from single base changes to complex 

chromosomal rearrangements (White et al., 1990; Welsh et ai, 1991). Similarly, in the 

present study, DNA effects induced by UV-radiation reflected changes in RAPD profiles. 

The present study clearly demonstrated that the variation in band intensity could not be 

attributed to a variation in DNA concentration, neither to variation in one of the PGR 

component as a master mix was employed. The variation in band intensities and the 

disappearance of bands may be attributed to the presence of DNA photoproducts (e.g., 

thymine dimers, 6-4 photoproducts), which can act to block or reduce (bypass event) the 

polymerisation of DNA in the PGR reaction (Donahue et al., 1994; Nelson et al., 1996a). 

The number of disappearing bands increased with increasing UV-B irradiation; this 

suggested that the frequency of DNA photoproducts increased with increasing UV-B 

irradiance. 

As well as the disappearance of some bands, extra bands were also detected in 

RAPD profiles (Figure 6.2). New PGR amplification products may occur because 

mutations including point mutations and large rearrangements arose in the genome of UV-

irradiated macroalgae. Please refer to the discussion in chapter 5 for more details. Unlike 

mammals, plant cells enter meiosis only after significant vegetative growth. In this context, 

the induction of mutations, which accumulate over time in the somatic tissue, may 

therefore be passed to the gametophytes (Walbot and Cullis, 1985). This could have 

implications for the long-term survival of the species (Wurgler and Krammer, 1992). 

Mutations can only be responsible for the appearance of new bands i f they occur at the 
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same locus in a sufficient number of cells to be amplified by PGR. Pyrimidine 

photoproducts are produced by UV radiation (Varghese and Wang, 1968), and thus 

following DNA replication of unrepaired bases, 'hot spot' mutations can be generated 

(Kamiya et al., 1993; Nelson et al, 1996b). Appearing bands may also be the result of 

structural changes induced by DNA photoproducts. The trans-syn-thymine dimer bends and 

unwinds DNA by approximately 22 and 15 degrees, respectively (Wang and Taylor, 1991). 

In another study, Hanawalt (1998) reported that cyclobutane pyrimidine dimers are formed 

abundantly compared to the 6-4 pyrimidine-pyrimidione photoproduct, but that the latter is 

the more distorting lesion, bending the DNA about 44 degrees, while the cyclobutane 

pyrimidine dimers bend the DNA only 9 degrees. Both of these lesions are subject to 

nucleotide excision repair but the 6-4 photoproduct is repaired more rapidly than the 

pyrimidine dimers (Lindahl, 1993). In the present study, the appearance of extra bands 

occurs principally in the three lowest UV irradiances possibly because extremely high 

irradiances of UV inhibit DNA repair (Howland, 1975) and replication (Vomarx et al., 

1998) in plant tissues. 

In an earlier study, a non-mammalian test system for germ-cell mutagenesis was 

developed for delecting DNA alterations in Fi progeny descended from the y-irradialed 

male medaka fish using the AP-PCR technique. DNA alterations were detected as changes 

in patterns i.e band loss and/or band gain (Kubota ei al., 1995) and the frequency of band 

loss was shown to increase with increasing radiation doses (Kubota et aL, 1992). In the 

present study, the results of UV exposure of an algal species are consistent with this 

experiment performed on vertebrates. Govan et al. (1990) have also demonstrated the use 

of PGR to detect UV induced DNA damage in a small region of specific genes (147-440 

bp). In the present study, only bands of molecular size greater than 1Kb were shown to 

disappear (Figure 6.2). The sensitivity for detection of DNA effects by the PGR method 

may depend upon the size of the target sequence; for instance, there is a greater probability 
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that an adduct lies within a 2 Kb region rather than within a 150 bp sequence. Therefore, as 

a general rule, amplification of the longer fragments is expected to be inhibited more than 

that of shorter fragments (e.g. when DNA adducts block the polymerisation of the DNA). 

However, some bands whose molecular weight are lower than others can be more affected. 

This implies that some regions of the DNA are more accessible to genotoxins due to the 

DNA conformation. 

In this study, the two highest UV irrandiances selected (i.e. 12.7 and 9.0 W m* )̂ were 

not environmentally realistic. They were chosen to investigate the entire range of the 

exposure-response curves. Chlorophyll fluorescence and growth rates decreased gradually to 

zero following exposure to increasing UV-B irradiance (Figure 6.6). Indeed, a toxic effect can 

completely inhibit a biological response (e.g. when the survival of a population is affected). In 

contrast, the genomic template stability exhibited the same degree of inhibition at all UV-B 

irradiances tested. Genomic template stability is influenced by different parameters as 

described in section 5.4. The plateau effect is ascribed to multiple changes in RAPD profiles 

(appearance, disappearance of bands, etc.) which tend to counterbalance each other (Table 

6.3). In other words, for the highest UV irradiances, the high frequency of disappearing bands 

was compensated by the low frequency of newly appearing bands. Therefore, genomic 

template stability can be misleading. However, to better understand the effect of UV on P. 

palmata, the changes in RAPD profiles must be interpreted carefully. Indeed, the frequency o f 

appearance and disappearance of bands, which may have specific significance, may allow a 

bener understanding of the results i f parameters at higher levels of biological organisation are 

measured. For instance, the absence of extra bands and the high frequency of disappearance of 

bands revealed that the survival of the individuals was greatly affected. The chlorophyll 

fluorescence and growth experiments support this observation. 

The simultaneous use of more than one biomarker enhances the detection of toxic 

effects since different biomarker responses are induced at different stages of the plant's 
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health status curve (Depledge, 1994b). Ghlorophyll fluorescence, an important indicator of 

reversible and irreversible changes in photosystem II (within the photosynthetic process) in 

plants and algae is known to respond to a wide variety of stressors, both natural and 

xenobiotic (Bolhar-Nordenkampf et al., 1989; Gordi et al., 1997; 1999). Ghlorophyll 

fluorescence has been characterised as a sensitive general biomarker to UV exposure 

(Larkum and Wood, 1993; Gordi et al., 1997; Gordi et al., 1999). The results presented in 

this chapter suggest that chlorophyll fluorescence is a sensitive parameter. This is not 

surprising because chlorophyll fluorescence can reveal impairments at the molecular level. 

In this study, changes in RAPD patterns, chlorophyll fluorescence and growth rates indicate 

that UV-B radiation equivalent to a reduction of 17 % in upper atmospheric ozone caused 

irreversible damage in P. palmata. However, these results may be influenced by the 

sampling time, due to seasonal variations in the sensitivity of algae to UV exposure. 

In conclusion, the RAPD method has been successfully used as a sensitive means of 

detecting UV-induced DNA effects. However, as with the B(a)P study (chapter 5), RAPD 

only allowed a qualitative assessment of the DNA effects. Although it seems obvious that 

the number of DNA photoproducts probably increased with increasing UV radiation, 

definitive evidence was not obtained. The present study suggests that the RAPD assay 

applied in conjunction with other biomarkers from higher levels of biological organisation 

would prove to be particularly relevant in the field of genetic ecotoxicology. Nevertheless, at 

this stage, further evaluation of the RAPD method for the detection of DNA effects was 

needed. In particular, it would be challenging to examine whether the RAPD assay could 

detect DNA effects induced by non-xenobiotic compounds. 
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T H E USE OF T H E RAPD METHOD TO 

D E T E C T COPPER-INDUCED DNA E F F E C T S 

IN DAPHNIA MAGNA AND COMPARISON 

WITH K E Y FITNESS P A R A M E T E R S 



7.1 Introduction 

Afler evaluating the effectiveness of the RAPD assay for the detection of DNA 
effects induced by chemical (chapter 5) and physical (chapter 6) xenobiotics in aquatic 
species, the assay was further assessed using D. magna which were exposed to a non-
xenobiotic compound. Copper was chosen not only because it has been implicated in 
toxicity and genotoxicity but also because as much as 5 mgL"' copper has been reported to 
be discharged into sewers (James, 1990a). 

Copper has long been known as essential to living organisms, in part through its 

flindamental role in electron transport, respiration, growth and development (Linder, 1991), 

This element has been associated in numerous processes in all kind of organisms. Figure 

7.1 gives an overview of copper intake, absorption, distribution, content, function, and 

excretion in the average, normal human adult. In vertebrates cells, copper has been 

implicated in the stabilisation of chromosomes and it may be involved in transcription 

and/or transcriptional regulation effected by certain hormones (Linder, 1991). Copper 

which is associated with key enzymes or proteins such as the superoxide dismutase 

(Fridovich, 1995; Atienzar e( al., 1998b), metallothioneins (Hamer, 1986), cytochrome c 

oxidase (Steffens et al., 1987), is well represented in invertebrates. For example, molluscs 

and arthropods probably contain many or even most of the common copper-dependent 

proteins that are present in animal species, and they also use copper in a unique way, by 

producing hemocyanins to carry oxygen to their tissues (Linder, 1991). 

On the other hand, the binding of copper to DNA bases unwinds the double-helix 

(Eichhom and Shin, 1968) and certain types of DNA damage can be generated. For 

instance, copper was reported to induce diverse kind of DNA damage such as single- and 

double-strand breaks, modified bases, abasic sites, DNA-protein crosslinks, and even bulky 

adducts representing intrastrand dimerisation of adjacent purine bases (Eichhom and Shin, 
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Figure 7.1 Overview of copper intake, absorption, distribution, content, function, and 

excretion in the average, normal human adult. Quantities are copper concentrations or 

total contents in tissues or average daily amounts eaten, secreted, absorbed, and excreted. 

Reprinted from Linder, 1991, Biochemistry of copper, with permission from Plenum Press. 
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1968; Carmichael et al., 1995; Rodriguez et al, 1995; Toyokuni and Sagripanti, 1996; 

Drouin et al., 1996b; Lloyd and Phillips, 1999). Gopper, and other transition metals, 

catalyses the Fenton type reduction of hydrogen peroxide to form the hydroxyl radical, one 

of the most reactive radical oxygen species (Drouin et al., 1996b). Figure 7.2 illustrates the 

reactions leading to DNA damage in aerobic solutions. Gopper ion binding is a necessary 

but insufficient requirement for the induction of DNA damage; for instance the formation 

of the DNA-Gu(I)-H202 complex is also necessary (Yamamoto and Kawanishi, 1989). 

Local factors influencing the efficiency of formation of the DNA-Gu(I)-H202 complex or 

the efficiency of base oxidation by this complex are also important determinants of the 

damage distribution (Rodriguez et al., 1995). There has been a debate about the mechanism 

of formation of DNA breakage due to Gû "*". Several authors have suggested that Gû "*" ions 

react with H2O2 to produce OH, which mediates the DNA strand breakage (Eberhardt et 

ai, 1989). However, other researchers have disputed the formation of 'OH in reactions 

involving Gû "̂  ions and H2O2 because *0H scavengers did not have any effect on the extent 

of DNA damage (Sutton and Winterboum, 1989). The suspected intermediate was the 0x0-

copper complex. However, the production of OH by DNA-Gu(I)-H202 is very rapid and 

*0H scavengers have no effect on such systems (Samuni et al., 1981). In this context, the 

production of OH by the complex DNA-Gu(I)-H202 is very likely. In addition, it has also 

been proposed that nonbound Gu(I) mediates frank strand break production (Drouin et al., 

1996b). 

The effect of copper on invertebrates has often drawn the attention of the 

ecotoxicologists (Dave, 1984; Leblanc, 1985; Bjerregaard and Vislie, 1986; Koivisto and 

Kelola, 1995; Conradi and Depledge, 1998; Lepp and Salmon, 1999). Many studies have 

reported the effect on mortality, growth and reproduction after relatively short exposure. In 

a long term study, the amphipod Corophium volutator was exposed to copper 

concentrations in the range 0.2-1 mgL'' for 100 days (Gonradi and Depledge, 1998). It was 
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Figure 7.2 Reactions leading to DNA damage in aerobic solutions. Cu(II) distributes 

almost equally between DNA bound and free solution forms. In the presence of an excess 

of ascorbate, soluble Cu(II) is reduced and tightly bound to DNA; bound Cu(II) may also 

be reduced. The DNA-Cu(I) then forms a complex with H2O2. Reprinted from The Journal 

of Biological Chemistry, volume 270, Rodriguez et ai, 1995, Mapping of copper/hydrogen 

peroxide-induced DNA damage at nucleotide resolution in human genomic DNA by 

ligation-mediated polymerase chain reaction, pages 17633-17640, with permission from 

The American Society for Biochemisuy and Molecular Biology. 
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concluded that copper could lead to severe local population density decline because of the 

reduction of juvenile survivorship and fertility. Conradi and Depledge (1998) emphasised 

the fact that the chronic exposure of C. volutator to higher concentrations of copper could 

have more serious consequences such as the local extinction of this species since juveniles 

experienced such severe reductions in growth that they were unable to mature. 

The aims of this study were to evaluate the potential of the RAPD technique to detect 

copper-induced DNA effects, and to compare changes in RAPD profiles induced by copper 

(i.e. genomic template stability) with fitness parameters measured in D. magna. 

7.2 Materials and methods 

7.2.1 Culture of Daphnia nwsna 

D. magna (clone 5) was cultured in M7 medium at 20 ± 2°C as described in section 

3.1.1. 

7.2.2 Preparation of test solutions and toxicity tests 

Test solutions for acute and chronic exposures were prepared from stock solutions 

of copper (CuCb) at a concentration of 3.90 and 0.24 mg/ml in distilled water, 

respectively, and were subjected to the same dilution (100 | i l of the different solutions in 1 

L of M7 medium). 

7.2,2,1 Acute toxicity 

The acute toxicity of copper (Cu) was assessed by determining the LC50 of the 

chemical for D. magna over a period of 48 h. Freshly bom neonates (less than 48 h post-

hatch) were exposed in replicate groups of 20, to concentrations of Cu equivalent to 10, 25, 

62.5, 156.25 and 390.62 ^gL"'. Animals were fed (see section 3.1.1) during the test, and 

surviving animals were counted to determine the 48h-LC50. 
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7.2.2.2 Chronic toxicity 

The chronic toxicity test of Cu to D. magna was performed under the same 

experimental conditions as for the acute toxicity tests. D. magna were exposed to the 

following Cu concentrations 0, 15, 30, 60, 90, and 120 |igL'* for 15 d. Surviving animals 

were counted at day 1, 3, 5, 8, 10, 12 and 15. Moribund, non-swimming animals were 

removed from culture at regular intervals on and between counting days. Healthy animals 

after 14 d exposure and non healthy D. magna, which were significantly affected before the 

end of the experiment, were harvested and were stored at -80°C, prior to DNA extraction and 

RAPD DNA profiling. 

As M7 medium contains 2 ^gL' ' Cu, all concentrations previously mentioned in 

acute and chronic toxicity tests can be corrected by adding 2 to each of the values. However, 

as 2 pgL'' was thought to be negligible, non-rectified values were used throughout the 

manuscript. 

7.2.3 Growth and renroductive measurements 

The length of every D. magna (apex to base) [except at the start o f the experiment 

(day 1) where 20 D. magna were measured] surviving at day 1, 3, 5, 8, 10, 12 and 15 was 

measured by video capture and image analysis using a Quantimet 570 image analyser 

(Cambridge Instruments, Cambridge, UK). Neonates were counted and recovered at daily 

intervals. The length of new-bom neonates (generally 10 animals per replicate) released at 

day 8, 10, and 15 was also determined. 
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7.2.4 Calculation of fitness parameters 

The fitness parameters measured were the intrinsic rate of natural increase (rm), the 
age-specific survival (U), the age-specific fecundity (m.x), and the net reproductive rate 
(Ro). Minimum generation time (Tmin) and the inter-brood time (Bt) were also measured. 
For more details please refer to section 3.6.2. 

7.2.5 Generation of Daphnia masna DNA profiles using RAPD 

Total DNA from D. magna was extracted and purified using a conventional 

phenol/chloroform method (see section 3.2.1.1). The extracted DNA was electrophoresed 

in 1.2 % agarose gels at 100 V for 2 h and the DNA concentration of unknown samples 

was determined by comparison with known amounts of Lambda phage DNA (see section 

3.3.1) . DNA profiles of D. magna were generated using 10-mer primers, 0PA9, OPBl, 

0PB5, 0PB6, 0PB7, 0PB8, OPBIO, O P B l l , OPB12, 0PB14 and 0PB17 (see section 

3.4.2) under the optimised conditions as described in section 3.4.1. PGR products were 

then electrophoresed in 1.2 % agarose gel at 90 V for 6 h, stained with ethidium bromide 

and visualised under UV light. A photograph was also taken and the image of the gel was 

saved electronically for further analysis when necessary (see section 3.5). 

7.2.6 Estimation of genomic template stability and transformation of the data 

Genomic template stability (GTS) was determined as described in section 3.6.3 and 

appendix n . To compare the sensitivity of each parameter (GTS, U, mx, rm and Ro), changes 

in these values were calculated as a percentage of their control value (set to 100 % ) . 

7.2.7 Statistical analyses 

For more details please refer to section 3.6.5. 
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7.3 Results 

7.3.1 Acute toxicity 

The 48h-LG50 of Gu for a magna (clone 5) was 165.1 ugL"' Cu. The upper and 

lower values of the 95% confidence limit were 147.7 and 192.2 |igL"' Gu, respectively (p < 

0.05). 

7.3.2 Changes at population levels 

Demographic trends for the populations of D. magna exposed to differing 

concentrations of Gu are shown in Table 7.1. In the range 30-120 jigL"' Cu, consistent 

reductions occurred in maximum number of eggs per female and maximum body size. In 

contrast, the longevity and the number of broods were only affected at 120 |igL'' Gu. D. 

magna exposed to the highest Gu concentration could not survive for more than 10 days 

whereas animals from the other groups survived throughout the experiment (Table 7.1 and 

Figure 7.3A). The mean period for D. magna to become ovigerous was identical among 

groups and animals exposed to gradual increases in Gu concentrations displayed the same 

time between broods except for D. magna exposed to 120 ^gL"' Cu (Table 7.1). Both 

populations growing at 120 and 90 |igL'' Gu had a smaller body size than controls (p < 

0.001), and there were no significant differences between control and other Gu exposed 

groups (Figure 7.3B). In addition, the size of sub-24 h juveniles at day 8, and 10 was 

identical between all groups (p < 0.01; appendix III). At day 15 the length of the offspring 

was different from control at 15, 60, and 90 ugL"' Gu (p < 0.01; appendix III). Finally, the 

total number of offspring was significantly reduced at 90 and 120 jigL"' Gu (p < 0.01; 

Figure 7.3C and Table 7.1) compared to the control. 
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Copper Longevity Number of Maximum Maximum Number of Inter- Total number Age Age Net Intrinsic rate 

concentration (days) days body size number of broods brood of neonates specific specific productive of natural 

(^ig\L) to become (mm) eggs/female period survival fecundity rate increase 

ovigerous (days) (Ix) (nix) (Ro) (rm) 

0 15 5 4.6 38 3 3 1471.0 ± 20.4 6.67 ± 0.46 80.48 ± 0.38 55.50 ± 4.38 0.21 ± 0.02 

15 15 5 4.88 40 3 3 1424.5 ± 33.2 6.00 ± 0.07 97.22 ± 1.93 53.80 ± 0.14 0.18 ± 0.06^ 

30 15 5 4.77 30 3 3 1409.0 + 19.8 6.47 ± 0.32 83.50 ± 12.71 49.13 ± 3.78 0.22 ± 0.01 

60 15 5 4.46 27 3 3 1269.5 ±61.5 6.22 ± 0.39 80.17 ± 6.88 46.13 ± 0.18 0.12 ± 0.07 

90' 15 5 3.72 24 3 3 618.0 ± 141.4 6.10 ± 0.28 40.27 ± 6.00 19.95 ± 7.21 0.08 ± 0.07 

120 10 5 2.58 6 1 - 2.5 ± 3.5 4.15 ± 0.21 0.25 ± 0.35 0.13 ± 0.18 -0.06 



Table 7.1, Demographic trends of Daphnia magna populations under various copper treatments. Values which represent mean ± SD were 

calculated using both replicates (i.e. 40 daphnia per concentration). Al l parameters were determined throughout the experiment until Daphnia were 

unable to swim properly. 
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7.3.3 Changes in fitness parameters 

Alterations to the key fitness parameters of age-specific survival (Ix), age-specific 
fecundity (mx), net reproductive rate (Ro) and intrinsic rate of population increase (rm) are 
presented in Table 7.1 and Figure 7.7, before and after transformation, respectively. D. 
magna exposed to 120 jigL' ' Cu exhibited a significant reduction in Ix compared to the 
controls (p < 0.05). In contrast, the remaining fitness parameters (age-specific fecundity, 
net reproductive rale and intrinsic rate of population increase) were more sensitive than 
age-specific survival as they were at least significantly different for the 2 highest Cu 
concentrations (90 and 120 |igL' ' Cu) in comparison to control (p < 0.05). Roand mx which 
appeared to be the most sensitive fitness parameters for the detection of toxic effects, were 
also significantly different from control at 60 and 15 ^gL'* Cu, respectively. 

7.3.4 RAPD profiling 

The DNA template for RAPD profiling was extracted from healthy organisms aged 

15 d from all groups except for D. magna exposed to 120 j igL' ' Cu. Genetic material 

obtained from those latter animals was carried out on weak but alive D. magna aged 10 d. 

In total, 11 oligonucleotide primers were used in the analysis and the presence of changes 

in the RAPD profiles obtained from the exposed population depended on the primer used. 

DNA profiles presented in Figure 7.4 were generated using 4 primers (primer OPA9, 

0PB7, OPBIO, and 0PB14) and a mixture of 4 individuals from each replicate. RAPD 

profiles generated by individuals and a mixture of individuals from both replicates with all 

primers are presented in appendix IE apart from primer OPB14 (Figure 7.6). Profiles 

generated by the primers presented in the main body of the thesis (Figure 7,4) revealed 

significant differences between control and exposed individuals, with visible changes in the 

number and size of amplified DNA fragments, and both increases and decreases o f DNA 

band intensities. Arrows on the right of each gel (Figure 7.4) show some o f the obvious 
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modifications. Although some changes in RAPD profiles arose at 15 and 30 jigL"' Cu [e.g. 

band 9-2 (increase in band intensity), 9-4 (disappearance of bands], most of the 

modifications occurred in the RAPD patterns obtained from D. magna exposed to 60, 90, 

and 120 | igL' ' Cu. Extra bands appeared only for the 3 highest Cu concentrations (e.g. 

bands 10-1, 10-2, 14-3) whereas band 9-4 was only present in the control profiles. In 

addition, an increase in band intensity was the major event arising from exposure to the 2 

lowest Cu concentrations. In contrast, every type of modification was well represented in 

the patterns produced by D. magna exposed to the 3 highest Cu concentrations although the 

most frequent event was a decrease in band intensity. Figure 7.5 shows that band intensity 

(selected from 28 bands) followed 2 different tendencies. Intensity of 60 % of the bands 

(17 out of 28) increased and decreased in the ranges 15-60 and 90-120 (igL'' Cu, 

respectively, compared to control intensities (curve b). In contrast, the average intensity of 

the remaining bands (40 %) increased at all Cu concentrations (curve a). Finally, some of 

the modification in profiles generated by a mixture of D. magna and primer 0PB14 (Figure 

7.6C) were similar to those obtained from single individuals in both replicates (Figure 7.6A 

and 7.6B). This is the case for bands 14-1, 14-2, and 14-3. 

7.3.5 Comparison of fitness parameters with genomic template stability 

To compare the sensitivity of the parameters presented in Figure 7.7, changes in 

each factor were calculated as a percentage of their control value (set to 100 % ) . A i l the 

parameters presented in Figure 7.7 were measured throughout the experiment except for D. 

magna exposed to 120 ^gL' ' Cu for which the parameters were measured for 10 d. 

Changes in RAPD profiles were expressed as reductions in GTS in relation to profiles 

obtained from control D. magna. GTS calculated with 5 primers (0PA9, 0PB7, OPB8, 

OPBIO, and 0PBI7) is presented in Table 7.2. Al l parameters presented in Figure 7.7 were 

significantly different at 90 and 120 |igL"' Cu (p < 0.05) except that Ix which was only 
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Figure 7.5 Variation of band intensities selected from RAPD profiles generated by 

Daphnia magna exposed to copper. A total of 28 relatively intense bands (generated by 5 

primers) appearing across the width of the gels were arbitrarily selected. The band 

intensities were calculated as a percentage of its own control value (set to 100 % ) . As band 

intensity followed 2 different patterns, average and standard deviation were calculated with 

11 (—•—, curve a) and 17 {—k—, curve b) bands. 
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Figure 7.6 RAPD profiles of individuals and mixture of Daphnia magna exposed to 

copper. Concentrations as indicated at the top of each gel. Selected changes are indicated 

by arrows in comparison to control patterns; *: variation in band intensities, and + : 

appearance of a new band. PCR reactions were performed using primer OPB14. A) and B) 

RAPD patterns generated by replicate 1 and 2, respectively. Each line represents a single 

individual. C) profiles obtained from a mixture of 4 individuals using both replicates. 1 and 

2 refer to replicate 1 and 2, respecti\ely. M = DNA molecular size marker (GeneRuler™ 

lOOObp DNA ladder plus. Igi). The molecular sizes (in Kb) of selected bands are indicated 

on the left of each gel, - = no DNA control. 

186 



Fitness parameters R A P D p r o l l l i n g 

9 100 J 

c 
o 
{/I 

•M 

u 
w 
c 

W) 
e 
w 

u 

at 
E 

rS-Ur T * 

. - 120 

L 100 

L 80 

60 

- 4 0 

- 2 0 

i 1 1 GTS 



Figure 7.7 Comparison between key fitness parameters and genomic template stability (GTS) in populations of Daphnia magna exposed to 

copper Ix = age-specific survival; m^ = age-specific fecundity; Ro = net reproductive rate, and r^ = intrinsic rate of natural increase. E] 0, • 15, • 30, 

S 6 0 , 1 90, and S 120^gL•' Cu. • and •* indicate a significant difference from control (p < 0.05 and p < 0.01, respectively). Error bars represent 

standard deviation. 



Table 7.2 Genomic template stability calculated with five 10-mer primers. 

[Cu] Primer 

OPA9 OPB7 OPB8 OPB10 0PB17 

Mean SD 

0 95,3 100,0 100,0 100,0 100.0 99,1 2,1 

15 86,0 100,0 100,0 100,0 100,0 97,2 6,2 

30 86,0 94,7 87,5 100,0 100,0 93,7 6,7 

60 74,4 89,5 91,7 90,0 100.0 89,1 9,2 

90 67,4 84,2 83,3 90,0 95,4 84,1 10,5 

120 60,5 78,9 75,0 80,0 90.9 77,1 11,0 
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significantly different at the highest Cu concentration. The general tendency of all 

measured parameters was a progressive decrease with increasing Cu concentration except 

for the age-specific fecundity which was significantly higher than control at 15 |igL"* Cu (p 

< 0.05). Overall, m^ and were the most sensitive parameters. However, the GTS 

calculated from a single 10-mer primer (e.g. 0PA9) was more sensitive for the detection of 

toxic effects than the fitness parameters because GTS differed significantly fi*om the 

control at all Cu concentrations. 

7.4 Discussion 

To further evaluate the potential of the RAPD technique to detect DNA effects, D. 

magna were exposed to Cu, which was reported to induce diverse kinds of DNA damage 

(see section 7.1). However, besides the possible generation of DNA damage, it is well 

established that Cu is an essentia! element of living systems (Linder, 1991) and it is not 

surprising to find this essential element in Elendt's medium (Elendt and Bias, 1990; see 

section 7.2.2.2). 

In the present study, the variation in band intensity, disappearance of bands, and 

appearance of new PCR products occurred in profiles generated from exposed organisms. 

Cu-induced DNA damage (e.g. Cu(I)-DNA complex, bulky adducts, oxidised bases) may 

significantly interfere with the PCR events and consequently affect the interaction of the 

primers with the priming sites and the activity of the Tag DNA polymerase. It has been 

reported that in naked double-stranded DNA the transition fi-om weak complex DNA-

Cu(II) to strong complex DNA-Cu(I) (George el al., 1987) could induce conformational B-

to-Z conversion in certain DNA fragments (Priitz et al., 1990). In addition, dimers can 

cause alterations of the secondary and tertiary structure of the DNA (Wang and Taylor, 

1991; 1993). If so, such structural effects are likely to have a significant effect on the 
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dynamics of PCR reactions. For instance, new PCR products can be amplified because 

some sites become accessible to the primers after structural changes. However, the loss of a 

band can only be the outcome i f the same structural changes occur in nearly all the cells, 

which is very unlikely. DNA lesions such as bulky adducts are also expected to have 

detrimental effects on RAPD profiles. Not only can they induce structural changes, but they 

can also reduce the polymerisation of DNA and block the Taq DNA polymerase (Strauss, 

1985) which wil l result in a decrease in band intensity or, alternatively, in a disappearance 

of amplified products. Moreover, new PCR products may reveal a change in the DNA 

sequence due to point mutations and/or large rearrangements (see section 5.4). Due to the 

rapid growth of D. magna and the presence of DNA damage, it is very likely that, in the 

present study, mutations occurred after replication (see section 5.4). Prutz et aL (1990) as 

well as Rodriguez et al. (1995) reported that the interaction between DNA and Cu is not 

random. This suggests that DNA damage which is created at specific spots may lead to 

identical mutations (among the exposed cells) after DNA replication. Finally, the increase 

in band intensity can be ascribed to DNA effects which alter the accessibility of Taq DNA 

polymerase and primers. For instance, the fact that the PCR enzyme is blocked at certain 

sites may allow a more efficient amplification of non-damaged genomic DNA. 

Alternatively, a greater availability of lO-mer primers could potentially increase band 

intensity. 

The results of this study revealed that relatively high Cu concentrations (90 and 120 

UgL"' Cu) induced a deleterious effect on the growth and reproduction of D. magna. 

Accordingly, genomic template stability was also significantly affected in the same range in 

comparison to the control (Figure 7.7). Thus, it seems that for the 2 highest Cu 

concentrations DNA replication was significantly reduced due to a high level o f DNA 

effects. On the other hand, as growth and reproduction displayed similar values compared to 

the control in the range 15-60 jigL"' Cu, it could be assumed that DNA lesions were 
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efficiently repaired and that DNA replication was not significantly inhibited. Interestingly, 

increases and decreases in band intensity were the major events represented in the range 15-

30 and 60-120|igL'', respectively (Figure 7.5, curve b). Similar resuhs were obtained when 

macroalgae were exposed to ultraviolet radiation (chapter 6). However, the present study 

revealed that increases in band intensity occurred even for the highest Cu concentrations 

tested. This suggests that DNA extracted from D. magna exposed to either 90 or 120 |igL"' 

Cu was not saturated by Cu-induced DNA damage. This contrasts with the study performed 

in Chapter 6. 

Winner and Farell (1976) revealed that survival of four species of Daphnia 

(including D. magna) was reduced at concentrations beyond 40 jigL"' Cu. Winner and 

Farell (1976) also reported that that the two larger species were significantly less sensitive 

to an acute Cu stress than were the two smaller species. The 48h-LC50 for Z). magna to Cu 

reported in the literature was for mstance, 0.03 figL"' Cu (Meador, 1991), 6.5 |igL"' Cu 

(Dave, 1984), 25.8 ngU' Cu (Koivisto et ai, 1992), 31.8 ligL"' Cu (Koivisto et al., 1992), 

and 93 ugL"' Cu (Khangorot et a/., 1987). In the present study, the 48h-LC50 of Cu for D. 

magna (clone 5) was 165.1 | igL' ' Cu. As already reported, such variability can be ascribed 

to different factors such as medium quality, amount of food and the use of different clones 

of the same species (Meador, 1991; Soares et al., 1992; Koivisto and Ketola, 1995). The 

48h-LC50 values obtained in the acute toxicity of B(a)P and Cu were generally much higher 

than those reported in the literature because D. magna (used in the different studies 

presented in this research project) were cultured in a rich medium and fed high levels of 

algae. In accordance with an earlier study (Dave, 1984), a low Cu concentration (i.e. 15 

|igL"' Cu in the present study) stimulated reproduction, as age-specific fecundity was 

significantly higher than control. However, the total number of neonates generated by a 

population of D. magna exposed to either 0 or 15 ugL"' Cu was statistically identical 

because the number of living animals decreased at 15 ugL"' Cu in comparison to control 
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and all other groups, except for D. magna exposed to the highest Cu concentration. Thus, 

despite the significant increase in reproduction (m.x) at 15 |igL"' Cu in comparison to control 

(p < 0.05), overall there was no beneficial effect in D. magna exposed to this concentration 

of Cu. The increase in reproduction can be explained by hormesis, a nonspecific stimulation 

to a chemical or physical agent (Luckey, 1975). In ecotoxicology, the intrinsic rate of 

natural increase (rm) is the more relevant measure of toxic effects as it integrates potentially 

complex interactions in life-history traits (Forbes and Calow, 1999). In the present study, rm 

was significantly reduced at the 2 highest Cu concentrations compared to control, rm at 15 

| igL' ' Cu was also lower (but not significantly lower) than control because of the shorter 

expectancy of life at the lowest Cu concentration. The growth experiment showed that D. 

magna exposed to 90 and 120 | igL' ' Cu had a significantly reduced body size. The decrease 

in growth following sub-lethal Cu exposure has been also demonstrated in other species of 

crustaceans (Conradi and Depledge, 1998). However, despite the smaller size, the animals 

were able to attain reproductive maturity without no delay in comparison to control D. 

magna (Lynch, 1985). In addition, the effect on growth was not due to a limitation in food 

levels as the size of the neonates at first reproduction was not affected (Enserik et aL, 1993) 

but was due to a direct toxic effect of Cu. In this study, nearly all the measured parameters 

indicated that D. magna exposed to 90 and 120 |igL"' Cu were significantly affected. 

Among fitness parameters, the age-specific fecundity and the net reproductive rate were the 

most sensitive indicators of toxicity. In contrast, age-specific survival was only significantly 

different at the highest Cu concentration suggesting that mortality is not a sensitive 

parameter. Finally, changes in RAPD profiles were detectable even at 15 ugL'' Cu (e.g. 

primer 0PA9) which means that the RAPD technique was more sensitive than fitness 

parameters for the measure of toxicity. It must be borne in mind that genomic template 

stability greatly depends on the primer used. For instance, primer OPA9 revealed a 

significant difference at all Cu concentrations in comparison to control. However, in order 
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to modulate the effect of each primer, genomic template stability was calculated with 5 

primers. 

Normal aerobic metabolism in organisms may be responsible for the formation of 

intracellular concentrations of reactive oxygen species such as hydrogen peroxide (H2O2) 

and superoxide radical (O2') (Halliwell and Aruoma, 1991). In addition, exposure to 

numerous xenobiotic and ionising radiation can result in the production of the highly 

reactive and electrophilic hydroxyl radicals (OH ) (Cadet et al., 1999) due to a Fenton-type 

reaction (Fenlon, 1894) between reduced or oxidised forms of certain transition ions 

(copper and iron) and H2O2 (Prutz et aL, 1990). Oxygen radicals have the potential to 

damage diverse biochemical macromolecules and to induce lipid peroxidation (Halliwell 

and Gutteridge, 1985), carbohydrate degradation (Cheeseman et al,, 1988), protein 

fragmentation (Wolf f and Dean, 1986), and DNA damage (see references in section 7.1). 

In this context, it is likely that some of the changes occurring in RAPD profiles of Cu-

exposed D. magna (when compared to controls) were due to oxygen radicals. In the same 

way, B(a)P- (chapter 5) and UV- (chapter 6) induced genotoxicity could be partly attributed 

to oxygen radicals. In addition, Cu which can interfere with multiple essential enzymes 

(e.g. cytochrome c oxidase, superoxide dismutase) has vital functions in many tissues, 

including the brain, and the immune system in human (Linder, 1991) and possibly in D. 

magna. Consequently, Cu is likely to interact with the physiology and the metabolism of 

the cells. Oxygen radicals are also expected to have some effects on the physiology. It is 

now well established that cellular and molecular responses to physiological and 

environmental stress induces a rapid and transient change in gene expression associated 

with major changes in nuclear architecture that impacts on signals involved in cell growth 

(Jolly and Morimoto, 1999). It is hypothesised that variation in gene expression may have 

some effects on RAPD profile. Indeed some of the structural changes induced by 

modulation in gene expression may be stable during denaturation of the genomic DNA 

194 



during the PGR reaction. Consequently, these structural effects can induce changes in 

RAPD profiles. 

In conclusion, the RAPD method has been successfully used as a sensitive means of 

detecting Cu-induced DNA effects (including DNA damage, mutations and possibly 

variation in gene expression). In addition, the measure of parameters at both molecular and 

population levels represents a valuable tool in ecotoxicology. In agreement with the studies 

using B(a)P and UV radiation, the nature and amount of DNA effects is open to 

speculation. At this stage, it was important not only to further evaluate the potential of the 

RAPD technique to detect DNA effects in aquatic organisms induced by a class of 

chemicals able to directly and/or indirectly interact with genomic DNA, but also to better 

understand the effect of oxygen radicals and variations in gene expression on RAPD 

profiles. 
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&Lafitej^ 8 

EVALUATION OF T H E RAPD METHOD F O R T H E 

D E T E C T I O N OF DNA E F F E C T S INDUCED BY 

OESTROGENS, XENO-OESTROGENS AND 

BY STRESSFUL CONDITIONS 



8.1 latjcaductiim 

This chapter further evaluates the potential of the RAPD method to detect changes 

in patterns following the exposure of organisms to potent genotoxins and to stressful 

conditions. In particular, RAPD was used to assess the potential DNA effects induced by 

oestrogen and xeno-oestrogen compounds (study 1 and 2) and by stressful conditions in the 

absence of xenobiotic compounds (study 3). Oestrogens are particularly interesting because 

they are classified as non-genotoxic and non-mutagenic compounds (Barett et al., 1981) 

although elevated levels of oestrogens are known to be carcinogenic (Marselos and 

Tomatis, 1992). A further objective was to evaluate whether stressful conditions such as 

prolonged physical activity, heightened levels of oxygen, and a lack of essential elements, 

in the absence of xenobiotic compounds may induce changes in RAPD profiles. This 

would allow an evaluation of the contribution of oxygen and oxygen radicals, as well as 

variations in gene expression, to any observed changes in RAPD patterns. 

Xeno-oestrogens (or oestrogenic xenobiotics) represent a range of structurally 

diverse anthropogenic chemicals which interact with oestrogen receptors in vertebrates 

(White ei aL, 1994). They may as well have an effect on hormone metabolism, synthesis, 

storage, release, transport and clearance (Phillips and Harrison, 1999). Xeno-oestrogens 

can disrupt normal hormonal activity and result in, for example, the feminisation of male 

fish (Jobling and Sumpter, 1993; Purdom ei aL, 1994), developmental abnormalities in 

reptiles and invertebrates (Guillette et al., 1994; Brown et al., 1999), and infertility in birds 

(Fry et aL, 1987). However, numerous reports have revealed that hormonal disturbances 

also occur in invertebrates exposed to environmental pollutants such as copper (Depledge 

and Billinghurst, 1999). The induction of vitellogenin (Purdom et aL, 1994) and egg shell 

protein or zona radiata protein (Aruwke and Goksoyr, 1996) have been used as biomarkers 

of exposure to xeno-oestrogens. One of the best studied xeno-oestrogens is nonylphenol; 
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this is an alkylphenolic compound used in the preparation of lubricating oil additives, 

plasticisers, resins, detergents, and surface-active agents (White et al., 1994). Nonylphenol 

is a relatively stable biodegradation product of nonylphenol ethoxylates generated during 

sewage treatment of common non-ionic surfactants (Ahel er al,, 1994; Bokem and Harms, 

1997). White ei aL (1994) demonstrated that although structural differences exist between 

alkylphenol and 17-6 esu^adiol, alkylphenols are able to mimic the action of the natural 

hormone by inducing transcriptional activity of the receptor. Previous work demonstrated 

that several types of DNA damage (reviewed by Roy and Liehr, 1999) such as DNA single 

strand breaks [Han and Liehr, 1994a], chromosomal damage [Banerjee el al., 1994], DNA 

adducts including 8-hydroxyguanine [Han and Liehr, 1994b], oestrogen-DNA adducts 

[Lutz et al., 1982; Bhat et al., 1994], endogenous indirect DNA adducts [Liehr et ai, 

1986], and lipid DNA adducts [Wang and Liehr, 1995] can be induced by oestrogens such 

as 17p-estradiol (natural oestrogen) and diethylstilbestrol (synthetic oestrogen). 

Genotoxicity of oestrogens must be an important contributor to the induction of adverse 

effects because oestrogen receptor-mediated events alone cannot explain the carcinogenic 

adverse properties of oestrogens (Roy and Liehr, 1999). However, the lack of mutagenic 

activity of oestrogens in bacterial and mammalian cell mutation assays (Barrett et al,, 1983; 

Glatt et al,, 1979) and the fact that oestrogen DNA adducts could not be always detected 

(Epe and Metzler, 1985) has led to the categorisation of oestrogens as non-genotoxic and 

non-mulagenic compounds. Nonylphenol has been demonstrated to accelerate the growth 

of mammary glands and alter epithelial cell-cycle kinetics in the mammary gland 

(Colerangle and Roy, 1996). Such effects are considered as important factors for the 

development of genetic instability (Preston-Martin et al., 1990). Finally, the weak 

oestrogenic activity of nonylphenol does not explain its profound effect on cell 

proliferation (Colerangle and Roy, 1996). 
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In a study performed by Hartmann et al. (1994) the single cell gel electrophoresis 

assay was used to detect the presence of DNA strand breaks and alkali-labile damage in 

peripheral white blood cells from three volunteers after physical activity. The results 

indicated that physical activity above the aerobic-anaerobic threshold caused DNA 

breakages and reached its maximum 24 h later although no sister chromatid exchange was 

detected (Hartmann et al., 1994). In a similar experiment, Tice et al. (1990) did not find 

any significant differences between samples taken before and after physical activity, 

presumably because the test was performed too early after the physical exercise (i.e. 6 

min). More recently, it was confirmed thai DNA damage occurs in human leucocytes after 

intensive endurance exercise, possibly because of the release of reactive oxygen species by 

neutrophils (Niess et al., 1998). Lepage et al. (1999) reported that 8-hydroxyguanine is one 

of the major products formed by the reactive oxygen species which are generated in living 

cells as a consequence of either the normal metabolic pathways or exogenous chemical or 

physical stress. The results of other studies have indicated that physical stress can induce 

glucocorticoid receptor-mediated apoptosis of rat thymocytes (Concordet and Ferry, 1993). 

Bast (1986) emphasised the fact that oxygen is toxic to aerobic species. Reactive oxygen 

species, produced in cells by a variety of mechanisms, can damage DNA and cause 

mutations (Troll and Wiesner, 1985; Breimer, 1990; Feig et al., 1994b). They are 

considered to be one of the major contributors to DNA damage and mutagenesis 

(Newcomb et al., 1999) and have been linked to different diseases (Marx, 1987). 

Furthermore, tandem base damage has been proposed as a significant component of free-

radical induced DNA damage (Box et al., 1995; 1997). 

The objective of the first and second studies was to examine whether the exposure 

of larval barnacles {Elminius modestus) (saidy 1) and adult crabs {Carcinus maenas) (study 

2) to 4-/7-nonylphenol (studies 1 and 2), 17-13 oestradiol (study 1) and diethylstilbestrol 

(study 2) induces DNA effects which can be detected by RAPD methodology. In the third 
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study, the RAPD technique was used to assess the DNA effects in D. magna subjected to 

stressfijl treatments including the use of distilled water lacking essential elements, constant 

stirring of the medium forcing the D. magna to swim, and the raised concentration of 

dissolved oxygen in the medium. 

8.2 Materials and methods 

The following studies were performed in collaboration with Dr. Zoe Billingurst 

(study 1), and Dr Shaw Bamber (study 2) who exposed the organisms to the oestrogens and 

xeno-oestrogens. 

8.2.1 Ehnhtius modestiis exposed to 4-/i-nonvlDhenol and 17-B oestradiol (study 1) 

8.2.1.1 Culture of Eliminius modestus 

Adult barnacles were cultured at 22 ± 2**C in filtered seawater as described in 

section 3.1.7. 

8.2.1.2 Experimental design 

Test solutions were prepared from stock solutions of 4-/7-nonylphenol and 17-13 

oestradiol (Figure 8.1) at a concentration of 1 mg/ml in acetone, prior to dilution in 

seawaier. The maximum volume of the stock solution used was 10 ^1 in 1 L of seawater. A 

solvent control (barnacles exposed to 10 ^il acetone in 1 L of seawater) was also included 

in the experiment. DNA extracted from the solvent control was the only control used in the 

RAPD experiments. Barnacle larvae {Elminius modestus) were exposed to 0, 0.1, 1,5, and 

10 |igL"' 4-/7-nonylphenol as well as 10 jigL"' 17-13 oestradiol for 8 d from release until the 

cyprid stage at 8 d. The larvae were maintained at 25°C, on a 8 h light /16 h dark cycle and 

fed Skeletonema costatum daily (see section 3.1.7). The larvae were filtered daily and the 

water treatment renewed. 
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Figure 8.1 Structures of natural (17-G oestradiol) and synthetic (4-//-nonylphenol, 

diethylstilbestrol) oestrogens. The only structural resemblance among these compounds is 

the presence of a hydroxyl group bound to benzene. 
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8.2.1.3 Generation of RAPD profiles 

Total DNA was extracted and purified using a conventional phenol/chloroform 

method as described in section 3.2.2.1. The extracted DNA was electrophoresed on 1.2 % 

agarose gels at 100 V for 2 h and the DNA concentration of each sample was determined 

by comparison with known concentrations of Lambda phage DNA (see section 3.3.1). 

RAPD profiles were generated using 10-mer primers 0PA9, OPBl, and OPB5 (see section 

3.4.2) under the optimised conditions as described in section 3.4.1. PGR products were 

then electrophoresed on 1.2 % agarose gel at 90 V for 6 h, stained with ethidium bromide 

and visualised under UV light. A photograph was also taken and the image of the gel was 

saved electronically for further analysis when necessary (see section 3.5). 

8.2.2 Carcinus maenas exposed to 4-«-nononvlDhenol and diethylstilbestrol (study 2) 

8.2.2.1 Culture oiCarciniis maenas 

Crabs were maintained in aerated sea water at a temperature of 15 ± 2°C as 

described in section 3.1.5. 

8.2.2.2 Experimental design 

Separate stock solutions of 4-/7-nonylphenol and diethylstilbestrol were prepared at 

a concentration of 2 mg/ml in methanol. Each stock solution was diluted to 1 ml in 20 L of 

seawater. The structure of diethylstilbestrol is presented in Figure 8.1. Individual groups of 

male and female crabs (Carcinus maenas) were exposed to 100 | igL ' ' 4-rt-nonylphenol and 

100 figL' ' diethylstilbestrol for 14 d. A solvent control consisting of 1ml o f methanol in 20 

L of seawater was also included; no other control (i.e. crab in sea water) was performed. 

Haemolymph was collected at 0, 7 and 14 d following exposure from the same individual. 

In total, 64 animals (32 males and 32 females) were used throughout the experiment. 

Seawater was changed every 2 d and crabs were fed on cooked mussel flesh at a rate of 1 

mussel per animal every 4 d. The number of animals utilised was limited to 3 males and 3 
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females for each of the three treatments i.e. solvent controls, animals exposed to 100 )igL'' 

4-rt-nonylphenol and diethylstilbestrol. In total 54 samples were analysed. 

8.2.2.3 Generation of DNA profiles 

Between 50-100 \x\ of haemolymph was used for the DNA extraction. The DNA 

extraction, determination of DNA concentrations, PGR conditions, and electrophoresis 

were identical to those described in section 8.2.1.3 except that primers 0PA9, 0PB6, 

0PB7, and OPBIO were used. In addition, the amount of DNA used in the PGR reactions 

was outside the optimal range. Please refer to section 8.2.4 for more details. 

8.2.3 Daplutia masna exposed to stressful conditions (Study 3) 

8.2.3.1 Culture of Daphnia magna 

D. magna (clone 5) was cultured in M7 medium at 20 ± 2°C (see section 3,1.1). 

8.2.3.2 Experimental design 

D. magna were exposed to 3 different treatments, namely stirring of the medium, 

absence of essential elements and raised concentration of dissolved oxygen in medium, in 

order to induce stressful conditions. Five groups of 40 neonates less than 48 h post-hatch 

were placed in 1 L of either M7 medium [4 groups: no treatment (2 groups), stirring of the 

medium (1 group), and aeration of the medium (1 group)] or distilled water lacking 

essential elements (1 group). In one experiment, the M7 medium was stirred by using a stir 

plate (Ika®-Labortecnik, Staufen, Denmark) and a magnetic bar at a speed of approximately 

60 rotations per min forcing the D. magna to swim continuously. In a separate experiment, 

the M7 medium was aerated using a single air stone. The bubbling which was kept at a 

relatively low level (approximately 5 bubbles per second) did not force the D. magna to 

swim. Each treatment lasted 24 h and the animals were not fed during the experiment. The 

temperature was maintained at 20 ± 2°C. The concentration of the dissolved oxygen in the 

medium and pH were recorded before and after each treatment. The oxygen meter 
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(dissolved oxygen probe CellOx 325, Weillheim, Germany) was calibrated before use. 0.2 

% oxygen (equivalent to 0.02 mgL'' O2) was obtained by adding less than 1 g of sodium 

bisulfite (Sigma, Poole, UK) to 1 L of M7 medium. The highest dissolved oxygen 

concentration, which was of 94.4 % oxygen (equivalent to 8.99 mgL'' O2), was obtained by 

using 3 air pumps connected to 3 air stones in 1 L of M7 medium. The pH meter (Mettler-

Toledo Ltd., Halstead, UK) was calibrated according to the instructions of the 

manufacturer. At the end of each treatment the number of survivors was recorded. 

8.2,3.3 Generation of RAPD profiles 

Total DNA was extracted and purified using a conventional phenol/chloroform 

method as described in section 3.2.1.1. The determination of DNA concentrations, PCR 

conditions, and electrophoresis were identical to those described in section 8.2.1.3 except 

that primers 0PA9, OPBl, 0PB5, OPB6, 0PB7, 0PB8, OPBIO and 0PB17 were used. 

8.3 Results 

8.3.1 Barnacle lar\^ae (Elmhtius modestus) exposed to 4-/i-nonvlDhenol and 17-R 

oestradiol (study 1) 

DNA extracted from larval barnacles that had been exposed to 4-«-nonylphenol and 

17-13 oestradiol produced RAPD profiles that displayed some differences in comparison to 

control patterns with primer 0PA9 and OPBl (Figure 8.2 and appendix III). For instance, 

bands 9-1 and 9-2 only appeared in profiles generated from barnacles exposed to 10 jigL"' 

4-«-nonylphenol and 17-6 oestradiol. In addition, band 9-3 which was present in the 

control profile was absent from all patterns obtained from the barnacles which had been 

exposed to either chemical, regardless of the concentration. Interestingly, band 9-4 was 

absent only in profiles generated by animals which had been exposed to 1 and 5 |igL"' 4-/7-

nonylphenol. The use of two DNA concentrations confirmed these results because the 
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Figure 8.2 R.\PD profiles of barnacle lar\ac exposed to 17-B oestradiol (BO) and 4-//-

nonylphenol (NP). Concentrations as indicated at the top of each gel. O refer to the 

solvent control. In Figure 8.2A, primers as indicated al the top of the gel, in Figure 8.2B 

and 8.2C primers 0PA9 and OPBl were used, respectively. RAPD analysis was also 

performed using two DNA template concentrations (lanes 1 and 2: 10 and 2.5 ng genomic 

DNA, respectively), to check reproducibility of the profiles (B and C). M = 100 bp DNA 

ladder plus (IGi). The molecular sizes (Kb) of selected bands are indicated on the left of 

each gel. Selected changes are indicated by arrows in comparison to control patterns. 
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reproducibility of the RAPD profiles was optimal at both concentrations. Primer OPBl 

also demonstrated that the profiles produced by the exposed barnacles differed from control 

animals but to a lesser extent than primer 0PA9. For instance, using primer OPBl band 1-

1 appeared in patterns obtained fi-om barnacles exposed to 0.1 and 1 ugL"' 4-w-nonylphenol 

(Figure 8.2B). The use of two DNA template concentrations revealed that band 1-1 was 

reliably present at 0.1 and 1 ugL'' 4-w-nonylphenol (Figure 8.2C). The RAPD profiles 

obtained with primer 0PB5 and two DNA concentrations are presented in appendix 111. 

8.3.2 Adult crabs (Carcinus maenas) exposed to 4-/i-nononvlDhenol and 

diethvlstilbestrol (study 2) 

Although some of the RAPD profiles generated using DNA extracted from control 

crabs were highly reproducible at days 0, 7, and 14 (e.g. individual 'a'), the quality of the 

RAPD patterns was poor for most of the samples (Figure 8.3A and appendix III). This was 

also the outcome when DNA template extracted from crabs exposed to 100 |igL"' 4-n-

nonylphenol and diethylstilbestrol was subjected to PGR (Figure 8.3B and appendix 111). 

When RAPD reactions were performed using two DNA template concentrations the results 

clearly showed that the reproducibility of the assay was affected (Figure 8.3C). 

8.3.3 Daphnia masna exposed to stressful conditions (study 3) 

Table 8.1 shows the number of surviving D. magna as well as the variation in pH 

and the concentration of dissolved oxygen in the medium before and after each treatment. 

The number of surviving animals indicate that the two most stressful treatments were the 

stirring of the medium and the absence of essential elements (Table 8.1); only 37.5 % and 

70 % of the D. magna survived these treatments, respectively. Although the rotation of the 

magnetic bar was as low as possible some of the D. magna might have died because of its 
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Figure 8.3 RAPI) profiles of Carcinus maenas exposed to solvent, 100 |igL ' of 4-//-

nonylphenol (NP) or diethylstilbestrol (OB). A) control animals. B) treated animals, 

treatment as indicated at the top of the gels, C) reproducibility of RAPD profiles of animals 

exposed to 100 |igL"' diethylstilbestrol using two DNA template concentrations , lane 1: < 

1 ng DNA. lane 2: < 0.33 ng DNA. Profiles were generated at day 0, 7. and 14 as indicated 

in each gel. Primers used were OPBIO (A). OPB7 (B) and 0PA9 (C). * indicates that 

female crabs were used. M =̂  100 bp DNA ladder plus (Igi). The molecular sizes (Kb) of 

selected bands are indicated on the left of each gel. 
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Table 8.1 Number of surviving Daphitia magna^ pH, and concentration of dissolved 

oxj'gen in medium before (t = 0) and after (t = 24 h) each treatment. ° and ^ indicate the 

value measured before and after each treatment, respectively. [O2] refers to the 

concentration of dissolved oxygen. Although two control groups were used the results 

presented in this table represents only one of them. Nevertheless, these 2 control groups 

presented very similar values. 

Lack of essential 
Stirring Aeration 

No treatment elements 
(--1 rotation/s) (~5 bubbles/s) 

(distilled water) 

number of surviving 40" 40° 40° 40° 

D. magna 39b IS*' 40** 28** 

6.26° 6.77° 6.33° 6.11° 
[O2] mgL-' 

5.86** 8.12** 8.56** 6.18** 

7.69° 7.69° 7.61° 6.35° 
pH 

l i t 7.85** 7.94** 6.40** 
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direct action (e.g. animals crushed). On the other hand, increasing the level of dissolved 

oxygen from 6.33 to 8.56 mgL'' O2 by aeration of the medium, had no effect on the 

survival of the D. magna. Finally, the variation in pH was minimal for each treatment 

(Table 8.1). 

Figure 8.4 and appendix III display the RAPD profiles obtained from each treatment 

using two DNA template concentrations and 10 primers. Changes in RAPD profiles 

obtained from the populations of D. magna exposed to various sources of stress occurred 

compared to control patterns (e.g. Figure 8.4A primer 0PA9; Figure 8.4C primer OPBIO). 

Some of the variations arising in RAPD profiles are described in Table 8.2. More changes 

were apparent in RAPD profiles produced by the stirred D. magna rather than those 

generated from the two other treatments. For instance, the profiles generated using DNA 

extracted from the stirred animals revealed that the intensity of certain bands decreased 

(Figure 8.4B bands 8-2 to 8-4; Figure 8.4C bands 17-1 to 17-6) and that new bands 

appeared (Figure 8.4A band 9-1, Figure 8.4B bands 8-5 and 8-6, Figure 8.4C band 10-1). 

When D. magna were placed in distilled water for 24 h, the number of changes in RAPD 

patterns were very low compared to control profiles. The two only obvious changes were 

an increase in the intensity of bands 8-1 (Figure 8.4B) and 10-2 (Figure 8.4C) compared to 

control patterns. D. magna exposed to high levels of dissolved oxygen due to the aeration 

of the medium also revealed some changes compared to control RAPD profiles despite the 

fact that extra bands never appeared. The main modification occurring in the profiles 

generated by the population of D. magna exposed to raised levels of dissolved oxygen was 

a decrease in band intensity (Figure 8.4B bands 8-2 to 8-4; Figure 8.4C bands 17-1 to 17-

6). Interestingly, stirring and aeration of the medium induced some common RAPD profile 

changes (Table 8-2). 
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C) OPBIO 0PB17 

Mrr2irriirr2irrTi[rT]Mrr^nrtirr^ 21112 IM 

Primer 
Treatments 

17-1 
17-2 

17-3 

17-4 
17-5 

17-6 

Figure 8.4 KAPI) profiles of Daphnia magna exposed to different treatments. CI and 

C2: no treatment (control), L: lack of essential elements (distilled water). S: stirring of the 

medium, and A: aeration of the medium. Primers as indicated at the top of each gel. The 

reproducibility of the RAPD profiles was determined using two DNA template 

concentrations (lanes 1 and 2; 4 and 1 ng genomic DNA, respectively). Some of the 

changes are indicated by arrows. M = 100 bp DNA ladder plus (IGi). The molecular sizes 

(Kb) of selected bands are indicated on the left of each gel. 
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Table 8.2 Examples of some of the changes occurring in RAPD profiles due to various 

treatments. Treatments as indicated in the table. 

Band(s) 

No 

treatment 

Lack of essential 

elements 

(distilled water) 

Stirring 

(1 rotation/min) 

Aeration 

(air stone) 

9-1,8-5,8-6, 10-1 
Absent or 

very faint 

Absent or very 

faint 

more 

intense 

Absent or very 

faint 

8-1 
very 

faint 

more 

intense 

very 

faint 

very 

faint 

8-2 to 8-4, 

17-1 to 17-6 

Relatively 

intense 

Relatively 

intense 

Less 

intense 

Less 

intense 

10-2 
Relatively 

intense 

very 

intense 

Relatively 

intense 

Relatively 

intense 
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In conclusion, the lack of essential elements induced hardly any modifications in 

RAPD patterns in contrast to the stirring and aeration of the medium. However, the greatest 

number of changes in profiles were obtained from the stirred D. magna. 

8.4 Discussion 

4-A7-nonylphenol and 17-13 oestradiol were used in study 1 because oestrogens and 

possibly xeno-oestrogens are able to induce diverse type of DNA effects as described in 

section 8.1. They are also known to induce production of vitellogenin in some vertebrates 

(reviewed by Depledge and Billinghurst, 1999). I7-fi oestradiol, a naturally occurring 

oestrogen, was used as a positive control (Billinghurst ei al,, 1998). The results clearly 

indicated that changes occurred in RAPD profiles generated by the exposed larvae even at 

concentration as low as 0.1 |igL"' 4-w-nonylphenol. These changes in patterns indicated 4-

/7-nononylphenol and 17-13 oestradiol -induced DNA effects. Interestingly, when primer 

0PA9 was used similar modifications were observed in the RAPD profiles generated by 

barnacles exposed to either 4-/7-nonylphenol or 17-13 oestradiol. For instance, bands 9-1 and 

9-2 appeared in profiles generated at 10 | igL' ' 4-/7-nononylphenol and 17-13 oestradiol only. 

The tantalising possibility exists that both chemicals induced the same end point at the 

DNA level which had significant effect on PGR and led to new amplified products of an 

identical size. These changes could be attributed to 4-^7-nonylphenol and 17-13 oestradiol -

induced DNA adducts at specific sites. For instance, it has been reported that guanine is the 

main target base of steroid compounds possibly due to the carbonyl group (CO-CH2OH) 

which seems to play a crucial role in the formation of DNA adducts (Seraj et al., 1996). 

However, because the structures of 4-/7-nonylphenol and 17-6 oestradiol are different 

(Figure 8.1), it seems unlikely that they would bind to the same locus. Previous studies 

have failed to prove the presence of oestrogen DNA adducts (Epe and Metzler, 1985) 
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probably because this type of adducts can be chemically unstable and thus can be rapidly 

lost from the genomic DNA (Roy and Liehr, 1999). An alternative and more likely 

explanation is that 4-/7-nonylphenol and 17-B oestradiol and/or their metabolites interact 

with the same compound possibly after binding to the receptor which would bind directly 

to the DNA and thus create the same set of adducts. Liehr et al (1986) demonstrated that 

structurally diverse oestrogens (e.g. 17-p oestradiol, diethylstilbestrol, hexestrol, and 1 i p -

methyl-17a-ethinylestradiol) indirectly induced an identical set of covalently modified 

nucleotides in target tissue. Alternatively, the same set of different DNA adducts (e.g. lipid 

DNA adducts) and/or mutations can be responsible for the common RAPD profile changes 

induced by 17-P oestradiol and 4-«-nonylphenol when compared to control patterns. This 

suggests that the mechanistic processes mediating DNA effects are common (at least 

partly) between these two chemicals. This could explain why xeno-oestrogens can mimic 

the same effects produced by natural oestrogens. 

Changes occurring in RAPD profiles can be ascribed to DNA effects including 

DNA damage such as DNA strand breaks, 8-hydroxylation of guanine, DNA adducts, and 

chromosome aberrations. Point mutations which may accumulate after the replication of 

damaged bases (Strauss, 1985; Ide et al., 1991; Hoffmann et al., 1995) may also have 

significant effects on RAPD profiles as well as large genomic rearrangements. In the 

experiments reported here, barnacles were exposed to low concentrations of 4-n-

nonylphenol and 17-13 oestradiol and it is therefore likely that any resultant damage to 

genomic DNA was efficiently repaired (Sancar and Sancar, 1988) but possibly slowly 

(Tomaletti and Pfeifer, 1994). Nevertheless, it has been demonstrated that DNA damage 

such as DNA adducts (Varanasi et al., 1981) and micronuclei (Majone et aL, 1987) can 

also persist long after the cause has been removed. Profiles generated following the 

exposure of barnacles to 4-/7-nonyIphenol and 17-B oestradiol revealed as well the 

disappearance of bands (e.g. Figure 8.3A band 9-3). This band probably did not disappear 
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as a direct result of adduct formation because the complete block of the DNA polymerase 

would require massive adduction. Since relatively low concentrations of the chemicals 

were used in this study such a situation would not be expected to arise. However, structural 

changes to the DNA could induce a disappearance of a band i f the changes occurred in the 

DNA contained within a majority of cells. Finally, it is difficult to fully explain the reasons 

for some of the changes which were shown to occur in RAPD profiles as a consequence of 

exposure to these chemicals (e.g. Figure 8.3A band 9-4 which disappears at 1 and 5 | igL' ' 

4-/7-nonylphenol or band 9-1 which only appears at 0.1 and 1 [igL"' 4-rt-nonylphenol). 

In conclusion, the RAPD technique detected DNA effects in the DNA extracted 

from barnacles exposed to 4-A7-nonylphenol and 17-B oestradiol at all concentrations. In the 

past few years, numerous effects of endocrine disrupting chemicals on wildlife have been 

documented including changes in the sex of riverine fish, reproductive failure in birds and 

abnormalities in the reproductive organs of creatures as diverse as alligators and polar 

bears (Depledge and Billinghurst, 1999). The mechanisms have yet to be discovered. The 

present study suggests that the detection of DNA effects in organisms exposed to 

oestrogens deserves more attention. It seems likely that some of the effects which can be 

observed at the DNA level may explain the changes that have been documented in 

populations which have been exposed to potential endocrine disrupters. 

In the second study which used crabs, the results clearly demonstrated the need to 

produce genomic DNA of satisfactory quality for reliable RAPD reactions. I f this is not 

achieved then artefacts can be produced. Small differences in the quality and 

concentrations of two templates can lead to spurious amplifications (Welsh et ai,, 1995a). 

I f RAPD profiles which are amplified from the same genomic template DNA, or from 

different individuals of the same species vary, then the reproducibility o f the assay should 

be confirmed by repeating the PGR reaction using two DNA template concentrations, 

differing by at least two fold (Welsh ei al., 1995a). I f following this, the profiles still vary, 
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then the resuUs should always be treated with scepticism. As this simple requirement was 

not met, no analysis could be performed on the data. In this study, the quality of the DNA 

extracted from some of the samples was not satisfactory enough to allow reproducible 

amplification of RAPD profiles. Thus, it was impossible to determine i f DNA effects 

occurred in crabs exposed to 4-n-nonylphenol and diethylstilbesirol. Although it was 

possible to amplify RAPD profiles from crab DNA extracts, the DNA pellet obtained from 

crab samples appeared to be tiny. Indeed, often no band could be detected in agarose gels 

when 20% of the total extracted DNA was electrophoresed. As the minimum amount of 

genomic DNA detectable in agarose gels by ethidium bromide staining is approximately 5 

ng, the highest concentration in the samples was of 5/20 ng per | i l (as 20 | i l of each sample 

was loaded into the gel) or 0.25 ng/|il DNA. Although 1 ng of genomic DNA (equivalent to 

4 | i l of each sample) has been shown to be within the optimal range for successful 

amplification of genomic DNA extracted from organisms other than crabs (chapter 4), most 

of the samples had to be diluted 10 fold in order to obtain RAPD profiles. The problems 

encountered may be ascribed to protein contamination which is capable of interfering with 

the PGR process. This situation is very probable as protein concentrations in crab 

haemolymph can be high and fluctuate among individuals in the range 30-60 mg/ml protein 

(Dr Shaw Bamber, personal communication). Other sources of contamination, such as 

carbohydrates, polysaccharide, or DNAses which might have been present could also affect 

the reproducibility of the results. Alternatively, it is possible that the pH or salt 

concentration in crab haemolymph may interfere with the phenol/chloroform DNA 

extraction method. Numerous studies have demonstrated that genomic DNA of good purity 

has to be used in RAPD reactions (Benter et al., 1995; Welsh et al., 1995a). In contrast, the 

amplification of a single PGR product does not always require the extraction and 

purification of the genomic DNA (Mercier ei al., 1990; Liu ei al., 1995; McEwan and 

Wheeler, 1995). Finally, it has to be stressed that the intensity of an amplified band 
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depends on the efficiency of the interaction of the genomic sequence with the primer 

during the initial steps (Welsh et aL, 1995a). Thus, the presence of any contaminants in the 

samples might compromise the fidelity of the RAPD assay. 

In the third study, D. magna were subjected to 3 different treatments, stirring of the 

medium, raised levels of dissolved oxygen, and lack of essential elements in order to 

induce stress. The stirring of the medium forced the D. magna to swim which meant that 

they were physically active for 24 h. In another treatment, the medium was aerated to 

increase the concentration of dissolved oxygen. In addition, as D. magna require not less 

than 26 chemicals in the medium for long term culture (Elendt and Bias, 1990), the lack of 

essential elements induced a stress despite the fact that the treatment was applied only for 

24 h. 

Hartmann et al. (1994) demonstrated that physical activity in humans above the 

aerobic-anaerobic threshold caused DNA breakages. Niess et al. (1998) showed that DNA 

damage also occurs in human leucocytes after prolonged exercise. The cause of DNA 

damage after physical activity is not clear but some form of oxidative mechanism may be 

involved (Hartmann et al., 1994). Niess et al. (1998) suggested that reactive oxygen 

species released by the neutrophils might be implicated. Exercise causes an increase 

oxygen consumption in vivo and a small part of the oxygen consumed leads to formation of 

reactive oxygen species (Aruoma, 1994). Reactive oxygens have beneficial effects but 

when produced in excess, beyond the antioxidant capacity, they can cause tissue damage. 

Hartmann et al. (1995) demonstrated that vitamin E prevented exercise-induced DNA 

damage in human. Following prolonged endurance exercise, 8-hydroxyguanine was 

detected in the human urine (Aruoma, 1994; Poulsen et ai, 1996) and Lepage et al. (1999) 

reported that 8-hydroxyguanine is one of the major products formed by the reactive oxygen 

species which are generated in living cells as a consequence of physical stress. In the 

present study, physical activity induced some changes in RAPD profiles suggesting that 
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effects on DNA occurred. The main changes were a decrease in band intensity as well as 

the appearance of new amplicons. It is conceivable that these changes were the result of 

diverse DNA damage induced by oxygen radicals as discussed below. 

In the envirormient, the oxygen concentration of surface waters is influenced by the 

diurnal changes of the photosynthetic oxygen production and the respiratory oxygen 

consumption (Liepelt et al., 1995). Fluctuations of the oxygen production are particularly 

pronounced in waters with high eutrophication. In addition, within several hours following 

sunrise, the oxygen concentration may increase from hypoxic to hyperoxic conditions. In 

this study, the concentration of dissolved oxygen was 6.33 and 8.56 mgL'* O2 before and 

after aeration of the M7 medium (Table 8.1). Thus, the raised oxygen levels in the medium 

may have resulted in a greater diffusion of oxygen through the carapace of the D. magna 

which constitutes the major site of respiratory gas exchange (Pirow et al., 1999). This 

could lead to specific DNA damage. Indeed, the oxygen molecule (O2") is a free radical as 

it has two unpaired electrons in its molecular orbitals (Cadenas, 1989). The two unpaired 

electrons have the same spin quantum number (parallel spin), and i f O2 attempts to oxidise 

another atom or molecule by accepting a pair of electrons from it, both new electrons must 

be of parallel spin so as to fit the vacant spaces of the orbital. Hence the reaction of oxygen 

is spin restricted and thus the molecules of oxygen will react specifically with certain type 

of molecules. Transition metals, such as Fe or Cu, frequently have unpaired electrons and 

are excellent catalysts of O2 reduction (Cadenas, 1989). The reaction could be summarised 

as follow: x" + 0 2 ^ X'" + O2'* (X = Fe or Cu). In addition, O2' is produced when 

electrophiles, such as quinoid compounds, are reduced to semiquinones by cellular 

electron-transfer flavoproteins, which subsequently reduce O2 via one electron, within a 

process termed redox cycling (Cadenas, 1989). This situation will lead to the formation of 

various radical species which will react with diverse macromolecules such as DNA to 

create DNA damage. In addition, an increase in oxygen concentration can be associated 
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with the conversion of xanthine to uric acid by the enzyme xanthine oxidase (Liepelt et al., 

1995). This reaction produces superoxide anions which are responsible for the induction of 

oxidative stress. Against all this background, it seems very likely that an increase in oxygen 

concentration leads to an increase in oxygen radicals and thus to damage to 

macromolecules such as DNA (see below). 

Hemoglobin (Hb) in crustaceans is known to decrease concomitantly with an 

increase in the oxygen concentration (Kobayashi and Nezu, 1986) and vice versa. Fox and 

Phear (1953) reported that 50% of the Hb in D. magna was lost after 7 d in air-saturated 

water. Furthermore, Kobayashi and Nezu (1986) revealed that the decrease in the Hb 

concentration in D. magna only occurred after more than 24 h of exposure to aerated water. 

It is likely that the Hb in the D. magna exposed to the aerated medium was saturated 

suggesting a protective role of the Hb i f it is considered that the oxygen wi l l not be released 

unless it is needed. However, the excess of oxygen might lead to the formation of more 

reactive radicals. As already mentioned, oxygen radicals can lead to diverse DNA damage 

and mutations (Troll and Wiesner, 1985; Breimer, 1990; Feig el al., 1994a; 1994b; Box et 

al., 1997; Lloyd et aL, 1997; Newcomb et al., 1999). It is likely that such effects will 

induce structural alterations (Wang and Taylor, 1991; Wang and Taylor 1993) which could 

interfere with the PCR process. In addition, the formation of dimers may also block or 

reduce the polymerisation of DNA in the PCR reaction (Donahue et aL, 1994; Nelson et 

aL, 1996a). Consequently, the intensity of some bands in RAPD profiles could be partially 

or completely abolished. Interestingly, the intensity of the same bands decreased after D. 

magna were either stirred or exposed to raised concentrations of dissolved oxygen. This 

may have occurred because the stirring of the medium also increased the concentration of 

dissolved oxygen to a level similar to the one reported after aeration of the medium (Table 

8.2). However, it was also clear that the aerated D. magna exposed to raised concentrations 

of dissolved oxygen were not forced to swim and thus not subjected to any physical 
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activity. Hence, the appearance of bands which were present in the profiles produced by the 

amplification of the DNA extracted from the stirred but not aerated D. magna may 

represent the result of physical activity. As reactive oxygen species may be implicated in 

both experiments, this means that the mechanisms which contributed to DNA effects 

following either the increase in oxygen levels or physical activity were different. 

When D. magna were placed in distilled water, the animals experienced 

considerable difficulties illustrated by the death of 30 % of the population (Table 8.1). 

However, hardly any changes were evident in RAPD profiles as compared to controls 

suggesting that no or very few detectable DNA effects occurred. The populations of D. 

magna might have been expected to respond to the stress by modulating gene expression. It 

is well known that the control of gene expression is strongly influenced by environmental 

factors. For instance, starved bacteria (e.g. E. coli) inoculated in a broth will grow rapidly 

after a lag phase (Siegele and Kolter, 1992). Indeed, the bacteria may have been in a 

dormant state, and time is required before their metabolism begins to work efficiently. 

Miralles and Serrano (1995) reported that four genes in Saccharomyces cerevisiae are 

regulated by osmotic stress. Water deficit in plant elicits a complex of responses beginning 

with stress perception, which initiates a signal transduction pathway(s) and is manifested in 

changes at the cellular, physiological, and developmental levels (Bray, 1993). Genes 

expressed during stress are anticipated to promote cellular tolerance of dehydratation 

through protective functions in the cytoplasm, alteration of cellular water potential to 

promote water uptake, control of ion accumulation, and further regulation of gene 

expression (Bray, 1993). Al l living cells display a rapid molecular response to adverse 

environmental conditions, a phenomenon commonly designated as the heat shock response 

(Mager and Ferreira, 1993; Welsh, 1993). In eukaryotes, transcription o f heat shock genes 

is regulated through the activation of the heat shock transcription factor which interacts 

with its cognate nucleotide element, the heal shock responsive element (Sorger, 1991). 
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Recently, Jolly and Morimoto (1999) reported that the cellular and molecular response to 

physiological and environmental stress induces a rapid and transient change in gene 

expression associated with major changes in nuclear architecture that impacts on signals 

involved in cell growth. Against this background, modulation of gene expression may have 

occurred in D. magna as a response to the stressfiil conditions (i.e. distilled water). 

However, very few detectable DNA effects occurred in RAPD profiles produced by the 

stressed population in comparison to control patterns. This could be ascribed to two main 

reasons. Firstly, it is possible that most of the structural changes induced by a change in 

gene expression are undone during denaturation of the genomic DNA at 94°C for 5 min, 

the first step of the PGR reaction. The same situation probably occurs for damaged 

genomic DNA with the exception that DNA lesions such as DNA adducts will induce 

structural changes which are not necessarily lost during denaturation. This statement is 

probably true at least where the DNA lesion is localised and possibly at other loci because 

a constraint in one position induces constraints in other areas. In this context, it seems that 

the contribution of non-genotoxic effects, such as changes in gene expression, to variations 

in RAPD profiles is possible but probably of limited importance. Secondly, it is possible 

that the D, magna were unable to adapt to the stressfiji conditions as 30 % of the 

population died after 24 hours. This could be due to an absence or a delay in the production 

of heat shock proteins. Stress-inducing agents are characterised by their ability to cause the 

appearance of misfolded proteins whose accumulation and aggregation can be damaging to 

the cell (Jolly and Morimoto, 1999). In other words, it is possible that the population of D. 

magna did not induce a rapid (i.e. within 24 h) and transient change in gene expression in 

response to the stress. The lack of tolerance may be related to the fact that D. magna is 

considered to be a species which is sensitive to toxic agents. Soares et al. (1992) reported 

that genotype-environment interactions played a key role in determining chronic responses 

of D. magna to toxicants. The difference in stress sensitivity of genotypically different 
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clones of D. magna could depend on the ability to rapidly and appropriately respond in 

order to compensate the stressful effects. 

In conclusion, oxygen radicals seem to have the potential to significantly affect 

RAPD profiles due to the fact that they generate diverse types of DNA damage. As 

numerous xenobiotics can produce highly reactive radicals (Cadet et al., 1999), it is likely 

that substantial changes occurring in RAPD patterns may be the result of the action of 

radicals on genomic DNA. Finally, the results obtained in this chapter suggest that DNA 

effects such as variation in gene expression may affect RAPD profiles but probably to a 

lesser extent than DNA damage. 
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D E T E C T I O N OF SPECIFIC AND D I V E R S E T Y P E S 

OF DNA E F F E C T S USING T H E RAPD ASSAY 



So far the research project has clearly suggested that chemical and physical agents 

which interact with genomic DNA, either directly or indirectly, are Hkely to induce 

significant effects on RAPD profiles. In the previous chapters the changes in patterns were 

attributed to DNA effects and more specifically to DNA damage, mutations and possibly 

variations in gene expression. However, as already mentioned, the nature and the amount 

of DNA effects could only be speculated. At this stage, it was primordial to prove that 

various types of specific DNA effects can significantly alter RAPD profiles. In particular, 

the following questions needed to be answered: 

(i) Are mutations, and DNA damage such as DNA adducts, DNA breakages easily 

detected by the ElAPD technology? 

(ii) Do genotoxin-induced DNA structural changes have an important effect on 

RAPD profiles? 

(iii) Does a single base change in the 10-mer primer sequence induce any detectable 

change in RAPD pattems at high annealing temperature? 

(iv) What is the minimum level of mutated/altered genomic DNA that can be 

detected using the RAPD protocol? 

To answer some of these questions, DNA lesions had to be individually generated under in 

vitro conditions using extracted DNA, bearing in mind that genotoxins induce a wide range 

of DNA damage and mutations under in vivo conditions. For instance, in vivo studies have 

shown that DNA adducts lead to generation of a variety of mutations including base 

substitutions, frameshift mutations, insertions, and deletions (Rodriguez and Loechler, 

1993; Loecher, 1995; Ross and Nesnow, 1999; Roy and Liehr, 1999). By using in vitro 

studies it would be possible to better understand the effects of DNA damage and mutation 

on the RAPD technology. Although the creation of specific types of DNA damage such as 

B(a)P DNA adducts, pyrimidine dimers, and DNA breakages was not technically complex, 
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it seemed dilficult to induce mutations under in vitro conditions, to the best of our 

knowledge and competence. It was attempted to create mutations by using three different 

strategies. The first one consisted of using a bacterial strain of £. coli which was mutated in 

the mismatch repair gene. Thus, the deficient cells were expected to accumulate mutations 

after multiple replication in vivo in comparison to the parental strains. In the second study, 

RAPD was performed using a set of primers which differed by a single base (in comparison 

to the original primer) to monitor any detectable changes among the produced profiles. By 

extrapolation, this would allow to analyse the effect of point mutations in genomic DNA on 

RAPD patterns. In the third study, isolates of the bacterium Renibacterium salmomnarum 

from world wide locations were used. Briefly, R. salmoninarum is a genospecies that is an 

obligate bacterial pathogen of salmonid fish and is capable of intracellular survival. This 

organism causes bacterial kidney disease (BKD) which can be fatal under the appropriate 

conditions (Evenden et al.y 1993). This bacterium appears to possess remarkable 

biochemical uniformity, and no reliable serological means of distinguishing between 

isolates has been found (Goodfellow et al., 1985). Thus this study allowed an assessment 

of the potential of the RAPD technique to detect genetic diversity in the absence of 

xenobiotic-induced DNA damage. Finally, it was attempted to evaluate the minimum level 

of mutated/altered genomic DNA that can be detected using the RAPD protocol. The 

strategy consisted in evaluating the sensitivity' of the RAPD assay by mixing different 

proportions of genomic DNA of two different origins. The objective was to evaluate the 

minimum amount of one genomic DNA required to allow the detection of an amplicon 

specific to this genomic DNA. By extrapolation, genomic DNA of the first origin could be 

considered to be the result of genotoxin-induced effect arising in the genomic DNA of the 

second origin, and vice versa. Thus, the evaluation of the minimum relative amount of one 

source of genomic DNA would give an estimation of the minimum level of mutated/altered 

genomic DNA that is required to be detected using the RAPD protocol. 
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9,2 Materials and methods 

The objectives were to create individual types of DNA damage such as DNA 
breakages using, separately, restriction enzymes and sonication, B(a)P adducts, pyrimidine 
dimers, and to induce mutations by performing the three different studies that have been 
succinctly described in section 9.1. 

9.2.1 Creation of DNA breakages 

9.2.1.1 Restriction enzyme digestion of genomic DNA 

Restriction enzymes were used to induce non-random DNA double strand breakage 

(dsb) in genomic DNA. Caesium chloride purified DNA extracted from E. coli and calf 

thymus was obtained from Sigma (Poole, UK). The concentration was adjusted to 100 

ng/|il in TE buffer and DNA was restricted using EcoR I , Hind I I I , Not I , Pme I (New 

England BioLabs, Hitchin, UK). Table 1.3 (appendix I) shows the recognised sequence as 

well as the average fragment size generated by each endonuclease in E. coli and mouse. 

The average fragment size generated by each endonuclease in mouse and calf thymus was 

expected to be similar. Reactions were performed under the following conditions: 22.5 |al 

of either £. coli or calf thymus genomic DNA (100 ng/|il TE buffer) was mixed with 2.60 

| i l buffer (lOX; see appendix I for the composition of the buffer) and 10 units of restriction 

enzyme in a final volume of 26 | i l and incubated for 0, 0.5, 1.5, 3 and 15 h. Samples were 

then incubated at 70**C for 20 min to inactivate the restriction enzymes. A volume of 2.88 

| i l lOX TE buffer was then added to each reaction mixture to obtain a final concentration of 

IX TE. Each DNA sample was diluted to two final concentrations of 5 and 20 ng/4 |al. 

PCR was then performed under the optimised conditions (see section 3.4.1) using 5 and 20 

ng of each sample as DNA template, and lO-mer primers OPBl, 0PB5, OPB7, and 0PB8 

(see section 3.4.2). PCR products were electrophoresed in 1.2 % agarose gels at 90 V for 6 
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h, stained with ethidium bromide and visualised under UV light. A photograph was also 

taken and the image of the gel was saved electronically for further analysis when necessary 

(see section 3.5). 

9.2.1.2 Sonication of genomic DNA 

Sonication was performed to induce random DNA breakage in genomic DNA. 

Total DNA from P. palmata (see section 3.1.3) was extracted and purified using a 

conventional phenol/chloroform method as described in section 3.2.2.1. The extracted 

DNA was electrophoresed on 1.2 % agarose gels and the DNA concentration of the sample 

was determined by comparison with known concentrations of Lambda phage DNA (see 

section 3.3.1). A volume of 265 \i\ of a solution at a concentration of 70 ng DNA/ | i l was 

sonicated for 0, 5, 10, 20, 30, 40, 50, 60, and 90 s. After each time point, 20 | i l of the DNA 

solution was sampled; 10 \i\ were electrophoresed in 1.2 % agarose gel at 100 V for 2 h to 

check the extent of DNA breakage. The remaining 10 |al were diluted in TE buffer so that 

the final concentration was 20 ng/4 | i l . PCR was then performed under the optimised 

conditions (see section 3.4.1) using lO-mer primers 0PA9, 0PB5, and OPB8 (see section 

3.4.2). Genomic DNA was also extracted from D. magna (see section 3.1.1) as previously 

described in section 3.2.1.1. A volume of 150 | i l of a solution at a concentration of 50 ng 

DNA/| i l was sonicated for 0, 2, 5, 10, 15, and 20 s. After each time point, 10 ^ l of the 

DNA solution was diluted in TE buffer to obtain a final concentration of 20 ng/4 | i l . In this 

experiment, genomic DNA was not electrophoresed. PCR was performed under the 

optimised conditions (see section 3.4.1) using 10-mer primer OPA9 (see section 3.4.2). 

PCR products obtained from P. palmata and D. magna were then electrophoresed and 

analysed as described at the end of section 9.2.1.1. Both experiments were performed using 

a ultrasonic processor W-385 (Heat systems-ultrasonics, New York, USA) under the 

following conditions: cycle continuous, % duty cycle: 70, output control: 2.75. 
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9.2.2 Induction of DNA adducts using B(a)P 

Part of the study (DNA adduct induction) was performed by Dr Paola Venier at the 

University of Padoa (Italy). Mediterranean mussels {Mytiius galioprovincialis) were 

collected from a relatively unpolluted site of the Venice lagoon (mussel farm at the Lagoon 

Inlets, Italy). Mussels were maintained as previously reported in Venier and Canova 

(1996), Genomic DNA was extracted from the mussel gill as described in Venier and 

Canova (1996). Briefly, the gill tissue was homogenised in a solution containing SDS and 

EDTA and treated using proteinase K., RNase, and perchlorate; DNA was then extracted 

with sevag (24:1 chloroformiisoamyl alcohol) and resuspended in TE buffer. Purified DNA 

was then reacted with the 3H-anti(+/-)-trans-7,8-dihydroxy-anti-9,10-epoxy-7,8,9,10-

tetrahydro-benzo(a)pyrene (3H-BPDE) (NCI, Chemical Carcinogen Standard Repository, 

Bethesda, MD) as follow. A volume of 200 | i l volume of the DNA solution containing 500 

ng DNA/ | i l (in 2 mM Tris-HCl buffer pH = 7.5) was reacted with 25 mM 3H-BPDE 

solution for 1 h at 37°C. Samples were then extracted twice in sevag and genomic DNA 

was precipitated using 0.1 volume of 2.5 M sodium acetate (pH 7) and 2 volumes of cold 

ethanol. After a single washing step by salt ethanol precipitation to remove fi-ee ^H-BPDE, 

DNA pellet was resuspended in analytical grade water and UV quantification of the 

samples was performed as described in section 3.3.2. The radioactivity in samples were 

determined by using a scintillation counter (Camberra Packard) and D N A adducts were 

detected by ^^P-postlabelling as described by Reddy and Randerath (1986). For more 

details refer to Venier and Canova (1996). 

Control and modified genomic DNA were precipitated using O.l volume of 2.5 M 

sodium acetate (pH 7) and 2 volumes of cold ethanoi, dried and sent to Franck Atienzar at 

the University of Plymouth (UK). On arrival, the DNA pellets were resuspended in 100 ^1 

of I X TE buffer. Different volumes of control and adducted solutions were then 

electrophoresed on 1.2 % agarose gels and the DNA concentration o f the samples was 
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determined by comparison with known concentrations of Lambda phage DNA (see section 

3.3.1). PCR conditions, electrophoresis, and analysis of the data were identical to those 

described at the end of section 9.2.1.1 except that primers 0PA9, OPBl , 0PB5, 0PB7, 

0PB8, OPBIO, O P B l l , 0PB12, 0PB14, and 0PB17 (see section 3.4.2) were used. 

9.2,3 Creation of UVC-induced DNA damage 

Caesium chloride purified DNA extracted from E. coli and calf thymus was obtained 

from Sigma (Poole, UK). The concentration was adjusted to 50 ng/|il in TE buffer and 20 

|al of this solution was exposed to UV-C radiation (Philips UV-C 15 W, Holland) for 0, 5, 

10, 20, 40, 60, or 80 s. The source of UV-C was provided using a PCR cabinet (Holten 

laminAir, Heto-Hollen A/S, Denmark). Samples were placed at a distance of 5 cm from the 

UV-C lamp. After the irradiation the DNA samples were diluted to a final concentration of 

5 and 20 ng/4 PCR conditions, electrophoresis, and analysis of the data were identical 

to those described at the end of section 9.2.1.1 except that primers OPA9, OPBl, 0PB5, 

and 0PB7 (see section 3.4.2) were used. 

In order to verify the presence of pyrimidine dimers, phage Lambda DNA [single-

stranded DNA; Sigma (Poole, UK)] adjusted at a concentration o f 250 ng/^il in sterile 

analytical grade water (Sigma, Poole, UK) was exposed to the same conditions of UV-C 

irradiation and for the same time series (as previously mentioned) except that 5s was not 

included. The samples were treated with the T4 endonuclease V (Worthington biochemical 

corporation, New Jersey, USA) under the following conditions: 5 ^il DNA phage Lambda + 

3.6 units of T4 endonuclease V + 15 | i l o f T4 endonuclease V buffer incubated for 1 h at 

37°C. Samples were then kept on ice and electrophoresed in 0.8 % agarose gels at 100 V 

for 2 h, stained with ethidium bromide and visualised under UV light. A photograph was 

also taken and the image of the gel was saved electronically for further analysis when 

necessary (see section 3.5). 
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9,2.4 Production of mutations in genomic DNA 

9.2.4.1 The use of strains of Escherichia co//deficient in mismatch repair genes (study 1) 

9.2.4.1.1 Description of the strains and culture conditions 

The strains of E. coli used in this study (C600, SMR346, and SMR687) were 

provided by Dr Susan Rosenberg (University of Alberta, Canada). SMR346 and SMR687 

are two strains in which a transposon carrying an antibiotic resistant gene, i.e. kanamycin 

and tetracycline for SMR346 and SMR687, respectively, has been inserted in the mismatch 

repair gene of the parental strain C600. C600 displays a fully fijnctional mismatch repair 

gene. The three strains were sent in separate tubes and, on arrival they were kept at 4°C. 

The strains were separately grown on agar (with or without antibiotics) at 37°C overnight 

and were kept at 4°C until the experiment started (see appendix I). 

9.2.4.1.2 Experimental design 

For each E. coli strain, C600, SMR 346, and SMR 687, a single colony was picked 

from an agar plate and incubated in 100 ml of Luria-Bertani (LB) broth, 100 ml of LB 

broth + 25 mg/ml kanamycin, and 100 ml of LB broth + 15 mg/ml tetracyclin, respectively 

(see appendix I), The cultures were agitated at 37°C and the optical density (OD) was 

measured in a spectrophotometer (UV4-100, Unicam, UK) at 260 nm every 30 min. When 

the OD was approximately 0.5, 40 ml of each solutions were sampled, and stored at -20°C. 

This step was repeated when the OD reached the value of 1.4, and 2, but the volume 

sampled was of 5 and I ml, respectively. Genomic DNA was extracted from the bacterial 

strains using a DNA extraction kit as described in section 3.2.3.2. Briefly the method of 

extraction was based on cell lysis, enzymatic digestion, and salt precipitation. The 

extracted DNA was electrophoresed in 1.2 % agarose gels at 80 V for 2 h and the DNA 

concentration of the samples was determined by comparison with known concentrations of 

Lambda phage DNA (see section 3.3.1). Samples were diluted in I X TE buffer to a final 

concentration of 5 and 20 ng/4 | i l . PGR conditions, electrophoresis, and analysis of the data 
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were identical to those described at the end of section 9.2.1.1 except that primers OPBl, 

0PB5, 0PB6, 0PB7, 0PB8, and OPBIO (see section 3.4.2) were used. 

9.2.4.2 Influence of a single base change in the primer sequence on RAPD profiles 

(study 2) 

This experiment was carried out with caesium chloride purified genomic DNA 

extracted from E. coli and calf thymus (Sigma, Poole, UK) using a series of primers each 

of which contained a single base substitution such that the percentage of guanine plus 

cytosine was unchanged with respect to the original sequence (Table 9.1). DNA pellets 

were resuspended in I X TE buffer and the stock solution was diluted in I X TE buffer to 

obtain solutions at 5 and 20 ng/4 j i l DNA. PCR was then performed under the optimised 

conditions (see 3.4.1) using 5 and 20 ng DNA for each sample and primers OPB5, OPB5-1 

to OPB5-10 as well as primers 0PB7, OPB7-1 to OPB7-10 (Table 9.1) in two distinct 

experiments. Electrophoresis, and analysis of the data were identical to those described at 

the end of section 9.2.1.1. 

In a second set of experiments, PCR products generated by primers 0PB5 and 

0PB7 were diluted (i.e. 4 | i l in 1500 |al of I X TE buffer) and reamplified under the 

optimised conditions (see section 3.4.1) using primers 0PB5, 0PB5-1 to OPB5-10 as well 

as 0PB7, 0PB7-1 to OPB7-I0, respectively (see Table 9.1). Electrophoresis, and analysis 

of the data were identical to those described at the end of section 9.2.1.1. 

9.2.4.3 Genetic diversity among Renibacteriiun salmoninarum isolates (study 3) 

9.2.4.3.1 Bacterial isolates 

Nineteen isolates of R. salmoninarum were used in this study. The isolates were 

sent to Dr Thomas Grayson (University of Plymouth, UK) from worid-wide locations. Five 

isolates originated from Scotland (MT410, MT417, MT420, MT1363, and BA99), five 

from the United states (Marion Forks, Little Goose, Round Butte, NC1MB2196, and ATCC 

33209), four from Canada (DR-128, DR143, DR384, and RS-TSA), three from Iceland (F-
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Table 9.1 Sequence of 10-mer primers (5'->3') used in the present study. Bases in bold 

represent a modification in the sequence so that the % of GC is unchanged in comparison 

to the original primer (sequence underlined at the top of the gel). The number after the 

name of the primer indicates the position of the base which has been changed compared to 

the original primer. 

0PB5 TGCGCCCTTC 0PB7 GGTGACGCAG 

0PB5-1 AGCGCCCTTC 0PB7-I CGTGACGCAG 

OPB5-2 TCCGCCCTTC OPB7-2 GCTGACGCAG 

OPB5-3 TGGGCCCTTC OPB7-3 GGAGACGCAG 

OPB5-4 TGCCCCCTTC OPB7-4 GGTCACGCAG 

OPB5-5 TGCGGCCTTC OPB7-5 GGTGTCGCAG 

OPB5-6 TGCGCGCTTC OPB7-6 GGTGAGGCAG 

OPB5-7 TGCGCCGTTC OPB7-7 GGTGACCCAG 

OPB5-8 TGCGCCCATC OPB7-8 GGTGACGGAG 

OPB5-9 TGCGCCCTAC OPB7-9 GGTGACGCTG 

OPB5-10 TGCGCCCTTG OPB7-10 GGTGACGCAC 
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138-87, F-273-87, and S-182-90) and, finally, two from Northem England (W2 and W6). 

On arrival each isolate was cultured in selective kidney disease medium broth 

supplemented with 5% spent culture broth at 15°C as described by Austin et ai (1983). The 

full description of the origin and identity of each isolate has been published by Grayson et 

fl/.(1999). 

9.2.4.3.2 Generation of RAPD profiles 

Genomic DNA was isolated by Dr Grayson using a Puregene D-6000 DNA 

isolation kit according to the instructions of the manufacturer (Gentra Systems Inc., 

Minneapolis, USA) as described in Grayson et al. (1999), Briefly, the method of extraction 

was based on cell lysis, enzymatic digestion, and salt precipitation. The extracted DNA was 

electrophoresed in 1.2 % agarose gels at 100 V for 2 h and the DNA concentration of 

unknown samples was determined by comparison with known amounts of Lambda phage 

DNA (see section 3.3.1). PCR conditions, electrophoresis, and analysis of the data were 

identical to those described at the end of section 9.2,1.1 except that primers 0PA9 and 

OPBl (see section 3.4.2) were used. 

9.2.5 Sensitivit^' of the RAPD method 

DNA used in this study was extracted from D. magna (see section 3.1.1) and E. 

intesiinalis (see section 3.1.2) as described in sections 3.2.1.1 and 3.2.2.1, respectively. The 

extracted DNA was electrophoresed in 1.2 % agarose gels at 100 V for 2 h and the DNA 

concentration of unknown samples was determined by comparison with known amounts of 

Lambda phage DNA (see section 3.3.1). The concentrations of both solutions were 

adjusted to 20 ng/4 | i l in I X TE buffer. A series of solutions which contained mixtures of 

genomic DNA extracted from D. magna and £. intestinalis in differing relative proportions 

were prepared in order to evaluate the sensitivity of the RAPD technique for the detection 

of each template. The solutions contained D. magna and £ intestinalis DNA in the 
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following relative proportions: 100 + 0, 95 + 5, 85 + 15, 75 + 25, 65 + 35, 50 + 50, 35 + 

65, 25 + 75, 15 + 85, 5 + 95, and 0 + 100 % of each template, respectively. RAPD 

reactions were then performed using 20 ng of genomic DNA in total in the proportions 

mentioned above under the optimised conditions (see section 3.4.1) using primers 0PA9 

and 0PB5 (see section 3.4.2). PGR reactions were run in duplicate. Electrophoresis and 

analysis of the data were identical to those described previously at the end of section 

9.2.L1. 

9.3 Results 

9.3.1 Effect of enz\'maticanv restricted DNA on RAPD profiles 

Electrophoresis of restricted E. coli and calf thymus DNA revealed that EcoK I and 

Hind III cut DNA more frequently than Not I and Pme I (Figure 9.1 A and 9.2A). This was 

in agreement with the data presented in Table 1.3 (appendix I). After PGR was carried out 

on E. coli DNA which had been restricted by EcoR I , bands 5-1, 5-2, and 5-3 disappeared 

in comparison to control (Figure 9.IB). On the other hand, no bands disappeared when £. 

coli DNA was restricted using Hind HI, Not I , and Pme I (Figure 9.IB and 9.1G) and 

subjected to PGR amplification. After restriction of calf thymus DNA using Hind III and 

PGR amplification, band 8-1 disappeared after 3 and 15 hours digestion (Figure 9.2B). 

However, no obvious changes occurred when calf thymus DNA was restricted with EcoK I , 

Not I and Pme I (Figures 9.2B and 9.2G). Results presented in appendix III show that no 

obvious modifications arose among RAPD profiles produced by control and restricted 

{EcoK I , Hind I I I , Not I , and Pme I) genomic DNA (£. coli and calf thymus) using primers 

OPBl and 0PB7. 
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C) Notl 
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Pme 1 
0.5 1.5 15 1211121 r o i r m M 

2 -
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Figure 9.1 Effect of restricted Escherichia coii DNA on RAPD profiles. A) Genomic 

DNA was restricted by enzymes EcoR L Hind I I I . .\ot I . and Pme I for 0. 0.5. 1.5. 3 and 15 

h as indicated at the top of the gel. B) and C) RAPD profiles were generated by restricted 

DNA using 2 DNA template concentrations (lanes I and 2: 20 and 5 ng DNA, respectively) 

with primer OPB5. Time of restriction as indicated on the top of each gel. M = IKb DNA 

ladder (BRL). The molecular sizes (Kb) of selected bands are indicated on the left of each 

gel. Disappearing bands are indicated by arrows in comparison to control patterns. 
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Figure 9.2 Effect of restricted calf thymus DNA on RAPD profiles. A ) Genomic DNA 

was restricted by enzymes EcoR I , Hind I I I , Not I , and Pme I for 0, 0.5, 1.5, 3 and 15 h as 

indicated at the top of the gel. B) and C) RAPD profiles were generated by restricted DNA 

using 2 DNA template concentrations (lanes 1 and 2: 20 and 5 ng DNA, respectively) with 

primer 0PB8. Time of restriction as indicated at the top of each gel. M = 1Kb DNA ladder 

(BRL). The molecular sizes (Kb) of selected bands are indicated on the left of each gel. 

Disappearing bands are indicated by arrows in comparison to control patterns. 
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9.3.2 Effect of randomly restricted DNA on RAPD profiles 

Electrophoresis of sonicated P. palmata genomic DNA indicated that even after 5 s 

of sonication approximately 90 % of the DNA was fragmented as determined by eye 

(Figure 9.3A). The longer the time of sonication, the smaller the average size of genomic 

DNA fragments produced. For instance, after 30 s of sonication almost all DNA fragments 

were less than 1000 bases. After PGR amplification, it was observed that bands of the 

highest molecular weights disappeared progressively as the time of sonication increased 

(Figure 9.3B, 9.3C and appendix III). Major PGR products disappeared after 20 s 

sonication. However, bands whose molecular weights were lower than 800 bases were 

generally present in RAPD patterns. In another experiment, PGR using sonicated D. magna 

DNA showed the disappearance of bands after 20 s of sonication. However, two bands also 

appeared after 20 s of sonication (Figure 9.3D). 

9.3.3 Effect of B(a)P adducts on RAPD profiles 

Autoradiography of ^H-BPDE treated genomic Mytilus galloprovincialis DNA 

showed the presence of bulky DNA adducts in the treated DNA (Figure 9.4B). In contrast, 

no adducts were present in the autoradiography of the control sample (Figure 9.4A). RAPD 

profiles produced by the adducted DNA revealed that the main events were the 

disappearance of some bands and the decrease in band intensity (Figure 9.4C and 9,4D). 

The bands of the highest molecular weights disappeared first in comparison to shorter 

amplicons and generally the decrease in band intensity concerned mainly the longer 

amplification products. However, the disappearance of some bands was not only dependent 

on the size of the amplicons. For instance, RAPD profile generated by primer OPB6 

indicated that band 6-2 (-1.1 Kb) disappeared whereas band 6-1 ("-1.3 Kb) was still present 

in comparison to control RAPD profiles. Similar results were obtained with primer OPB8 

(see bands 8-1 and 8-2). In addition, the intensity of some bands (e.g. 5-1 and 10-1) 
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A ) 

M o 5 10 20 30 40 50 60 90 M Sonication time (s) 

0.5-

I 

Figure 9.3 Effect of sonicated DNA on RAPD profiles. A) P. palmata genomic DNA 

was sonicated for 0, 5, 10. 20. 30. 40. 60. and 90 s as indicated at the top of the gel. B) 

and C) RAPD profiles of sonicated P. palmala DNA generated with primer OPB5 and 

OPB8, respectively. Sonication time (s) as indicated on the top of each gel. Each PCR 
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M . 0 2 5 10 15 20 

0.5 

0 . 3 -

was run in duplicate using 20 ng DNA. D) RAPD profiles of sonicated D. magna DNA 

generated with primer OPA9. Time of sonication (s) as indicated on the top of the gel. The 

arrow shows the appearance of 2 new bands (+). M = 1Kb DNA ladder (BRL). The 

molecular sizes (Kb) of selected bands are indicated on the left. 
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A) (e) 

B ) (0 

Figure 9.4 Effect of control and adducted MytUits galioprovincialis genomic DNA 

on RAPD profiles. A) and B) Autoradiographs of control and ^H-BPDE treated 

genomic DNA, respectively. C) and D) RAPD profiles were generated by control (e) 

and adducted (f) DNA using 2 DNA template concentrations (lanes 1 and 2: 20 and 5 ng 

DNA, respectively) with ditYerent primers as indicated at the top of the gels. -: no DNA 

control. M = 1Kb DNA ladder (BRL). The molecular sizes (in kilobases) of selected 

bands are indicated on the left. 
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increased in B(a)P exposed samples. It was also observed that some bands appeared in the 

profiles produced using the adducted DNA in comparison to those generated by the control 

DNA (e.g. bands 8-3 and 8-4). 

9.3.4 Effect of UVC-induced DNA damage on RAPD profiles 

When the UV irradiated phage Lambda was restricted with the T4 endonuclease V 

and subjected to electrophoresis the results did not allow an estimation o f the proportion of 

pyrimidine dimers as most of the DNA was trapped in the wells of the gel (Figure 9.5A). 

However, the general tendency was an increase in the number of pyrimidine dimers with 

raising UV-C radiation. For instance, after 80 s of radiation it seemed that at least a fraction 

of the DNA was saturated with pyrimidine dimers as the average size after digestion was 

about 3 Kb. RAPD profiles generated from UV-C treated E. coli and calf thymus DNA 

clearly showed that, compared with control patterns, there was a decrease in band intensity 

followed by a disappearance of the PGR products of highest molecular weight as the period 

of UV-C exposure increased (Figure 9.5 B, 9.5G, 9.5D and appendix III) . Amplicon 1-1 

(Figure 9.5D) however followed a special pattern. The intensity of this band decreased 

until t = 20 s of UV-G radiation and increased afterwards in comparison to the control band 

intensity. In addition, the intensity of some bands (e.g. 9-1, Figure 9.5 C) also increased 

with raising UV-C exposure compared to the band intensity displayed in the control but 

this event was rare. Finally, the results clearly showed that raising the time of exposure of 

DNA to UV-C radiation generally increased the number of changes occurring in RAPD 

profiles. 
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Figure 9.5 Effect of UV-C irradiated genomic DNA on RAPD profiles. A) Phage 

Lambda DNA irradiated for 0. 10. 20. 40, 60. and 80 s and digested by T4 endonuclease 

V (except for the first lane after the marker). B) RAPD profiles of UV-C irradiated E. coli 

genomic DNA using primer OPA9. C) and D) RAPD patterns of UV-C irradiated calf 
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changes are indicated by arrows. M = 1Kb DNA ladder (BRL). The molecular sizes (Kb) of 

selected bands are indicated on the left of each gel. 
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9.3.5 Effect of mutations on RAPD profiles 

9.3.5.1 The use of strains of Escherichia coli deficient in mismatch repair genes (study 1) 
The Marmur's method was initially used to extract DNA fi*om the bacterial strains 

(see section 3.2.3.1). However as this method was not optimal when the extraction was 

performed using 1 ml of bacteria (OD > 2), the Puregene DNA isolation kit was finally 

used. Figure 9.6 shows the growth curves obtained from the 3 strains which followed the 

same type of curve. The lag or latent phase which lasted for about 3.5 h was followed by 

the log or exponential phase which proceeded for 4 h. Finally after 8 h the bacteria entered 

the stationery phase as the OD stabilised until t = 31 h. The results obtained from PGR 

reactions showed that ver>' similar RAPD patterns were produced by the 3 stt-ains whenever 

the sampling was performed using primer 0PB5 and OPB7 (Figure 9.7), These results 

were confirmed with other primers (appendix III). 

9.3.5.2 Influence of a single base change in the primer sequence on RAPD profiles 

(study 2) 

Changing a single base in the sequence of the 10-mer primer often induced a 

different RAPD profile in comparison to the pattern generated by the unmodified primer 

(i.e. primer 0PB5 or 0PB7) (Figure 9.8A, 9.8G, and appendix UI). However, the profiles 

generated by primers 0PB5 and 0PB5-1 were very similar although the intensity of bands 

were not necessarily identical (Figure 9.8C). Nevertheless, for the other modified primers 

tested (i.e. OPB5-2 to OPB5-10 and 0PB7-1 to OPB7-10) a single change in the original 

sequence dramatically changed the RAPD profiles. PGR products generated by primers 

0PB5 (Figure 9.8C) and 0PB7 (Figure 9.8A) were also reamplified using primers 0PB5, 

0PB5-1 to OPB5-10 as well as 0PB7, 0PB7-1 to OPB7-10, respectively. PGR products 

could be reamplified even when the template DNA/primer match was not perfect. 

However, when the 4^ base was substituted in the original primer the reamplification 

process was reduced (Figure 9.8C, 9.8D, and appendix III). Figure 9.8D showed as well 
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Figure 9.6 Growth of Escherichia coli strains C600, SMR346, and SMR387 at 37°C 

under constant agitation. Bacterial cells were sampled when the OD260nm was 

approximately of 0.5, 1.4, and 2 for each strain. Arrows indicate when the sampling was 

carried out. 
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Figure 9.7 RAPD profiles of Escherichia coli control (C600) and mismatch repair 

defective strains (SMR346 and S.MR687) at an approximate OD260nm of 0.5, 1.4, and 2. 

Patterns were produced using primers OPB5 (A), 0PB7 (B) and two template DNA 

concentrations (lanes 1 and 2: 20 and 5 ng DNA. respectively). -: no DNA control. M = 

1Kb DNA ladder, (BRL). The molecular sizes (Kb) of selected bands are indicated on the 

left of each gel. 
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indicated on the left of each gel. 
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that a change in the last 3 bases (at the 3' end) in the original primer had some importance 

as less bands were generated by these primers. The reproducibility of the RAPD profiles 

after reamplification was usually satisfactory except for some bands (see for example 

appendix III). 

9.3.5.3 Genetic diversity among Reiiibacterium salmoninarum isolates (study 3) 

The results generated by primer 0PA9 and OPBl are presented in Figure 9.9A and 

9.9B, respectively. Although most of the bands were shared by the isolates, the profiles 

clearly revealed some differences. The patterns produced by the different isolates cultured 

in laboratory conditions originating from the same country shared a lot of bands with the 

exception of the USA. According to Figure 9.9A and 9.9B, 3 different groups emerged for 

the United States isolates: groupl: ATGG 33209 and Round Butte (lines c and d 

respectively), group 2: Little Goose and NCIMB2196 (lines g and o respectively), group 3: 

Marion Forks (lines p). The patterns generated suggested that groups 1 and 3 shared more 

similarities with each other than with group 2. In addition, although the profiles produced 

by the other isolates (Canada, Scotland, Iceland and England) were ver>' similar they were 

not identical to those generated from group 2 of the USA. RAPD reactions were also 

performed using two DNA concentrations with primers 0PA9 and OPBl to assess the 

reproducibility of profiles (Welsh e( al., 1995a). Figure 9.9G and 9.9D which displays the 

RAPD patterns generated by primer 0PA9 using 2.5 and 10 ng genomic DNA with all 

isolates showed that the profiles were very reproducible. The results for primer OPBl 

which are presented in appendix HI showed the same level of reproducibility. 
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Figure 9.9 RAPD profiles of 19 isolates of Renibacterium salmoninarum from a 

variety of geographic areas and host species (salmon). RAPD patterns were generated 

using primers OPA9 (A, C, and D), and OPBl (B). M : 1Kb DNA ladder (BRL); The 

molecular sizes (Kb) of selected bands are indicated on the left of each gel. - = no DNA 

control. Lanes a-s: each lane represents an isolate; a: DR384; b: DR128; c: ATGC 33209; d; 
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Reproducibility was also checked by using 2 DNA template concentrations (lanes 1 and 2: 

2.5 and 10 ng DNA. respectively) with primer OPA9 (C and D). 
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9.3.6 Sensitivity of the RAPD method 

This experiment was carried out to evaluate the minimum level of mutated/altered 

genomic DNA that can be detected using the RAPD protocol. Figure 9.10 revealed that a 

main band generated by a single source of DNA (i.e. 100 %) could be easily detected even 

when the contribution of the DNA was as low as 15-25 % (e.g. bands labelled B I A , B2A, 

B3A, B I B , B2B). Some bands were even generated when as little as 1 ng (5 %) of a 

genome was mixed with 19 ng (95 %) of a different genomic DNA. But the band intensity 

appeared to be quite weak, h is noteworthy that for bands B2A and B3A the intensity was 

easily identifiable when only 3 ng (15 %) of the D. magna DNA was mixed with 17 ng (85 

%) of E. intestinalis DNA, as compared with the intensity of the same bands generated 

with 20 ng D. magna (100 % ) . 

9.3.7 Overview of the results 

Table 9.2 summarises the results obtained in the present study. The results clearly 

revealed that random breakage obtained by sonication had much more effect on RAPD 

profiles than enzymatic restriction. Sonicated DNA, B(a)P adducts and pyrimidine dimers 

generally led to similar qualitative changes. It was also very clear that random mutations 

did not affect the RAPD profiles whereas a single base change in the 10-mer primer had 

considerable effects. Finally, the presented results unambiguously showed that genetic 

diversity (including mutation) in R. salmoninarum was easily detected by the RAPD 

technology. 
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Figure 9.10 Evaluation of the sensitivity of the R. \PD technique. PCR reactions were 

performed with the appropriate mixture of genomic DNA extracted from D. magna (D. m.) 

and E. intestinalis {E. /.) as indicated at the top of each gel. M = I Kb DNA ladder (BRL). 

The molecular sizes (Kb) of selected bands are indicated on the left of each gel. PCR 

reactions were performed using primers 0PB5 (A) and OPA9 (B). PCR reactions were run 

in duplicate. 
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Table 9.2 A summary of the effects of diverse types of DNA effects on RAPD profiles. 

Changes in RAPD profile 

DNA effects 
Disappearance of 

bands 

Appearance of 

bands 

Decrease in 

band intensity 

Increase in 

band intensity 

Non random DNA 

breakage (restriction) 
Major event No No No 

Random DNA 

breakages (sonication) 

Major event (high 

molecular weight 

bands) 

Minor event Major event Minor event 

Benzo(a)pyrene 

induced adducts 

Major event (mainly 

high molecular 

weight bands) 

Minor event Major event Minor event 

Pyrimidine dimers 

Major event (mainly 

high molecular 

weight bands) 

No Major event Minor event 

Random mutations No No No No 

Change in primer 

sequence 
New RAPD profile 

Genetic Diversity Yes Yes Yes Yes 
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9.4 Discussion 

The RAPD patterns which were generated using genomic DNA restricted by diverse 
restriction enzyme did not always differ from the patterns generated using undigested 
control DNA. Generally the number of bands that were either absent or not affected varied 
according to the DNA, the primer and the enzyme used. Similar results were obtained by 
Khandka et al. (1997) except these researchers found that bands also appeared in 
comparison to control patterns. It seems obvious that PCR products disappeared when the 
restriction site was contained between 2 closely (e.g. maximum --3 kb) opposite annealing 
sites. The data also indicated that the restriction enzymes which cut the genomic DNA 
more frequently were more likely to have an effect on RAPD profile. The results presented 
in this research project showed that there was a distinct difference in the amplification 
pattern of mechanically (sonication) and enzymatically (restriction enzymes) fragmented 
DNA. The sonication of template DNA had a much greater effect on RAPD profiles 
compared with the results obtained with restriction enzymes. Unlike restriction enzymes, 
sonication induces rapid random and more frequent DNA breakage. After sonication, bands 
of the highest molecular weight initially disappeared because mechanical shearing occurs 
much more readily in larger fragments. Although bands were observed to appear in RAPD 
profiles produced using sonicated template DNA, this event was quite rare. In these cases, 
DNA breakages may have induced some strucnjral rearrangements which could facilitate 
the binding of the primer to the DNA compared to control DNA in which the same site 
may not have been accessible to the primers. The detection of DNA breakages is of 
particular interest because chromosome aberrations and rearrangements are thought to 
result fi-om strand breakage misrepair. This could also contribute to genetic amplifications, 
aneuploidy, alterations in gene expression and loss of heterozygosity, which may promote 
neoplastic progression (Bohr et a!., 1995). 
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The main change in RAPD profiles produced using template DNA containing B(a)P 

induced adducts was an overall decrease in the intensity of bands. Since bulky adducts 

have been shown to block or reduce the processivity of the Taq DNA polymerase (Brown 

and Romano, 1991; Choi et al., 1994; Christner et ai, 1994; Chary and Lloyd, 1995), 

bands of the highest molecular weight were initially affected. However, the fact that some 

lower molecular weight bands were much more affected than amplified products of larger 

size suggested that there were specific areas (hot spots) of interaction between the diol-

epoxide and DNA (Boles and Hogan, 1986). Non-random binding of agents with DNA has 

also been demonstrated in numerous studies (Gupta, 1984; Cosman et al., 1992; 

Vogelstein and Kinzler, 1992; Shou et aL, 1993). The two other minor changes in RAPD 

patterns were an increase in the intensity of some bands as well as the appearance of PCR 

products of a distinct size. Some of these bands may represent products which were 

amplified more efficiently because more primers were available to a site due to the 

structural changes induced by B(a)P. Alternatively the structural changes may allow new 

primer/DNA annealing at sites which were not available in control DNA. 

When DNA is irradiated with UV, the two major types of damage produced are the 

cis-syn cyclobutane pyrimidine dimer and pyrimidine (6-4)-pyrimidione lesions (Varghese 

and Wang, 1968), formed in about a 3:1 ratio (Mitchell and Nairn, 1989). Thus to simplify 

the discussion any changes in profiles will be attributed to the direct and indirect effects of 

pyrimidine dimers. The T4 endonuclease V has been used in this study because this 

restriction enzyme cuts at every pyrimidine dimer; Smith and Taylor (1993) reported that 

the T4 endonuclease V did not cleave the (6-4) or Dewar product. UV-induced pyrimidine 

dimers are also known to block or reduce the processivity of the PCR enzyme (Rabkin et 

al, 1983; Taylor and Oday, 1990; Donahue et ai, 1994; Nelson et a!., 1996a). 

Consequently, the highest molecular weight bands disappeared (main event) as a result of a 

high frequency of pyrimidine dimers which increased as UV-C exposure was raised. It is 
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possible that the Taq DNA polymerase did not dissociate from the pyrimidine dimers. 

Donahue et al. (1994) reported that the complex cyclobutane pyrimidine/RNA/RNA 

polymerase II was stable and that neither the polymerase nor the RNA product dissociated 

from the DNA template. In addition, similarly to B(a)P-induced DNA adducts, pyrimidine 

dimers unwind the DNA and thus produce some distortion in DNA structure (Ciarrochi and 

Pedrini, 1982; Wang and Taylor, 1991). For instance, the trans-syn thymine dimer bends 

DNA by about 22 degrees and unwinds DNA by about 15 degrees (Wang and Taylor, 

1993). Hanawalt (1998) reported that the 6-4 pyrimidine-pyrimidone photoproducts is the 

more distorting lesion, bending the DNA about 44 degrees, while the cyclobutane 

pyrimidine dimers bend the DNA about 9 degrees. These alterations are likely to induce 

changes in RAPD profiles (see above). Finally, the fact that pyrimidine dimers represent 

the major UV-induced lesions does not necessarily mean that changes in RAPD profiles are 

all due to pyrimidine dimers. Ganguly and Duker (1992) reported that thymine hydrates 

were formed in UV-irradiated DNA and partially inhibited polymerase activity during 

DNA synthesis. This could be potentially lethal i f unrepaired. Finally, the detection of 

DNA damage such as B(a)P adducts and pyrimidine dimers is of primary importance 

because such lesions have been shown to produce mutations after DNA replication and 

DNA repair events. 

In this chapter it was also attempted to better understand the effects of mutations on 

RAPD profiles. In the first study, E. coli strains SMR 346 and SMR 387 probably 

developed a high rate of mutation during replication as the mismatch repair gene was 

deficient in both strains. Indeed, Schaaper and Dunn (1987) reported that E. coli displayed 

elevated spontaneous mutations rates because of a deficiency in the process of post-

replicative mismatch correction. The spectra consisted of base substitutions (75 %) and 

single-base deletions (25 % ) . In addition, strains deficient in mismatch repair have been 

used to study adaptive mutation in non-growing cells (Schaaper and Dunn, 1987; 
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Longerich et ai, 1995). In the present study, after the latent phase these strains needed 

approximately 3.5 hours to reach an optical density (260 nm) of 2 which meant that 

replication of the genomic DNA occurred 10 times (£. coli doubles the amount of DNA 

every 20 minutes). This suggests that the mutations probably accumulated over time. 

RAPD profiles performed on DNA extracted from both strains over a time course revealed 

that no readily detectable changes arose in comparison to the parental strain. However, 

mutations which may have accumulated in both strains would have occurred randomly and 

consequently mutations among the same population of bacterial cells (SN4R 346 or SMR 

387) would have been different. To reiterate, the RAPD method did not reveal any changes 

in RAPD profiles because there were no hot spot mutations in both mismatch repair 

deficient strains. In the second study, results showed that a single base change in the 

sequence of the lO-mer had a tremendous effect on RAPD profiles. Only in one case did a 

single base change in the sequence of the primer produced very similar patterns (Figure 

9.8C; primer 0PB5 and 0PB5-I) although the intensity of the amplified bands was quite 

different. It is likely that a perfect annealing between the primer and the DNA produces an 

intense band i f the site is easily accessed by the primer and i f the extension reaction 

proceeds without impediment. When the products of PCR reactions generated by the 

original primers, 0PB5 or 0PB7, were subjected to reamplification by the single base 

substituted primers, profiles were obtained in all cases. Thus, in presence of high 

concentration of PCR products and very low concentration of genomic DNA template 

perfect pairing between PCR product and primers were not required. The amplification was 

significantly reduced (compared to the pattern produced by the original primers) when the 

4*̂  base from the 5' end of the original oligonucleotide was changed (Figure 9.8 and 

appendix III). This suggested that the 4*̂  base of the 10-mer primer required a perfect 

annealing to allow an efficient reamplification. This may emphasise the importance of 

structural effect even for short primers. Caetano-Anolles et al. (1992) also stressed the 
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significance of structural effects in DNA amplification fingerprinting. Caetano-Anolles et 

al. (1992) proposed a model in which a single primer preferentially amplifies certain 

products due to competition for annealing sites between primer and terminal hairpin loop 

structures of the template. In addition, as some of the patterns were different fi-om those 

obtained from the original patterns it could be argued that in absence of genomic DNA (or 

in presence of very little amount of genomic DNA compared to PCR product) artefacts or 

false amplification were generated. However, this was certainly not the case as the 

reproducibility was generally satisfactory for most bands when 2 different concentrations 

of PCR products were used. The ability for an oligonucleotide to serve as a primer is 

dependent on several factors, including (i) the kinetics of association and dissociation of 

primer-template duplexes at the annealing and extension temperatures, (ii) the effects on 

duplex stability of mismatched bases and their location, and (iii) the efficiency with which 

the polymerase can recognise and extend a mismatch duplex (Kwok et al., 1990; Caetano-

Anolles et aL, 1992). Sommer and Tautz (1989) reported that primers (17-20 nucleotides) 

needed at least three homologous nucleotides at their 3'-end for successful priming and that 

the remainder of the primer needed only very little homology with the target sequence. 

However it must be borne in mind that when PCR are performed at high annealing 

temperature mismatches are less stable and therefore less tolerated (Caetano-Anolles et al., 

1992). For instance, Caetano-Anolles et al. (1992) reported that at an annealing 

temperature of 55^C, only the perfectly matched primer (8-10 base long nucleotide primers) 

was successful in amplifying the synthetic template. As in the present study an annealing 

temperature of 50**C for lO-mer primers was used, we believe that most of the amplified 

PCR products are the result of perfect pairing between DNA and primer sequence. This 

was confirmed by the fact that a single base change in the sequence of the lO-mer primer 

resulted in tremendous changes in RAPD profiles. This was an important outcome which 

suggested that a single mutation in the genomic DNA could be easily detected under high 
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stringency conditions. In the third study, the RAPD analysis was evaluated to determine the 

genetic diversity in R. salmoninarum, a highly conserved genospecies. The genetic 

diversity includes fixed mutations such as deletion, insertion, and larger rearrangements 

which may have occurred as a consequence of the evolution and possibly other processes. 

The results obtained with primers 0PA9 and OPBl plus those produced by a set of six 

other primers (analysis performed by Dr Thomas Grayson, University o f Plymouth, UK) 

revealed that none of the isolates produced identical RAPD patterns. In addition, the 

molecular variation of the I6S-23S ribosomal RNA intergenic spacer sequence of R. 

salmoninarum isolates from widely separated environments was extremely limited 

(Grayson et al., 1999). Similarly, RAPD analysis of strains of Bacillus cereus revealed a 

remarkable diversity which was not divulged by ribosomal RNA or transfer RNA 

intergenic spacer target PCR (Daffonchio et al., 1998). Numerous studies have 

demonstrated that RAPD constitute a reliable and reproducible method for molecular 

typing and genetic characterisation of a variety of micro-organisms (e.g. Hansen et al., 

1998; Wagner et al., 1998; Wang et al., 1998). Thus, the RAPD method was particularly 

usefijl for examining the genomic diversity among strains of bacteria which were 

indistinguishable by other molecular methods such as traditional subtyping techniques. 

This study clearly showed that the RAPD method which has been optimised in this 

research project can detect non-random mutations in bacterial strains leading to genomic 

diversity as demonstrated by other studies (e.g. Williams et al., 1993). 

While this study clearly demonstrates the potential of the RAPD method to detect 

DNA damage and mutations, it was crucial to assess the sensitivity of the assay. In other 

words, the objective was to determine the minimum or basal level o f mutated/altered 

genomic DNA that can be detected using the RAPD assay. When PCR was performed 

using a mixture of two different genomic DNAs, a band unique to one of the templates was 

detectable even when the source of that template was as low as 5-25 % depending on the 
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brightness of the band in the original pattern, that is when RAPD was performed using 100 

% of this genome. Thus, by extension, for the successful detection of mutation in D. magna 

and £. intestwalis using the RAPD technique, the same mutations (hot spot mutation) must 

prevail in at least 5-25 % of all the cells of these organisms. In this context, a band wi l l 

disappear i f the mutation which results in the loss of the pairing between primer and DNA 

occurs in 75-95 % of the cells. Alternatively, a band will appear, due to the creation of a 

new annealing site, i f the mutation occurs in 5-25 % of the cells. Thus the appearance of 

new PGR products as a result of mutation is more likely to occur rather than the 

disappearance of bands. Under certain circumstances, it is possible that mutations 

occurring in 2-3 % of the cells might be detected. However, the sensitivity of detection of 

mutations by RAPD is dependent upon the localisation of the mutations in relation to the 

primer binding sites. For instance, a single base substitution which occurs outside or even 

within a priming site which lies more than 4 Kb from the next opposite priming site wil l go 

undetected even i f the mutation arises in 25% of the cells. However, this is probably only 

partly true because mutations outside the annealing site can induce structural changes 

which might lead to change(s) in the RAPD pattern (Bowditch et al, 1993). Since DNA 

damage such as DNA adducts can lead to mutations after DNA replication, this suggests 

that only a small proportion of the cells (e.g. 10-20 %) needs to be damaged at specific 

chromosomal loci in order to have an effect on RAPD profiles. Interestingly, local 'hot 

spots' mutation have been detected mostly in mammalian systems following exposures to 

both single chemicals (Vogelstein and Kinzler, 1992; Goller and Thilly, 1994; Lambert et 

al,, 1994), and complex chemical mixtures (Demarini, 1994), It is also known that DNA 

damage do arise at specific loci (Boles and Hogan, 1984; Gupta; 1984). Several studies 

have even shown that the frequency of inclusion of specific chromosomes in micronuclei is 

not random (Hando et ai, 1994; Nadi et al., 1995). In this context, it appears that the 

RAPD provides a very useful means to detect diverse kinds of DNA lesions and mutations 
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in mammalian systems. Although much less is known about hot spot interactions between 

genotoxins and invertebrate genomic DNA, this research project suggests that hot spot 

interactions occur at least for a number of agents such as B(a)P, UV radiation, copper, 17-B 

oestradiol, 4-/7-nonylphenol, and oxygen radicals in diverse invertebrate species. In this 

context, this would suggest not only that specific interactions between genotoxins and 

DNA arise in any species but also that RAPD has the potential to detect genotoxin-induced 

DNA effects in any species. 

In conclusion, this study clearly shows that the RAPD method is a sensitive method 

for detecting DNA damage, namely DNA breakages, B(a)P-induced adducts, pyrimidine 

dimers, as well as mutations. The structural changes induced by DNA damage (DNA 

adducts, DNA breakage) and mutations are likely to have a significant effect on RAPD 

profiles. The RAPD technique can potentially detect all classes of mutations (substitutions, 

insertions, deletions) and, more importantly, mutations are not necessarily required in the 

sequence of the primer binding site to be detected (Bowditch et al., 1993). The results 

presented in this chapter also suggest that only 10-20 % of the cells need to be 

damaged/mutated at specific genomic loci to possibly detect a visible effect in RAPD 

profiles. 
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T H E RAPD ASSAY AS A T O O L TO D E T E C T 

T H E KINETICS OF DNA E F F E C T S , DNA REPAIR 

AND TRANSGENERATIONAL E F F E C T S IN 

B(A)P-EXPOSED DAPHNIA MAGNA 



10.1 Introduction 

Since the RAPD assay shows great potential for detecting DNA damage and 
mutations, it was challenging to develop a strategy which would differentiate between these 
two types of DNA effects. Mutations which occur in germ cells are transmitted to the next 
generation unlike damage to the DNA arising in germ and somatic cells. In this context, 
any changes arising in neonatal RAPD profiles generated from the exposed populations can 
be attributed to heritable mutations. In addition, a powerful approach would be to look at 
the kinetics of DNA effects in samples collected over a time course rather than at a single 
point time. In the same way, DNA repair could be qualitatively evaluated by exposing a 
species to a genotoxin and by allowing the species to recover. This chapter evaluates the 
potential of the RAPD assay to qualitatively assess the kinetics of DNA effects, DNA 
repair and transgenerational effects. 

DNA repair is a crucial defence against genotoxins which may constitute an 

important factor affecting the carcinogenic potential of DNA damaging agents (Braithwaite 

et al., 1999). Recently, PCR has been successively applied to evaluate the extent of DNA 

damage and repair in specific genes (Wei et al., 1995; Bingham et al., 1996; Brandt and 

Ali-Osman, 1997; Ploskonosova et al., 1999; Braithwaite et al., 1999). Although B(a)P 

adducts have been shown to be efficiently repaired (Feldman et al., 1980; Yang et al., 

1980), it has been reported that the repair of B(a)P adducts in a specific gene, hypoxanthine 

phosphoribosyltransferase (hprt), occurred preferentially on the transcribed strand (Chen et 

al., 1990) and that inefficient DNA repair played an important role in the formation of 

mutation hotspots (Wei et al., 1995). However, most of the studies which have evaluated 

the DNA repair process have been performed on mammalian systems (e.g. Bodell and 

Banerjee, 1976; Mirsalis et al., 1982; Burke et al., 1990; Gao et al., 1994; Hanawalt, 1998; 

Cui et al., 1999). Much less is known about DNA repair in invertebrates. Zahn et al. (1983) 
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reported that DNA repair in sponges was efficient for one type of B(a)P-induced DNA 

damage but that another type of DNA damage induced by the same agent was persistent. 

Zahn et al. (1981) also indicated that DNA damage caused by PAHs and DNA repair in 

sponges seemed to differ fi-om that of most eucaryotes. Harvey and Parry (1998) reported 

that the removal of 4-nitroquinoline 1-oxide -induced DNA adducts in the common mussel 

appeared to be biphasic in nature, with the rapid removal of a large proportion o f adducts 

occurring within 48 h of the cessation of the exposure, followed by a slow rate of adduct 

removal for 56 d. In another study, James et al (1992) showed that B(a)P metabolites could 

bind to the hepatopancreatic DNA in lobsters, but the adducts were not persistent 

suggesting that the DNA repair process worked efficiently. Because persistent adducts can 

lead to the generation of mutation following replication of damaged bases (Livneh et aL, 

1993), there is a growing need to develop sensitive methods for detecting mutations. Of 

particular importance are mutations which occur in germ cells as they wil l be transmitted to 

the next generations (Douglas et al., 1995). It has been reported that the frequency of 

germline mutations significantly increased in human as a result of radioactive 

contamination in the Chernobyl region (Dubrova et al., 1996). In another study, the AP-

PCR was successively used for studying environmental germ-line mutagenesis (Shimada 

and Shima, 1998). Yauk (1998) reported that minisatellite DNA mutations may be 

sensitive biomarkers for induced heritable mutations in populations exposed to radioactive 

and non-radioactive contamination. In addition, powerftil new PCR approaches have also 

been developed for the analysis of de novo mutations arising in pedigrees (Jeffreys et aL, 

1990) and for the analysis of sperm samples (Jeffreys et aL, 1994), 

In this chapter D. magna were exposed to different concentrations of B(a)P in order 

to evaluate the potential of the RAPD method (i) to detect DNA effects in samples 

collected over a time course during exposure and recovery and, (ii) to determine whether 

any observed DNA effects are transmitted to the next generations. 
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10.2 Materials and methods 

10.2.1 Culture of Daphnia masna 

D. magna (clone 5) was cultured in M7 medium at 20 ± 2°C as described in section 

3.1.1. 

10.2.2 Kinetic of exposure 

10.2.2.1 Experimental design 

Freshly bom neonates (less than 48 h post hatch) were exposed in groups of 20 to 

25 and 50 jigL"' B(a)P; the animals were exposed for 7 d (experiment I ) , and 6 d 

(experiment 2), respectively. It was decided to continue both experiments which were not 

carried out at the same time until D. magna were considerably affected. Test solutions were 

prepared from stock solutions of B(a)P at a concentration of 2 gL"' in DMF, then stored at 

4°C prior to use. The B(a)P solutions were added to the D. magna culture medium using a 

volume of 100 ^1 of DMF in 1 L of medium thereby ensuring a level below the 0.05 % 

maximum percentage of the solvent recommended by ASTM (1975). For each experiment, 

2 control groups containing 20 animals were used. The controls consisted of a non-exposed 

group and a group exposed to 100 \x\ DMF alone in 1 L of medium. A total of 180 (9x20) 

animals were required for each experiment including control, solvent control, and B(a)P 

treated groups. Animals were fed during the experiments and the medium was changed 

three times a week as described in section 3.1.1. Surviving animals were recorded and 

samples were placed in 1.5 ml microcentrifuge tubes and stored at -80°C on a daily basis 

for 7 d (experiment 1) and 6 d (experiment 2). The whole population was sampled (i.e. 

maximum 20 animals) and when the number of survivors fell below 6 animals, surviving 

D. magna were used from other beakers to get a minimal number of 6-8 animals per tube. 

This explains why the starting number of D. magna in both experiments was higher than 
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120 (6x20, experiment 1) or 140 (7x20, experiment 2) for the B(a)P exposed groups. 

10.2,2.2 Generation of RAPD profiles 

At the end of both experiments, genomic DNA from D. magna was extracted and 

purified using a conventional phenol/chloroform method (see section 3.2.1.1). Extracted 

DNA was then electrophoresed on 1.2 % agarose gels at 100 V for 2 h and the DNA 

concentration of unknown samples was determined by comparison with known amounts of 

Lambda phage DNA (see section 3.3.1). RAPD profiles were generated using lO-mer 

primers 0PA9, OPBl, 0PB5, 0PB6, 0PB7, 0PB8, OPBIO and 0PB17 (see section 3.4.2) 

under the optimised conditions as described in section 3.4.1. PGR products were then 

electrophoresed on 1.2 % agarose gel at 90 V for 6 h, stained with ethidium bromide and 

visualised under LTV light. A photograph was also taken and the image of the gel was saved 

in the computer for analysis when necessary (see section 3.5). 

10,2.3 Recovery experiments and transgenerational effects 

10.2.3.1 Experimental design 

Freshly bom neonates (less than 48 h post-hatch) were exposed in groups of 20 to 

50 ^gL"' B(a)P. Two control groups consisted of non-exposed D. magna and also animals 

exposed to 100 | i l DMF in 1 L of M7 medium. In total 80 (4x20) and 160 (8x20) animals 

were used for both control groups and the B(a)P exposed D. magna, respectively (Figure 

10.1). For the preparation of the test solution and volume used, please refer to section 

10.2.2.1. Animals were fed during the experiments and the medium was changed three 

times a week as described in section 3.1.1. After 3 d exposure, control animals were pooled 

and 60 healthy (actively swimming) animals were placed in 3 beakers containing I L of M7 

medium (recovery 1). This was done separately for each control group. B(a)P exposed 

animals contained in 5 beakers (BP1-BP5; Figure 10.1) were pooled and 60 healthy 

(actively swimming) D. magna were also placed in 3 beakers containing 1 L of 1VI7 
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Figure 10.1 Summary of the protocol adopted in the recovery experiments of Daplinia magna exposed to 50 |igL"' B(a)P. The meaning of the 

symbols can be explained as follow: +: comment applied lo each group (control, solvent control, and B(a)P exposed D. magna), bold number: RAPD 

performed on 5 active animals (except for recovery experiment 2 for which a mixture of active and weak animals was used), underlined bold number: 

RAPD performed on 5 active and weak animals separately, • : Daplmia exposed to 50 |igL' ' B(a)P, • : RAPD performed on the offspring, and *: number 

of neonates determined. To avoid any confusion each day in the second recovery experiment was labelled « day' ». 0 and O' refer to the end of the 

exposure for recovery I and 2, respectively. 



medium (Figure 10.1). At this stage, five active D. magna were sampled from each group 

and were placed in separate 1.5 ml microcentrifuge tubes and stored at -80°C, Five 'weak' 

animals (unable to swim properly) were also sampled from the B(a)P treated group at this 

time. The remaining animals from the pooled samples were discarded. After a recovery 

period of 1 d, five healthy animals were sampled for each group and this operation was 

repeated on a daily basis for 12 d (Figure 10.1). In both recovery experiments, healthy and 

non healthy animals were sampled to compare the profiles generated by these animals. 

In the second recovery experiment (recovery 2), the B(a)P exposed animals present 

in the 3 remaining beakers (BP6-BP8; Figure 10.1) were exposed for another 3 d (i.e. 6 d in 

total). To avoid any confusion with recovery experiment 1, the days were labelled « day' ». 

The 35 survivors which did not look healthy (at least for most of them) were split into 2 

groups consisting of 20 and 15 animals and were placed in 2 beakers containing 1 L of M7 

medium. At this stage, 5 weak and 5 active (just able to swim) animals were placed into 

separate 1.5 ml microcentrifuge tubes and stored at -80°C (Figure 10.1). After a recovery 

period of r d, five or four animals which consisted of a mixture of active and weak D. 

magna were sampled from the previously exposed population and this operation was 

repeated on a daily basis (except for the 6'**", 7''^ and Q''*' d) for 9 d (Figure 10.1). 

For both recovery experiments, the number of surviving and healthy animals were 

recorded. The number of ovigerous females was also determined just before £). magna 

released the first batch of neonates and the number of offspring were counted on d 6, 8, 11, 

and 12 (recovery 1) as well as d 3', 5', 8', and 9' (recovery 2) (Figure 10.1). New bom 

neonates were stored in 1.5 ml microcentriftige tubes and placed at -80°C. The controls 

which have been used in recovery 2 originated from recovery 1. The non-exposed control 

were maintained in M7 medium throughout. However, with regard to the solvent control, 

the animals were only exposed to DMF for 3 d and not for 6 d. However, this should not 

affect the outcome as 0.01 % DMF does not induce DNA effects in D. magna (chapter 5). 
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10.2.3.2 Generation of RAPD reactions 

Genomic DNA from parental and neonatal D. magna was extracted and purified 

using a conventional phenol/chloroform method (see section 3.2.1.1). The extracted DNA 

was quantified as described in section 10.2.2.2. RAPD profiles, electrophoresis, and 

analysis of the results were performed as described in section 10.2.2.2. 

10.3R£sulls 

10.3.1 Kinetics of exposure 

Figure 10.2 displays the number of surviving animals in both experiments (i.e. D. 

magna exposed to 25 and 50 pgL'' B(a)P for 7 and 6 d, respectively). As expected, the 

results revealed that the mortality in controls from both experiments was limited and that 

the control animals were healthy until the end of the experiments. The highest proportion 

of dead animals amongst controls was 10 % (Figure 10.2A). In contrast the number of 

surviving animals was much more reduced due to the B(a)P treatments. D. magna exposed 

to 25 jigL' ' B(a)P were weak fi-om the fifth day of exposure and only 10 % of the animals 

survived at the end of the experiment (Figure 10.2A). When the water flea was exposed to 

50 |igL"' B(a)P, the animals were weakened from d 2 until the end of the experiment. The 

number of surviving D. magna decreased gradually to a low level; only 20 % of this group 

survived at d 6 (Figure 10.2B). 

The RAPD profiles generated by the population of D. magna exposed to 25 and 50 

| igL' ' B(a)P, including controls, are presented in Figure 10.3 and 10.4, respectively, and in 

appendix I I I . The profiles obtained from the population exposed to 25 |agL'' B(a)P revealed 

that the intensity of some bands (e.g. 9-1, 9-2, 5-2, 5-3, 7-1, 7-2, 7-3) decreased mainly for 

the last 2 or 3 d of die experiment compared to control profiles (Figure 10.3). On the other 

hand, band 9-3 (Figure 10.3A) was more intense fi-om d 2 until d 7, Finally, primer OPBIO 
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Figure 10.2 Daily number of sur\iving Daphnia magna in controls and populations 

exposed to 25 (A) and 50 (B) |igL"* B(a)P. I and H indicate that the populations were 

healthy (actively swimming) and weak (unable to swim), respectively. Originally, each 

beaker contained 20 D. magna. 
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Figure 10.3 Kinetics of RAPD profiles of Daphnia magna exposed to 25 ^gL B(a)P. 

The patterns were obtained using 10-mer primers OPA9 (A). 0PB5 (B). 0PB7 (C), and 

OPBIO (D). M = GeneRuler^''' DNA ladder plus (Igi). The molecular sizes (Kb) of 
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selected bands are shown on the left of each gel. - = no DNA control. Selected changes are 

indicated by arrows in comparison to control patterns. 
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Figure 10.4 Kinetics of RAPD profiles Daplinia magna exposed to 50 |igL'' B(a)P. 

The patterns were obtained using 10-mer primers OPA9 (A), OPB5 (B), OPB7 (C), and 

OPBIO (D). M = GeneRuIer™ DNA ladder plus (Igi). The molecular sizes (Kb) of 

selected bands are shown on the left of each gel. - = no DNA control. Selected changes 
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revealed no obvious differences among profiles (Figure 10.3D). The patterns which were 

obtained from the population exposed to 50 | igL' ' B(a)P divulged that the intensity of some 

bands decreased (e.g. 9-2, 7-1) while others increased (e.g. 9-3, 7-2\ 7-3', 7-4', 10-1'). 

Furthermore, band 5-2' appeared from d 2 until d 6 whereas band 7-5' clearly disappeared 

after 2 d of exposure and onwards (Figure I0.4C). However, the major effect of exposure 

to 50 ugL"' B(a)P generally increased band intensity whereas at 25 pgL"' B(a)P the main 

change in profiles was a decrease in band intensity in comparison to control patterns. The 

presence of some bands (e.g. 5-1, Figure 10.3B and I0.4B) was not constant even in 

control patterns which did not facilitate the analysis. However, it was also clear that band 

5-1 followed a specific pattern of variation in both non-exposed and solvent control groups 

which was perturbed when the D. magna were exposed to 50 but not to 25 (igL'* B(a)P 

(Table 10.1). This phenomenon was also observed for a number of other bands (Figure 

I0,4A and 10.4C; changes indicated by a frame) and the extent of variation seemed to 

depend on the choice of primer. For some primers the variation in RAPD profile observed 

in both controls was identical (band 5-1 Figure I0.3B versus Figure 10.4B) whereas for 

other primers no variation occurred between both profile controls (Figure I0.3D and 

10.4D). In addition, changes in RAPD profiles generated by the control population of D. 

magna (Figure 10.3) did not reveal as many changes (except band 5-1) when compared to 

control patterns presented in Figure 10.4, 
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Table 10.1 Presence (+) and absence (-) of band 5-1 in control, solvent control and 

B(a)P exposed Daphnia magna in both kinetic experiments. For more details please 

refer to Figure 10.3 and 10.4. nd stands for not determined. 

Days of 

exposure 

Band 5-1 

Figure 10.3 

Band 5-1 

Figure 10.4 

Control 

nd 

Solvent control 

+ 

+ + nd 

B(a)P exposed population 

nd 
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10,3.2 Recovery experiments and transgenerational effects 

10.3.2.1 Effects on population in recovery 1 

In the recovery 1, after 3 d exposure to B(a)P, 77 % of the B(a)P exposed animals 

and almost 100 % of the control D. magna were swimming actively. The percentage of 

surviving animals was higher than 95 % in each group. The proportion of surviving and 

active animals was high (> 95 %) in each group until the end of the experiment (Figure 

10.5). The proportion of ovigerous females after 2 d recovery was 22 % in the exposed 

animals, 74 % in non-exposed controls and 70 % in solvent controls (Figure 10.5). 

However after 4 d exposure the proportion of ovigerous females in the B(a)P exposed 

population had almost reached the same level as the controls (i.e. 82 % versus 98 % for 

non-exposed control and 92 % for solvent control). The number of offspring produced 

from each group in both recovery experiments is presented in Figure 10.6. The results 

showed that there was no delay for the release of the neonates. However less offspring were 

produced due to the B(a)P treatment. The total number of neonates produced was 76 % in 

comparison to controls (i.e. i f control = 100 % ) . The number of neonates generated from 

control D. magna followed a similar pattern with the maximum number of offspring 

produced at d 6. In contrast, the highest value in the B(a)P exposed population was 

obtained the 8'̂  d of recovery. 

10.3.2.2 Effects on population in recovery 2 

In the recovery 2, after 6 d exposure to B(a)P, 85 % of the exposed population had 

survived but none of these animals were able to swim properly (Figure 10.5). Indeed, only 

65 % of the exposed D. magna could barely swim. More than 85 % of the previously 

exposed population survived during the recovery experiment. Some of the weak D. magna 

recovered and were able to swim properly; for instance 38 % of the D. magna were active 

after 3' and 5 ' d of recovery. The proportion of ovigerous female was 54 % at day 0' and 

r . The number of offspring produced from each group is presented in Figure 10.6. The 
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Figure 10.5 Variation in the number of surviving, healthy and ovigerous Daphuia magna in control ( • ) , solvent control ( • ) , and B(a)P exposed 

Daplmia magna ( • : recovery 1; fe: recovery 2). For more detail please refer to Figure 10.1. 65 % of the animals were just able to swim. ' refers to 

recovery experiment 2. The proportion of ovigerous females was determined until the first generation of neonates was released. 
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number of neonates produced by the non-exposed and solvent controls was calculated 

using the data obtained in the first recovery experiment (please see Figvu'e 10.6 for more 

details). The results showed that there was no delay for the release of the neonates as for 

recovery experiment 1. The total number o f neonates produced was 43 % in comparison to 

controls (i.e. i f control = 100 % ) . The number of neonates generated from control Z). 

magna followed a similar pattern with the maximum number of offspring produced at d 3'. 

In contrast, the highest value in the B(a)P exposed population was obtained at d 8'. 

10.3.2.3 RAPD analysis for recovery experiment 1 

Figures 10.7 and 10.8 show the RAPD profiles obtained following exposure of the 

D. magna to 50 jigL'* B(a)P for 3 d and recovery for 12 d using 10-mer primer OPB7, 

0PB8, OPBIO, and O P B l l . The examination of the RAPD profiles o f exposed animals 

revealed that there was a difference between the active and weak animals which had been 

sampled after 3 d exposure to B(a)P. Indeed, the intensity of some bands obtained from the 

weak D. magna were more intense [e.g. 7-1, 7-2, 7-3, 8-1, 8-2, 8-3, 8-4 (Figure 10.7), 10.1, 

10-2, 11-1 (Figure 10.8)] than those generated by the exposed healthy animals. At this 

stage it is important to note that only active animals were used for the recovery phase of the 

experiment. At the beginning of the recovery experiment the profiles which were obtained 

from the active animals that had been exposed to B(a)P for 3 days showed some 

differences in comparison to control patterns but the changes were not as pronounced as 

those which were produced by the weak D. magna. For instance, bands 7-2, 8-3, and 8-4 

were more intense in comparison to the intensity of control amplicons (Figure 10.7). 

Surprisingly, new changes occurred in the patterns produced by the exposed 

population during the recovery experiment; the intensity of band 7-4 increased compared to 

controls in the first 4 d of recovery (Figure I0.7A). After the 5**̂  d of recovery the intensity 

of band 5-4 was not as intense but the band was brighter compared to controls until the 9^ 
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Figure 10.7 RAPD profiles oi Daplinia magna exposed to 50 [agL * B(a)P for 3 d and 

recovered for 12 d. The patterns were obtained using 10-mer primers 0PB7 (A) and 

OPB8 (B). a: control, b: solvent control, and c: D. magna exposed to 50 |igL"' B(a)P. a, b, 

and c: active animals; c*: weak D. magna. For more details please refer to Figure 10.1. 
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M = GeneRuler '̂̂ ^ DNA ladder plus (Igi). The molecular sizes (Kb) of selected bands are 

shown on the left of each gel. - = no DNA control. Selected changes are indicated by 

arrows in comparison to control patterns. 
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Figure 10.8 RAPD profiles ofDaphnia magna exposed to 50 ^gL * B(a)P for 3 d and 

recovered for 12 d. The patterns were obtained using lO-mer primers OPBIO (A), and 

OPBl 1 (B). a: control, b: solvent control, and c: D. magna exposed to 50 |igL'^ B(a)P. a, 

b, and c: active animals; c*: weak D. magna. For more details please refer to Figure 10.1. 
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d of recovery. However, this band disappeared in each group from the 10^ d until the end 

of the experiment. Finally, the results showed that after 10 d of recovery the RAPD profiles 

obtained from each group were very similar (Figure 10.7A). With regard to primers 0PB8, 

OPBIO, and OPBl l it seemed that, during the recovery experiment, no obvious change 

occurred in profiles generated by the exposed population in comparison to control patterns 

(Figure 10.7B and 10.8). 

Figure 10.9 shows the RAPD profiles of offspring Z). magna generated by the 

parental population which had been exposed to 0, 0 (solvent) and 50 | igL ' ' B(a)P for 3 d. 

The offspring were gathered at day 6, 8, and 12 following the exposure o f parental animals 

(Figure 10.1). We considered that day 6, 8, and 12 corresponded to the first, second and 

third generation, respectively. No obvious changes in the RAPD profiles were observed 

among the different groups when primers OPBIO, and OPBl 1 were used in the analysis 

(Figure 10.9). However, when primer 0PB7 was used band 7-4 was brighter in the 

offspring generated by the B(a)P exposed parents than in control patterns after 6 and 8 d of 

recovery. In addition, the profiles produced by the neonates generated by the parents 

recovered for 12 d were identical among each group. With regard to primer 0PB8, neonatal 

bands 8-5 and 8-6 were brighter than control amplicons after the parents had recovered for 

6 and 12 d but not after 8 d of recovery (Figure 10.9A). Surprisingly, the RAPD profiles 

obtained from the parental D. magna did not display any changes for these 2 bands 

compared to control patterns (Figure 10.7B). 

10.3.2.4 RAPD analysis for recover}' experiment 2 

Figure 10.10 shows the RAPD profiles obtained from control D, magna and 

animals exposed to 50 ^gL"' B(a)P for 6 ' d and which had recovered for 9 ' d using 10-mer 

primer 0PB6, 0PB7, 0PB8, and OPBIO. The results revealed a few differences between 

the 'mixed' and weak exposed animals after 6 ' d exposure. 'Mixed' animals refers to a 

mixture of active and moribund animals. For instance, after 6'd exposure, bands 8-1, 8-2 
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Figure 10.9 RAPD profiles of offspring Daphnia magna generated by parental 

animals whicli had been exposed to 50 |igL"' B(a)P for 3 d. The offspring were sampled 

during the recovery experiment 1 at day 6, 8, and 12. a, b, and c: offspring D. magna 

generated by parents exposed to 0, 0 (solvent) and 50 (igL'* B(a)P, respectively. Primers as 

indicated at the top of each gel. For more details please refer to Figure 10.1. M = 

GeneRuler™ DNA ladder plus (Igi). The molecular sizes (Kb) of selected bands are shown 

on the left of each gel. Selected changes are indicated by arrows in comparison to control 

patterns. 
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Figure 10.10 RAPD profiles of Daphnia magna exposed to 50 |igL ' B(a)P for 6 'd 

and recovered for 9' d. The patterns were obtained using 10-mer primers OPB6 (A). 

OPB7 (B), OPB8 (C), and OPBIO (D). a: control, b: solvent control, and c: Z). magna 

exposed to 50 jagL*' B(a)P. a and b: acti\ e animals, c: mixture of acti\ e and weak D. 
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(Figure 10.10 C), 10-1 and 10-2 (Figure lO.lOD) generated by the weak swimmers were 

more intense than those produced by the 'mixed' swimmers. After 6' d exposure the 

profiles obtained from the 'mixed' D. magna also displayed some changes compared to 

control patterns. The intensity of band 6-4 decreased in comparison to control profiles 

(Figure 10.10 A). On die other hand, some bands such as 7-4 (Figure 10.1 OB) and 8-2 

(Figure 10.IOC) were brighter than those generated by the control patterns. However the 

number of changes in RAPD profiles produced by the 'mixed' animals was relatively low 

compared to control patterns. Nevertheless, the results generated by the 4 primers revealed 

that the number of changes in patterns generated fi-om the B(a)P exposed population 

increased after recovery compared to control profiles (Figure 10.10). The main change was 

an obvious increase in band intensity (e.g. band 6-3, 7-4, 8-1, 8-2, 10-1, 10-2, Figure 10.10) 

compared to the brightness of control amplicons arising from the 1'̂ * until the 5'**' d of 

recovery. On the other hand, extra bands (i.e. 6-1 and 10-3) also occurred in the profiles 

generated by exposed population during the recovery. Interestingly none of these changes 

were observed at the end of the recovery experiment at d 8'. 

Figure 10.11 shows the RAPD profiles of the offspring D. magna generated by the 

control parents and those exposed to 50 jigL"' B(a)P for 6 ' d and recovered for 3', 5', and 

9' d. There were no obvious changes among the different groups when primers OPBl, 

0PB8, OPBl 1 and OPBl7 were used in the analysis (Figure 10.11). However, the use of 

other primers showed that clear changes occurred in the profiles produced by the offspring 

originating from the B(a)P exposed population in comparison to control patterns. Some of 

the changes which occurred in the B(a)P treated parents (Figure 10.10) were transmitted to 

the offspring. These changes involved bands 6-3, 7-1, 7-4, and 10-2. With primer 0PB7 

(Figure 10.11C), band 7-5 generated the 5'^ day of recovery was brighter than the 

corresponding amplicon displayed by the controls. However, this band was not brighter in 

the patterns produced by the exposed parental group. Profiles generated by primer 0PA9 
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Figure 10.11 RAPD profiles of offspring Dapltnia magna generated from parental 

animals exposed to 50 |igL'' B(a)P for 6' d. The produced neonates were collected after 

the parents had recovered for 3 \ 5", and 9 ' d . a, b, and c: offspring D. magna generated by 

parents exposed to 0, 0 (solvent) and 50 | igL' ' B(a)P, respectively. Primers as indicated at 
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gel. Selected changes are indicated by arrows in comparison to control patterns. 

297 



are also presented in Figure 10.11. It is also clear that the neonatal patterns produced by the 

B(a)P exposed population displayed some differences in comparison to control profiles. 

Overall, all primers revealed that no changes occurred among the profiles generated by the 

neonates released at the 3'̂ '' generation (i.e. the 9'^ day of recovery) compared to control 

patterns. 

To check the reproducibility of some of the samples, RAPD reactions were 

performed using 2 and 0.5 ng of template DNA (Figure 10.12). The profiles displayed good 

reproducibility at both DNA template concentrations and the brightness of bands 7-1, 7-4, 

and 10-2 was independent on the DNA concentration. 

10.3.2.5 Overview of the results obtained in recovery 1 and 2 

Appendix III gives an overview of the RAPD profiles obtained with all the primer 

tested in both recovery experiments. 

10.4 Discussion 

The general useftilness of DNA damage measurements wil l rely upon the further 

development of methodologies which allow the detection of a wide range of damage in the 

affected organisms (Baan et al., 1991). Furthermore, the kinetics of formation and removal 

(repair) of DNA damage, as well as their probability to lead to actual mutations, need to be 

determined before conclusions can be made about their significance in terms of 

mutagenesis (Mohn and De Raat, 1993). In this chapter, an attempt was made to evaluate 

the potential of the RAPD technique to qualitatively assess the B(a)P-induced DNA effects 

in D. magna in kinetic experiments of exposure and recovery. In addition, we investigated 

whether changes in RAPD profiles were transmitted to the next generations. 

The exposure of D. magna to 25 jigL"' B(a)P resulted in detectable DNA effects on 

the 6**' and 7"̂  day of exposure whereas the animals exposed to 50 jigL' ' B(a)P showed 
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Figurc 10.12 Reproducibilit> of RAPD profiles using 4 samples and 2 DNA template 

concentrations. Primers as indicated at the top of the gel. PCR reactions were performed 

using 2 DNA template concentrations (lanes 1 and 2: 2 and 0.5 ng genomic DNA, 

respectively). W and Y: neonates produced by the solvent exposed population after 6 and 8 

d of recovery, respectively (recovery 1), X and Z: neonates produced by the B(a)P exposed 

population after 3* and 5 ' d of recovery, respectively (recovery 2). M = GeneRuIer™ DNA 

ladder plus (Igi). The molecular sizes (Kb) of selected bands are shown on the left of each 

gel. 
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evidence of DNA effects from the first day of exposure. In addition the swimming 

capability of the population of D. magna exposed to 50 |igL"' B(a)P was affected much 

more rapidly than the D. magna exposed to 25 ugL'' B(a)P. This dose-response is not 

unexpected and may reflect the outcome of a variety of process. The processes which are 

likely to impact on the health of the animals include the rate of uptake, bioaccumulation 

and metabolism of B(a)P as well as the extent of DNA damage and the efficiency of DNA 

repair. Grinfield et al. (1986) found an increased incidence of micronuclei in the newt 

Pleurodeles waltl, kept for 8 days in B(a)P-containing water, that was dose dependent up to 

75 jigL"' B(a)P. Moreover, periods of exposure of less than 2 days did not result in a 

marked increase in micronuclei. In this study, the main change occurring in RAPD profiles 

produced by the population of D. magna exposed to 25 and 50 |agL'' B(a)P was a decrease 

and increase in band intensity, respectively. This suggests that the DNA effects induced by 

both B(a)P concentrations were qualitatively and/or quantitatively different and may have 

been the results of DNA damage and/or mutations. For more details please refer to chapter 

5. Interestingly, band 5-1 generated by control and solvent control followed a particular 

pattern (Table 10.1) and some of the changes were very reproducible between both controls 

(Figure 10.4A). This suggests that gene expression also may have had some underiying 

effects on RAPD profiles. Indeed, control D. magna can triple their body size within six 

days which probably reflects substantial changes in gene expression. Numerous studies 

have shown that gene expression correlates with a change in DNA structure (Westerhoff 

and Van Workum, 1990; Kohwi and Kohwi-Shigematsu, 1991; Wolffe and Hayes, 1999). 

Thus the structural changes induced in control D. magna may have some observable effects 

on RAPD profiles. Although the first step of the PGR reaction involves DNA denaturation 

at 94*̂ 0 for 5 min, it is likely that the energy is insufficient to totally denature all the DNA 

in the reaction. This is especially likely in GC rich regions with strong secondary structure. 

The presence of such variations in control RAPD profiles may have led some researchers to 
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reject the RAPD method because of the non-reproducibihty of some bands generated by 

individuals of the same species. This potential problem has been examined very often in 

this research project. Before concluding that false amplifications have occurred, it is 

necessary to test the PGR reactions using two DNA template concentrations as 

recommended by Welsh et al. (1995a). However, an important feature is that RAPD 

profiles between both non-exposed and solvent controls were reproducible at precise time. 

In this context, there was no need to use two different DNA template concentrations 

because specific changes occurred in patterns. Thus, the changes in RAPD profiles 

produced by the non-exposed and solvent exposed population of D. magna could be due to 

changes in gene expression. In addition, relative contribution of DNA damage induced by 

reactive oxygen species produced as a result of normal metabolic processes (which 

maintain steady state levels of genetic damage) may contribute to differential RAPD profile 

(Hanawalt, 1998). Finally, changes in RAPD profiles generated by the control population 

of D. magna (Figure 10.3) did not reveal as many changes (except band 5-1) when 

compared to control patterns presented in Figure 10.4. This could be due to the fact that 

both experiments (Figure 10.3 and 10.4) were run at two different times. As during one of 

the kinetic experiment the temperature in the culture room was subjected to small but 

unusual variation, it is likely that this external factor had an effect on metabolic process 

and/or gene expression, and consequently on RAPD profiles. 

Recovery experiments were performed to qualitatively assess the DNA repair 

kinetics and to evaluate the persistence of B(a)P induced DNA effects. DNA repair rates 

have been successfully measured in genes containing DNA lesions using the ligation-

mediated PGR (Gao et al., 1994; Tomaletti and Pfeifer, 1994) and it was suggested that the 

efficiency of the repair process may strongly contribute to the mutation spectrum in genes 

which have been associated with cancer. In this chapter, D. magna were exposed to 50 

^gL"' B(a)P for 3 and 6 days and were allowed to recover in clean medium for 12 days 
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(recovery 1) and 9 days (recovery 2), respectively. Although the repair o f active genes has 

been reported to occur rapidly within a fev^ hours (Mellon et al., 1986; Gao el al., 1994; 

Brandt and Ali-Osman, 1997), it is well established that the efficiency o f DNA repair is not 

always optimal (i.e. slow repair) (Bohr et a/., 1987; Toraaletti and Pfeifer, 1994; 

Braithwaite et al., 1999). Hence, the kinetics of DNA repair in D. magna was qualitatively 

assessed on a daily basis because the RAPD technique allows mainly the amplification of 

non-coding regions. Surprisingly, the appearance of new amplicons and increase in band 

intensity were observed in the profiles produced by the recovered population of D. magna. 

This suggested that some important effects on the DNA must have occurred from the first 

day of the recovery. The fact that die changes disappeared at the end of both recovery 

experiments suggested that the DNA effects were fully repaired and/or reversed. 

Nevertheless, some of the B(a)P induced changes which were detected in the parental 

groups were also observed in the offspring. These changes could not be the result of the 

direct exposure to B(a)P because the neonates were never in direct contact with the 

genotoxin. Only some of neonates generated in the first generation of recovery experiment 

2 were present in the brood pouch of the adult D. magna exposed to B(a)P. However none 

of these neonates were released in the B(a)P solution. The transmission o f modified genetic 

material to the offspring could be attributed to point mutations (e.g. base deletion, base 

insertion) and/or large genomic rearrangements and/or base methylation (epigenetic 

process). Each point will be separately discussed. 

Previous studies have shown that non-repaired adducts could lead to mutation after 

DNA replication (Livneh et al., 1993; Christner et al., 1994). However, because the RAPD 

profiles of the third generation of neonates were not different to controls in recovery 

experiments 1 and 2 (except for primer 0PB8 in recovery experiment 1, Figure 10.9A), this 

indicates that any detectable mutations that may have occurred must have been lost. It is 

well established that mutation may persist for a few or many generations (Wurgler and 
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Kramers, 1992). For instance, i f a mutation is transmitted to the next generations and 

reduces reproductive fitness it is very likely that the mutation will be rapidly lost. It has 

been estimated that the average persistence of a mutation is five generations for autosomal 

dominant or X-linked mutations, and ten generations for mutations of complex inheritance 

(ICPEMC, 1983). However, the presence of commonly shared extra bands and increases in 

band intensity in parents and the first and second generation, but not the third generation, 

suggests that point mutations were probably not implicated in the RAPD profile changes. 

Indeed, each point mutation is expected to be independent from each other and thus 

subjected to different outcomes. Therefore, some point mutations would be fixed and other 

would be lost at different times. 

In the second hypothesis it was proposed that rearrangement events could be 

responsible for the transmission of new amplicons and increases in band intensity. Chorazy 

(1985) reported that DNA-damaging agents contribute to the instability of the genome by 

introducing recombination-prone sites in genomic DNA. These agents can lead to 

extensive chromosomal lesions and rearrangements of genes and their regulatory 

sequences, and possibly to cancer (Klein, 1981; Adams et al, 1983). Therman and Kuhn 

(1976) showed that mitomycin C is capable of enhancing the recombination frequency in 

Bloom's syndrome cells. Bhattacharyya et al. (1990) also indicated that unexcised DNA 

lesions stimulated intra-chromosomal homologous recombination. According to Wurgler 

(1992), the importance of induced recombination in genetic toxicology has been 

underestimated. Not only somatic cells undergo mitotic recombination and gene 

conversion, but premeiotic, mitotically dividing cells of the germ line show diese 

phenomena as well (Darras and Francke, 1987). In addition, it has been reported that 

human chromosomes contain structures that can act as preferred substrates for mitotic 

recombination that may also represent hot spots for recombination (Wurgler, 1992). Finally 

the restoration of the former order of gene arrangements (i.e. reversion to 'wi ld ' phenotype) 
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have been described suggesting that recombinational events are regulated (Chorazy, 1985). 

Against this background it seems likely that large rearrangements occurred in the germ 

cells of the D. magna and were transmitted to the first and second generations but not to 

the third because genomic reversion may have occurred at the end o f each recovery 

experiment (i.e. before the third generation was produced). 

Finally, the possibility exists that the transmission of genetically modified material 

could be the result of base methylation, an epigenetic mechanism (third hypothesis). 

Genomic methylation of CpG dinucleolides is essential for embryonic development. The 

meihylalion is performed by the DNA cytosine 5-melhyltransferase which uses the cofactor 

S-adenosylmethionine (Zingg and Jones, 1997). Methylation of DNA in the common B 

forms facilitates a conformational change to the Z form (Zacharias et a!., 1990). CpG 

dinucleotides are the sites of DNA maintenance methylation in non-bacterial genomes, and 

are the predominant sites of aberrant hypo- or hypermethylation in cancer and other human 

genetic or somatic diseases (Jones, 1986; Counts and Goodman, 1994; Klein and Costa, 

1997a; 1997b; Wachsman, 1997; Zingg and Jones, 1997). Key genes can become fiil ly 

methylated and these silenced genes may then be transmitted as such to daughter cells since 

established methylation patterns are generally inherited in Mendelian fashion (Holliday, 

1987; Silva and White, 1988). Interestingly, methylated cytosine arising as a result of 

epigenetic effects can also lead to point mutations due to deamination (Gonzalgo and 

Jones, 1997). Several carcinogens can affect DNA methylalion either by modifying the 

target DNA or by inactivating the DNA methyl transferase (Boehm and Drahovsky, 1983; 

Wilson and Jones, 1984). In particular, B(a)P has been reported to inhibit cytosine 5-DNA 

melhylation (Wilson and Jones, 1984). Cisplatin is the most potent inducer of DNA 

hypermethylation, possibly due to the conformational changes induced by cisplatin adducts 

which render the affected DNA a better substrate for DNA cytosine 5-methyltransferase 

(Nyce, 1997). Nickel is a human carcinogen that can alter gene expression by enhanced 
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DNA methylation and compaction, rather than by mutagenic mechanisms (Lee et al., 

1995). Active oxygen species can lead to genetic damage (e.g. 8-hydroxyguanine) and to 

epigenetic alterations in DNA methylation, without changing the DNA base sequence 

(Weitzman et al., 1994; Gerda and Weitzman, 1997). For more detail please refer to section 

2.2.2.4. Thus, the possibility exists that the pattems of cytosine methylation in germ cells 

of the D. magna were altered as the results of B(a)P exposure and were transmitted to the 

first and second generations but not to the third because cytosine methylation may have 

been reversed at the end of each recovery experiment (i.e. before the third generation was 

produced). The changes in RAPD profiles which were observed in the offspring may 

reflect this. In conclusion, the extra amplicons and increases in band intensity arising in the 

RAPD profiles of neonates derived from a parental population o f D. magna which had 

been exposed to B(a)P are believed to be due to large rearrangements and/or DNA 

methylation, whilst point mutations are probably of limited importance. 

It was observed that some changes in the parental D. magna were not transmitted to 

successive generations and there are two main reasons for this. Firstly, some damaged 

bases, in parental DNA, such as B(a)P adducts and 8-hydroxyguanine cannot be inherited 

by the offspring. Thus, the results of recovery experiment 2 revealed that DNA damage 

occurring in somatic cells persisted until the 5̂*̂  day but was repaired by the 8^ day. James 

et al. (1992) reported that spiny lobsters which were given 20 |ig B(a)P/kg and sacrificed 

28 days afterwards had less than 10 % of the DNA adducts found 3 days after the dose was 

administered. Secondly, a new amplicon in the parental RAPD profile may be the result of 

DNA effects in somatic but not in germ cells. Finally, the results also indicated that some 

of the changes in the profiles of the neonates did not arise in parental pattems. This could 

be the result of genomic instability (Hanawalt, 1998) due to epigenetic modifications. In 

other words, it is possible that the combination of genotoxic and epignetic events led to a 
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RAPD profile which would be different fi-om the one induced by the same epigenetic 

events alone. 

White et aL (1999) investigated the survivorship of fathead minnow larvae which 

were two generations removed from an exposure to B(a)P. The results indicated that B(a)P 

concentrations as low as 1 |igL"' decreased the reproductive capacity and larval 

survivorship compared to the solvent control possibly because of an increase in the 

frequency of deleterious mutations carried by the exposed parents. The results presented in 

this study suggest that some of the DNA effects induced by B(a)P occurred in germ cells 

and that these DNA effects were reversed after recovery (i.e. after 12 days and 9 days for 

recovery 1 and 2, respectively). It would have been be very interesting to determine 

whether (i) the RAPD changes inherited by the two first generations were persistent, and 

whether (ii) population parameters such as growth and reproduction measured in the 

neonates (showing changes in RAPD profiles) were impaired. 

DNA damage induced by environmental contaminants occurs at many levels of 

organisation in the genome including, the nucleotide, gene, and chromosome. Despite the 

availability of technologies to quantitate and characterise damage at each of these levels, it 

has been difficult to show a relation between anthropogenic chemicals found in nature and 

the induction of germline mutations (Yauk, 1998). Although DNA adducts, DNA 

breakages, and cytogenetic effects can be measured in genotoxin exposed organisms, these 

measures do not reveal direct DNA sequence changes that may be transmitted to offspring. 

In this context, there is a need to develop new methods and strategies to detect mutation 

(i.e. point mutations, and large rearrangements) in germ cells. Most molecular studies of 

DNA damage induced by mutagens have been done on a few selectable loci, such as the 

hprt or aprt of cultured mammalian cells (Meuth, 1990), lac\ system (Wang and Taylor, 

1992) or the his + reversion system (Shinoura et aL, 1983) of Escherichia coli. Although 

such methodologies proved usefiji for the detection of mutations, the information gained is 
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limited to that particular loci. In contrast, the AP-PCR or the RAPD technique is a 

nonselectable system. Shimada and Shima (1998) studied the molecular basis for germ-line 

mutations by using the AP-PCR method. The AP-PCR fingerprinting is a technique which 

is suitable for the detection of transmitted mutational changes including large DNA lesions 

without functional selection and bias, such as resistance to chemicals (Kubota et al, 1992; 

1995). This study shows that the RAPD method could be used in this matter despite some 

difficulties in the interpretation of the data. Another powerfiil method for the detection of 

germinal mutation is the minisatelite DNA screening (Jeffi-eys et al, 1988; Dubrova et al., 

1996; Yauk and Quinn, 1996). Mutations are identified as novel fragments present in the 

DNA fingerprints of offspring that cannot be ascribed to either parent. Sommer (1995) 

reported that the great majority of germ-line mutations in humans result from endogenous 

processes, rather than exogenous mutagens. For instance, the oocytes of mammals are 

shielded from radiation and genotoxins behind multiple tissue layers. The present study 

suggests that this may not so for D. magna, which in any case is intimately in contact with 

a soluble or aquatic environment. 

In conclusion, this sttjdy shows that the RAPD method can be useflil to qualitatively 

assess the kinetics of DNA damage as well as DNA repair. In addition the RAPD technique 

shows its potential to detect DNA effects in germ cells. It is also clear that more research is 

needed to further investigate the molecular and holistic consequences of heritable induced 

DNA modifications. 
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G E N E R A L DISCUSSION 



This chapter is divided in two parts. The first part provides an overview of the 

possible effects of DNA damage and mutations on RAPD profiles, and attempts to identify 

some of the factors which may induce changes in RAPD profiles based on the results 

which have been obtained in this research project. The second part offers some general 

comments and conclusions, 

11.1 Factors influencing RAPD profiles: an overview of the results obtained in 

the previous chapters 

A summary of the possible effects of DNA adducts, DNA breakages, and mutations 

(point mutation and large rearrangements) on RAPD patterns is displayed in Figure 11.1. 

The presence of DNA damage and mutations within a primer binding site wi l l alter the 

DNA fingerprint that is obtained from undamaged but otherwise identical DNA. However, 

such a situation is expected to arise less frequently than changes in RAPD patterns which 

occur as a consequence of the direct effect of DNA damage within the DNA contained 

between the primer binding sites (Figure 11.IB) as well as the structural (Figure 11.1 A) 

effects of DNA lesions and mutations (see below). The main reason for this is that primer 

binding sites are small (10 bp) compared to the inter\'ening DNA of the amplicon. The 

direct effect of DNA lesions (e.g. when the Taq DNA polymerase encounters a type of 

DNA damage) is expected to have a greater influence on the RAPD profiles rather than 

point mutations because they need to arise in the primer binding site to directly affect the 

patterns. This statement does not take into consideration the fact that the structural effects 

of point mutations may induce some changes in profiles (please see below). It has to be 

stressed that the stringency of the conditions may greatly influence the results; the higher 

the stringency the more likely it wil l be to detect a single base change within the priming 

site. When the Taq DNA polymerase encounters a DNA adduct there are a number of 

possible outcomes including blockage, by-pass and the possible dissociation of the 
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enzyme/adduct complex which will cause changes in RAPD profiles (Figure l l . B ) . The 

other direct effects on RAPD profiles caused by DNA breakage, mutation, and 

rearrangement are also illustrated in Figure l l . I B . A breakage which occurs in the DNA 

template between two opposite primers may result in a loss of an amplicon whereas genetic 

rearrangements and point mutations may be responsible for either a loss or creation of new 

annealing sites which could result in the disappearance or appearance of new amplicons, 

respectively. In addition, DNA damage and mutation are also likely to induce structural 

changes in the DNA template which could lead to changes in RAPD pattems. During PGR 

some regions of the genomic DNA, such as GG rich sequences with strong secondary 

structures, may not be sufficiently denatured to allow amplification to proceed. An example 

of the structural effects induced by DNA damage and/or mutation is illustrated in Figure 

11.1 A. After RAPD amplification the control genomic DNA produces two amplicons, 

bands A and B. It is also shown that not all the lO-mer-primers will lead to exponential 

amplification (i.e. primer 2 and 5) due to the presence of strong secondary structure in the 

form of a hairpin loop in the control genomic DNA. The presence of DNA damage and/or 

mutations may lead to structural changes which have observable consequences in profiles. 

For example, as a result of the structural rearrangements a new product is synthesised 

(band C) whereas amplicon B is lost. DNA damage such as bulky adducts (Gosman et al., 

1992; Wang and Taylor, 1993) and mutations (Bowditch et al., 1993) are known to induce 

structural changes. For instance, Bowditch et al. (1993) reported that mutations which 

stabilise or destabilise the secondary structure may be detectable as RAPD polymorphisms 

even though they do not reside within the primer binding site. In these cases, the RAPD 

assay potentially can detect DNA damage and mutations which affect secondary structure 

over a much greater area than that covered by the primer binding sites. This also suggests 

that the sequence of the primer binding site, which is small in comparison to the 

intervening DNA, is frequently unchanged in RAPD polymorphisms (Bowditch et al., 
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1993). The successftil application of the RAPD method to detect DNA alterations and 

mutations is related to the fact that the genotoxin-induced DNA damage does not occur 

randomly (Vogelstein and Kinzler, 1992). Hot spot interactions between genotoxins and 

genomic DNA have often been reported (Gupta, 1984; Boles and Hogan, 1984; Murray et 

aL, 1992; Kamiya et aL, 1993; Rodriguez and Loechler, 1993; Cairns and Murray, 1994) 

and in these cases the same structural changes wil l be induced in most of the damaged 

cells. This situation is very likely to allow the detection of DNA damage and mutations by 

the RAPD metiiod. 

The following paragraphs represent an attempt to identify some o f the factors which 

may induce changes in RAPD profiles based on the results which have been obtained in the 

previous studies presented in this research project (Figure 11.2). Whilst DNA damage and 

mutations are expected to induce changes in RAPD profiles as discussed above, DNA 

repair and replication are likely to have some impact because they can induce point 

mutations. It is well established that DNA replication is arrested in cells which have been 

severely damaged in order to allow the process of DNA repair to proceed. The main reason 

for this is that the replication of damaged bases such as B(a)P adducts, pyrimidine dimers, 

cisplatin adducts and 8-hydroxyguanine can lead to mutagenesis. Originally, these results 

have been extrapolated from in vitro replication of DNA templates containing diverse 

DNA lesions using prokaryotic and eukaryotic polymerases. The results o f these 

investigations have revealed that DNA damage either blocked the polymerase (Taylor and 

Oday, 1990; Brown and Romano, 1991; Holler et aL, 1992; Hruszkewycz et aL, 1992; 

Huang et aL, 1993; Broschard et aL, 1995) or that the enzyme bypassed the DNA lesion 

and possibly incorporated the wrong base opposite the lesion (Hruszkewycz and Dipple, 

1991; Hruszkewycz et aL, 1991; Pillaire et aL, 1994; Chary and Lloyd, 1995; Hoffmann et 

aL, 1995; Nelson et aL, 1996a). In addition, DNA repair can also be implicated in 

mutagenesis. Although DNA repair is usually very efficient in deleting the DNA lesion and 
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restoring the original sequence (Sancar and Sancar, 1988; Todo et al., 1993; Britt, 1995; 

Sancar, 1996; Wood, 1996), it may also lead to mutagenesis, principally when two opposite 

DNA lesions are close to each other (Witkin, 1976). In the case of nucleotide excision 

repair, one lesion will be excised with the surrounding non damaged bases and the gap wil l 

be filled by using the complementary strand (containing another DNA lesion) as template 

(Witkin, 1976). The bypass of the lesion may potentially lead to a mutation. 

In Ghapter 10, it was suggested that differences in gene expression may have an 

effect on RAPD profiles because the genome experiences structural changes when genes 

are expressed (Jolly and Morimoto, 1999). In spite of the apparent stability and compaction 

of chromatin, complex metabolic processes involving DNA occur very efficiently in vivo 

(Wolffe and Hayes, 1999). This contrasting requirement between storage and functional 

utility is met through the use of specialised molecular machinery, namely the histones, that 

reversibly disrupt and modify the chromatin. It was previously mentioned that DNA 

mediylation plays a significant role in gene expression and it is also well established that 

histone acetylation is intimately connected to transcriptional regulation (Grunstein, 1997). 

The phosphorylation of histone could also be implicated in this maner (Wei et al., 1998). 

In addition, chromatin can also be disrupted by molecular processes which are driven by 

ATP hydrolysis, including DNA and RNA polymerases and switching mating type/sucrose 

non-fermenting type complexes (Varga-Weisz and Becker, 1998). Differences in gene 

expression are expected to have some significant effects on RAPD profiles because some 

of the structural changes may persist even after denaturation of the DNA during PGR 

(Figure 11.1 A). Indeed, control D. magna produced specific changes during intensive 

growth (chapter 10). In chapter 8, the RAPD profiles of D. magna which had been exposed 

to distilled water for 24 h showed hardly any changes when compared with control 

patterns. It was hypothesised that either the denaturation of the genomic DNA during the 

first step of PGR undid the structural changes induced by the change in gene expression 
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(hypothesis 1) or that the animals did not induce a rapid and transient change in gene 

expression because the experiment lasted 24 h only (hypothesis 2). The results obtained in 

chapter 10 would support the second hypothesis rather than the first one. 

Variations in metabolism and physiology may be expected to induce some changes 

in RAPD profiles. As changes in metabolic activities are often accompanied by changes in 

gene expression (Westerhoff and Van Workum, 1990), then metabolism may indirectly 

affect RAPD patterns. Furthermore, the physiology of the cells is also expected to 

indirectly have an influence on RAPD profiles because physiology and metabolism are 

closely related (Figure 11.2). For instance, cells modulate their metabolism to respond to 

the appropriate environmental signals. In addition, the physiology of cells is known to have 

a direct influence on DNA. Miralles and Serrano (1995) reported that gene expression can 

be altered as a result of osmotic stress. Oshimura and Barrett (1986) mentioned that the 

mechanisms by which aneuploidy can occur fall into several categories including 

alterations in cell physiology. Similarly, Carr and Hoekstra (1995) reported that cell 

physiology and the cell cycle can have a significant effect on the induction of DNA 

damage. It has also been shown that differences in directional nucleotide substitution 

among lineages of mammals may be explained by changes in metabolic physiology 

(Martin, 1995). This process may have been mediated by the effect o f oxygen radicals 

because these toxic compounds are among the products of aerobic metabolism and are 

known mutagens. Unfortunately the mechanisms implicated in the studies previously 

mentioned are not known. 

The results presented in chapter 8 suggested that the changes occurring in the 

RAPD profiles of any treated populations should not only be attributed to the direct action 

of the genotoxin used in the experiment. Cavalieri and Rogan (1995) have revealed that 

radical cations of PAHs play a major role in both the metabolism and metabolic activation 

leading to formation of DNA adducts. Furthermore, Pritsos and Sartorelli (1986) showed 
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that reactive oxygen radicals were produced after the reactivation of mitomycin. Thus, as 

oxygen radicals play an important role in the production of DNA damage after exposure of 

any population to genotoxins, it is very likely that they significantly induce changes in 

RAPD profiles. Oxygen radicals are know to produce oxidative damage and modified 

bases such as 8-hydroxyguanine which can affect the methylation of CpG islands and 

consequently alter gene expression (Weitzman et al, 1994; Cerda and Weitzman, 1997). 

In conclusion, there is a complex interaction between many different processes 

which directly and indirectly affect the integrity of the genome and therefore interpretation 

of the data is not always easy. According to the results presented in this research project it 

seems that DNA damage and mutations (including point mutations and large 

rearrangements) have a very significant influence on RAPD patterns. Gene expression can 

induce changes in profiles but it is proposed that it will have less impact compared to DNA 

damage and mutations. This statement is based on the fact that the detection of changes in 

gene expression depends on the sequence of the primer (chapter 10) whereas extensive 

DNA damage and mutations are expected to induce changes in RAPD profile with most of 

the primers i f not all (chapter 9). It is obvious that at this stage extensive experiments are 

required to understand the relative contribution of each parameter on RAPD profiles. 

11.2 General discussion and conclusion 

RAPD has been used in many areas of research (chapter 2). Only recently, the 

RAPD assay has been successftilly applied to detect DNA damage and mutations (Sawa, 

1996; 1998; Atienzar et al., 1999; 2000a; Becerill el al., 1999). In addition, the arbitrarily 

primed polymerase chain reaction (AP-PCR), a closely related methodology, has also been 

used to detect DNA effects (Kubota et ai, 1992; 1995; Peinado et al., 1992; lonov ei al., 

1993; Kohno et al., 1994; Arribas et al., 1997; Lopez et al., 1999). The main objective of 

this research project was to evaluate the potential of the RAPD method to detect genotoxin-
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induced DNA effects under in vivo conditions in aquatic organisms. However, before doing 

so it was essential to optimise each of the RAPD parameters and also to understand the 

effect of the variation of each parameter on RAPD profiles. The results presented in this 

research project unambiguously revealed that, under optimised conditions, the RAPD 

method provided a robust assay with good reproducibility as already reported by numerous 

researchers (Rothuizen and Wolferen, 1994; Benter et al., 1995; Bielawski ef al,, 1995). 

However, while the existing literature suggests an increasing use of this technique for 

multiple applications, many studies have also criticised the technique on the basis that it 

lacks reproducibility (Ellsworth et al., 1993; Khanda et al., 1997), and Mendelian 

inheritance (Scott et al., 1992; Riedy et al., 1992; Ayliffe et al., 1994) because of the low 

stringency conditions employed (i.e. low armealing temperature) which could lead to 

spurious amplification. Most of the studies which experienced some problems of 

reproducibility claimed that the results were due to artefacts, contamination or mutation in 

genomic DNA (e.g. Scott et aL, 1992; Riedy et al., 1992). Since many factors (reviewed in 

the first section of this chapter) may induce some changes in RAPD profiles, it is likely that 

other factors than those previously mentioned could be the culprits (e.g. variation in gene 

expression). When RAPD profiles are not reproducible, researchers generally claim that the 

variation is due to artefacts although no evidence of such event is usually presented. On the 

other hand, Ayliffe et al. (1994) clearly demonstrated that heteroduplex molecules formed 

between allelic RAPD products are a potential source o f artifactual polymorphism that can 

arise during RAPD analysis. 

As low stringency conditions (i.e. low armealing temperature) may allow spurious 

amplification to form, it was attempted to generate RAPD profiles at an armealing 

temperature which was sufficiently high to circumvent these problems. Atienzar et al. 

(2000b) reported that reproducible profiles could be generated using 10-mer primers in 

RAPD reactions at an annealing temperature of 50°C with template DNA extracted from 
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phylogenetically different groups of organisms such as bacteria, plants and animals. These 

results are in agreement with other studies using high annealing temperature (Bentley and 

Bassam, 1996; Caetano-AnoUes, 1998). In addition it has been often slated thai ihe Mg"^ 

concentration and annealing temperature should be optimised for each species and primer 

which are studied (Wolff et al., 1993). The results presented in this research project do not 

support this statement. 

It has been reported that RAPD reactions often incur spurious amplification 

products in negative control reactions that do not contain template DNA. This situation 

arises as a consequence of primer dimers and other artefacts (Ruano et al,, 1989; Mullis, 

1991) which consume the stock of primers and enzyme and consequently reduce the yield 

of the appropriate products. Bottger (1990) who also reported the presence of patterns in 

negative controls claimed that the Tag DNA polymerase was nauirally contaminated with 

DNA. Although methods such as ihe Booster PGR (Ruano et al., al., 1991) and the Hot-

Start™ PGR (Eriich et aL, 1991) have been developed to tackle these problems, these 

procedures are not convenient when PGR reactions are performed with a large number of 

samples. A more suitable approach consists of using higher dNTP concentrations in 

comparison to conventional protocols (e.g. 0.22 mM dNTP). Atienzar et al. (1998a) 

reported that a dNTP concentration of 0.33 mM either partially or completely reduced the 

spurious amplifications in reactions without genomic DNA templates (negative controls). 

When RAPD analysis is performed three key points need to be careftilly considered. 

Firstly, i f RAPD profiles from the same genomic template or from different individuals of 

the same species are found to vary, then the reproducibility of the assay should be 

confirmed by repeating the PGR using two DNA template concentrations that differ by at 

least two-fold (Welsh et al., 1995a). Any differences between individuals that do not occur 

at both genomic DNA concentrations are rejected (Welsh et al., 1995a). Unfortimately, this 

safeguard is routinely ignored by researchers. Gonsequently, some studies (e.g. Ellsworth 
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et al., 1993; Khandka et al, 1997) have rejected RAPD on the basis o f the presence of 

artefacts even though no evidence was presented that convincingly demonstrated the 

presence of artefacts using two different DNA concentrations. However, i f the same 

changes in RAPD are shared by some of the samples, then there is no reason to doubt the 

integrity of the PGR reactions. Secondly, i f only a few products are efficiently amplified by 

a particular primer, then the presence or absence of a polymorphic product can affect the 

amplification of other products in the same reaction. In other words, the more bands that 

are visible in the fingerprint, the less likely it is that the banding pattern wil l be influenced 

by the presence or absence of a particular product (Welsh et aL, 1995a). Consequently, our 

objectives were to generate reproducible and clearly discriminatory DNA profiles with 

maximum number of bands, good product yield and clarity. Finally, the effects of different 

thermostable DNA polymerases and thermal cyclers on RAPD profiles have been well 

studied. For instance, it has been reported that the outcome of a RAPD fingerprint pattern 

may depend on the type of polymerase used (Schierwater and Ender, 1993). 

Reproducibility is usually excellent when the thermal cycler is equipped with the best 

temperature regulation, but suffers when this is not the case (Meunier and Grimont, 1993). 

Thus, the comparison of RAPD profiles among different laboratories should take into 

account the PGR conditions as well as the make of the thermal cycler and the source of Tag 

DNA polymerase. 

RAPD analysis has provided a reliable and reproducible method for molecular 

typing £md genetic characterisation of a variety of species of micro-organisms which have 

undergone genetic rearrangement due to evolutionary processes (Akopyanz et aL, 1992; 

Bentley and Bassam, 1996; Grayson et aL, 1999; 2000; Hansen et aL, 1998; Wagner et aL, 

1998; Wang et aL, 1998). However, the detection of genetic diversity using the RAPD 

method is not limited to bacteria as the technique has been successively applied to 

populations belonging to either the animal or plant kingdoms (Koller et aL, 1993; Tinker et 
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al., 1993; Williams et al., 1993; Kemp and Teale, 1994; Tylerwalters and Hawkins, 1995; 

Liu et al., 1999). Thus, in the absence of xenobiotic-induced DNA damage, there is no 

doubt that RAPD represents a powerful tool for detecting genetic diversity. 

There is a great concern about the effect of environmental contaminants on the 

genetics of natural populations. One class of genetic effects includes alterations to the 

structure and ftmction of DNA including DNA adducts, DNA breakage, and mutation as a 

result of chemical exposure (genotoxic effects). However, indirect genetic effects can also 

arise as a consequence of the interactions of genotoxic agents with DNA. That is, the 

effects of chemical exposure on the genetic composition of the population, in terms of 

genetic variability or the distribution of allele frequencies (Theodorakis et al., 1998). These 

effects can lead to an increase in mortality, an impairment in reproduction and, possibly, to 

genetic bottlenecks or the introduction of novel selective pressure in a heterogenous 

population (Nevo et al., 1986; Guttman, 1994). Consequently, this could result in an 

alteration in genetic variability or allele frequencies (Anderson et aL, 1994b; Bickman and 

Smolen, 1994). Very recently, the RAPD method has also been used to detect genetic 

diversity among populations which had been exposed to environmental contaminants, 

including well-known genotoxins (Nadig et al., 1998; Theodorakis et al., 1998; Krane et al., 

1999; Liu et al., 1999; Theodorakis et al., 1999). Surprisingly, all these studies concluded that 

the observed changes in RAPD profiles which occurred among the exposed population were 

not the result of DNA damage or mutations. For instance, Theodorakis et al. (1999) gave a 

number of explanations such as the low frequency of genotoxin-induced mutations, and the 

low probability of the RAPD method to detect rare mutations. In addition, Theodorakis et al. 

(1999) stated that a band could be amplified even i f many of the primer binding sites were 

damaged. The results presented in this research project are not necessarily in agreement with 

the findings of Theodorakis et al. (1999). In conclusion it seems likely that, in these studies, 

the RAPD technique detected genetic diversity as well as direct DNA effects. 
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Recently, the RAPD technique has been successftilly used to detect DNA damage in 

aquatic organisms or cells exposed to mitomycin C (Becerril et al.; 1999), benzo(a)pyrene 

(chapter 5; Atienzar et al,, 1999), ultraviolet radiation (chapter 6; Atienzar et al., 2000a), 

copper (chapter 7), 4-rt-nonylphenol and 17-p-oestradiol (chapter 8). These studies show 

that RAPD represents a usefiji means of detecting genotoxic effects of environmental 

chemicals. RAPD offers the possibility of a biomarker assay that may be used as an early 

warning assay since it is capable of detecting structural changes to DNA which may not be 

retained as permanent damage or mutations. Results presented in this research project 

clearly suggested that the presence of DNA damage such as DNA adducts, DNA breakages 

and mutations (e.g. insertion, deletion, rearrangements) could lead to changes in RAPD 

profiles (chapter 9). Shimada and Shima (1998) also claimed that broad spectra of genetic 

changes such as point mutations, large deletions, or gross chromosomal rearrangements can 

be easily detected using the AP-PCR technique as reported by numerous studies (Kubota et 

al., 1992; Peinado et al., 1992; lonov et al., 1993; Kohno et al., 1994). Sawa (1998) 

concluded that changes observed in the fingerprints of control and exposed animals may be 

due to the presence of DNA adducts, mutations or DNA strand breaks. However, the 

successftil application of the RAPD method to detect DNA alteration and mutation is 

related to the fact that the genotoxin-induced DNA damage do not occur randomly 

(Vogelstein and Kinzler, 1992). 

When the RAPD method is used as a means to detect genotoxic effects there are a 

number of points which need to be carefijlly considered. Firstly, the RAPD analysis should 

focus on the change in profiles generated by the exposed populations which are 

reproducible between samples. Secondly, all changes in RAPD profiles should not always 

be attributed to DNA damage and/or mutations. Thirdly, a variation in control patterns is 

not necessarily associated with the presence of artefacts. Fourthly, as the exposure of a 

species to a genotoxin can potentially lead to oxidative damage, oxygen radicals are likely 
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to play an important role with regard to changes in RAPD profiles. Different strategies can 

be applied to measure the effects of induced DNA alteration and mutation. I f the RAPD 

patterns generated by individuals of a species are reproducible, then the profiles obtained 

from £in exposed population of the same species can be directly compared to control 

patterns. On the other hand, i f individuals produce truly polymorphic profiles, then a non 

destructive method must be used (Sawa, 1996). For instance, it may be possible to sample 

haemolymph or blood from an organism before and after exposure to environmental 

contaminants. In this case, RAPD profiles generated can be compared and the differences 

can be attributed to the direct or indirect effects of the contaminant. Unfortunately such a 

situation is not necessarily true as changes in RAPD profiles may occur in control 

populations (chapter 9). In addition, the size of the organism and the tissues which can be 

sampled non-destructively can be limiting factors. Although the precise reasons for the 

changes occurring in RAPD profiles can only be speculated upon, there are different 

strategies which can be accomplished to tackle this problem. For instance, it is possible to 

distinguish between DNA damage and mutations or base methylation. The strategy relies 

upon exposing an organism to a genotoxin and then performing RAPD analysis upon the 

parents and their offspring. Any changes in patterns which are present in parent but not in 

offspring could reflect DNA damage such as DNA adducts, 8-hydroxyguanine on the 

assumption that somatic and germ cells contain the same genotoxin-induced DNA effects. 

On the other hand, mutations and the extent of the DNA methylation in germ cells wil l be 

transmitted to the next generations. Another strategy to possibly distinguish between a 

damaged base (e.g. DNA adduct) and mutation is to let the exposed population recover. 

After a significant period of recovery, most of the damaged bases would be repaired 

whereas any fixed mutation would be still retained. Hence persistent changes in RAPD 

profiles can be attributed to mutation and/or to non-repaired bases (e.g. persistent adduct). 

In addition, strategies may be developed to estimate the contribution of each of the factors 
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which can induce changes in RAPD profiles (Figure 11.2). For instance, it is possible to 

specifically study the effect of oxygen radicals on RAPD patterns. This could be 

accomplished by either transfecting cultured cells widi a plasmid containing genes coding 

for oxygen radicals scavengers using inducible promoters to control expression or by pre-

treating the cells (or animals) with radical scavengers. The contribution of DNA repair to 

changes in RAPD profiles could also be studied by either 'knocking out' a gene involved in 

DNA repair mechanisms or by using DNA repair inhibitors. Recently, Lopez et al. (1999) 

studied the contribution of the mus-201 gene (required in the excision repair process) to the 

stability of the Drosophila melanogaster genome by using the AP-PCR assay. It seems that 

RAPD and AP-PCR have a promising future in studies assessing the contribution of a 

particular gene to the stability of a genome. 

How could the RAPD assay developed in this research project be used in the field 

possibly after a pollution event such as an oil spill? A powerfijl strategy would be to look at 

DNA effects in diverse aquatic invertebrates (e.g. mussels, crabs) and vertebrates (e.g. fish) 

collected fi-om uncontaminated sites. Non-invasive biological material (haemolymph, 

blood) could be individually collected from each of the species before introducing them in 

polluted and control sites. Acute and long term DNA effects could be evaluated by 

sampling biological material from these species at intervals or as per the requirement to 

generate RAPD profiles; a quantitative assay could also be used. 

The RAPD methodology presents numerous advantages over conventional methods 

such as hybridisation based protocols. No prior knowledge of the genome under 

investigation is required. RAPD requires very little source material and under certain 

circumstances, the analysis can also be performed non-destructively which can be useful 

for the screening of rare or valuable samples. In addition, a single random oligonucleotide 

primer is used which means that by employing different primers, banding profiles can be 

rapidly generated that differ in complexity. Another remarkable advantage is the high level 
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of the overall sensitivity of the technique. And last but not least the RAPD method has the 

potential to detect a wide range of DNA damage (e.g. DNA adducts, DNA breakage) as 

well as mutations (point mutations and large rearrangements). The method also possesses 

some disadvantages, such as the lack of reproducibility and the problem of non-parental 

bands. However, some of these problems can be tackled by performing the PGR under high 

stringency conditions. Nevertheless, the major challenge of identifying the precise reasons 

for the changes which may be induced in the RAPD profiles may remain unresolved. 

Indeed, different types of DNA lesions and mutations can induce the same type of 

alterations in RAPD profiles (chapter 9). Another potential obstacle is the variation in 

RAPD profile which may occur in non-exposed organisms (chapter 10). Moreover, the use 

of RAPD for comparative purposes relies on the assumption that similarity of fragment size 

is a dependable indicator of homology (Rieseberg, 1996). Another drawback is that RAPD 

bands are inherited as dominant traits (Clark and Lanigan, 1993; Lynch and Milligan, 

1994) which diminishes its potential in heterozygote studies. Furthermore, the fact that a 

particular primer does not reveal any differences among RAPD profiles does not mean that 

there are no DNA effects. However, this problem can be easily tackled by using different 

primers. Finally, it is important for all who use the technique to appreciate that the RAPD 

method generates qualitative rather than quantitative data. 

The assessment of exposure levels of genotoxic agents and the genetic 

consequences requires the application of a set of inter-related techniques capable of 

providing both qualitative and quantitative information (Jones and Parry, 1992). However, 

when little or no reliable information is available on the mode of action of a potential 

genotoxin, the RAPD can be particularly advantageous in comparison to quantitative 

methods. For instance, earlier studies have failed to prove the presence of oestrogen-DNA 

adducts (Epe and Metzler, 1985). In addition, oestrogens were found to be negative in 

short-term assays for the induction of gene mutations, irrespective o f whether this was 

325 



measured in prokaryotic (Glatt et aL, 1979) or eucaryotic (Drevon et aL, 1981; Barett et aL, 

1983) cells. The results presented in chapter 8 clearly revealed that D N A effects were 

generated by oestrogens. It is now well established that a wide range of DNA damage and 

mutations are induced by oestrogens (Roy and Liehr, 1999). In addition, RAPD may be 

especially useful for gathering evidence of genotoxicity in the field particularly when no 

chemical studies have been performed on a site, and to assist in the recognition of clean 

and polluted areas. In the field of ecotoxicology, methods such as •'^P-postlabelling (Gupta 

et aL, 1982; Gupta, 1984) and the comet assay (Singh et al., 1991; KJaude et aL, 1996; 

Mitchelmore and Ghipman, 1998a; 1998b) are widely used. Does the RAPD method 

compare favourably with these methods? The ^^P-post labelling technique is very sensitive 

and enables the detection of DNA adducts at concentrations as low as one adduct in 10^ to 

lO'^ normal nucleotides (Randerath and Randerath, 1994; La and Swenberg, 1996). 

Another advantage is that the method is applicable to any extracted DNA and has been 

successftilly used in many experiments (e.g. Gupta et aL, 1982; Shimomura et al., 1992; 

Ganova et aL, 1998). However, there are a few disadvantages associated with this 

technique. Firstly, between 1 and 10 |ig of genomic DNA are required to perform the assay 

(Randerath and Randerath, 1994) whereas as little as 1 ng of genomic DNA is sufficient to 

perform RAPD reactions. Gonsequently, the size of the exposed-population can be a 

limiting factor. Secondly, the recovery of certain adducts is structure dependent. The 

amounts and types of adducts present in a DNA preparation determine the selection of an 

optimal procedure such as nuclease or butanol procedure (Randerath and Randerath, 1994). 

Thirdly, optimal adduct resolution depends on the choice of the chromatographic 

conditions (Randerath and Randerath, 1994). Fourthly, it uses radioactivity which brings 

the problem of possible exposure to radioactive material and disposal after use. Finally, the 

^^P-postlabelling is not artefact free, Scates et al. (1995) reported that adduct-like spots 

were obtained when bile acids were incubated with DNA which had not been precipitated 
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from high salt before it was postlabelled. With regard to the comet assay or single cell gel 

electrophoresis, it is a rapid simple and sensitive assay for measuring alkali-labile sites and 

strand breaks (Singh et aL, 1988; Olive et aL, 1990). I f required, only extremely small 

samples containing from I to 10,000 cells can to be used and results can be obtained in a 

single day (McICelvey et aL, 1991). As few as I DNA break per 10*** Daltons can be 

detected in the assay (McKelvey et aL, 1991). Consequently, this technique has been 

successfully applied in many studies (e.g. Fairbaim et aL, 1995; Monteith and Vanstone, 

1995; Singh et aL, 1995; Mitchelmore et aL, 1998a; 1998b; Mitchelmore and Chipman, 

1998a; 1998b). However, contrary to the RAPD methodology, the main disadvantage is 

that the procedure for the isolation of cells needs to be readjusted and optimised depending 

on the species or tissue used. In addition, Speit et aL (1999) revealed that increased 

temperature during alkaline treatment and electrophoresis strongly enhanced DNA 

migration under otherwise identical test conditions. Thus quantitative comparison between 

studies can only be accomplished i f the comet assay has been performed under the same 

conditions. In conclusion, the main advantages of the RAPD method lies in its sensitivity 

and speed plus the fact that a wide range of DNA damage and mutations can be detected in 

many species without any adjustment of the method. Its main disadvantage compared to 

other biochemical and molecular techniques is related to the interpretation of the data. 

Since the "^^P-postlabelling method and the comet assay detect only DNA adducts and DNA 

breakage, respectively, the RAPD technique seems to be the preferred method. However, 

quantitative and specific data are also needed to better understand the effect of pollutants 

on genomic DNA. In the field of genotoxicology, a powerftil strategy would be firstly, to 

perform the RAPD method to have an overview of the DNA effects and, secondly, to use 

more specific methods such as the "'^P-postlabelling method and/or comet assay. Becerrill 

et aL (1999) claimed that the RAPD technique is very useful for studying genetic 

alterations in fish cells because most accepted genotoxic assays cannot be performed due to 
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the large number and small size of fish chromosomes, as well as the long cell cycle 

associated with most fish species. The weight o f evidence supports this statement but 

RAPD should not be regarded as a substitute method to be used only when well-established 

tests cannot be performed. 

The development of molecular techniques has led to a better understanding of 

numerous cellular processes including the mechanism of DNA damage and DNA repair. 

However, little has been done to explore the consequent effects of genotoxic responses on 

reproduction and development in the individual and population (Anderson et al., 1994b; 

Anderson and Wild, 1994; Depledge, 1994a; Jha, 1998). A particularly useftil outcome of 

ecotoxicological studies would be the ability to understand and predict the significance of 

genotoxin-induced DNA damage at higher levels of biological organisation. For instance, 

there is a need to understand how toxicant-induced changes in genomes and gene pools 

might affect the long-term survival of populations (Anderson and Wild, 1994). 

Ecotoxicology is concerned with understanding the impact that pollutants may have on the 

integrity of ecosystems, a dynamic process which depends on the survival and reproduction 

of their constituents (Wurgler and Kramers, 1992). In geno-ecotoxicology, the ultimate 

goal should be to determine the effects of DNA damage and mutations at the population 

and community levels. Research should focus on methods which allow the difTerentiation 

between somatic and heritable effects in natural populations (Bickmam and Smolen, 1994). 

At higher levels of biological organisation the problem of correlating a particular biological 

response with exposure to a genotoxin becomes complicated because the final outcome 

may be temporally and spatially distant from the initial events of chemical-biological 

interactions (Jha, 1998). In this research project, it was attempted to better understand the 

effects of ben2o(a)pyrene (Atienzar et al., 1999) and copper -induced DNA effects on 

development, reproduction, and mortality of D. magna. In another study, ultraviolet-

induced genotoxicity in P. palmata was measured using RAPD along with chlorophyll 
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fluorescence and growth (Atienzar et al., 2000a), The data presented in this research 

project suggested that high levels of DNA damage led irreversibly to death. Before 

reaching this stage, each species showed a reduction in reproduction and growth, probably 

as a consequence of the diversion of resources to allow the repair of the DNA to take place 

before replication proceeds. The results also revealed that DNA damage did not always 

have an impact which could be observed at higher levels of biological organisation and, 

therefore, DNA effects as indicated by changes in RAPD profiles was a more sensitive 

indicator of toxicity than fitness parameters and growth. However, in the case of the marine 

algae P. palmata it is noteworthy that chlorophyll fluorescence which reflects perturbation 

at molecular level was as sensitive as genomic template stability for the evaluation of 

toxic/genotoxic effects. Not surprisingly the least sensitive fitness parameter was l.x (age-

specific survival), whereas m.x (age-specific fecundity) and Ro (net reproductive rate) were 

the most sensitive fitness parameters (chapters 5 and 7). 

Future research could focus on diverse aspects such as: 

* the understanding of the events responsible for some of the changes occurring in ElAPD 

profiles generated by the pollutant-exposed population. This would implicate the analysis 

of bands by using molecular techniques such as cloning, sequencing and probing. 

* the further investigation of the effect of DNA damage on RAPD profiles under in vitro 

conditions. This could be accomplished by using genomic DNA containing well 

characterised and specific kind of DNA lesions. Of particular interest would be to 

determine the effect of 8-hydroxyguanine, one of the major products formed by the reactive 

oxygen species which are generated in living cells (Lepage et ai, 1999). 

* the comparison of the RAPD method with quantitative assays measuring micronuclei, 

chromosome aberrations (cytogenetic techniques), DNA adducts (^^P-postlabelling 

technique), and DNA breakages (comet assay). 
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* the evaluation of the effect of environmental contaminants on the RAPD assay in 

conjunction with the measure of effects at population levels in vivo. 

* the better understanding of gene expression, physiology and metabolism on RAPD profiles. 

The reverse transcriptase PGR technique (Liang and Pardee, 1992; Brandt and Ali-Osman, 

1997) could be used to investigate the expression of genes (differential display) in populations 

exposed to an environmental contaminant and to compare the messenger RNA patterns with 

the RAPD profiles at different time (during and after exposure). In addition, a set of 

experiments could be performed to induce different levels of metabolic activity to measure the 

DNA effects using the RAPD method. 

* the development of computer software to model the influence of structural effects on RAPD 

patterns. For instance, can the profiles be predictable when the sequence of an entire genome 

is known? Altematively, this would allow studies of the effects of different stringency 

conditions on the binding of the primer. 

* the development of the RAPD to allow the amplification of longer fragments (e.g. maximum 

size of 10 Kb instead of 3 Kb) because they are more likely to possess regions which are prone 

to DNA damage. This should increase the sensitivity of the assay. 

* the development on a new assay based on the multiple amplification of genes implicated in 

cancer (e.g. anti-oncogenes, oncogenes). As the nucleotide sequences of these genes are highly 

conserved this should allow screening of a range of species which would yield quantitative 

data on the extent of DNA damage in specific genes. The multiple enzymatic restriction of the 

PGR products could allow the detection of mutations (Jenkis et aL, 1999), 

In conclusion, the results presented in this research project show the potential of the RAPD 

assay as a useful method for the qualitative assessment of DNA effects including genotoxicity and 

changes in gene expression. Nevertheless, a great deal of further experimentation and validation 

are required in order to assess the applicability of the technique to a variety of other species, 

pollutants and locations, particuiariy under field conditions. 
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APPENDIX I 

Formulation, preparation of reagents, solutions, 

growth media, technical details, and DNA ladders 



Elendt's medium for the culture of Daphnia magna 

The preparation of Elendt M7 medium initially involves setting up a series o f individual 
substance (trace element and macro-nutrient) and multi-substance (vitamin) stock solutions 
by dissolving appropriate amounts of reagent grade chemicals in double distilled water 
(ddH20). For more details please refer to Elendt and Bias (1990). The final concentrations 
of each chemical is given in Table I . l . 

Table I . l : final concentrations of each chemical in M7 medium. 

Component Final concentration (mgL'') 
NaHCOs 64.8 

CaCl2.2H20 293.8 
MgS04.7H20 123.3 

KCl 5.8 
Na2Si03.5H20 7.466 

NaNOa 0.274 
ICH2PO4 0.143 

K2HPO4.3H2O 0.241 
Thiamine hydrochloride 0.075 

Vitamin B12 0.001 
Biotin 0.00075 

B 0.5 
Fe 0.2 
Mn 0.1 
Li 0.05 
Rb 0.05 
Sr 0.05 

Mo 0.025 
Br 0.0125 
Cu 0.002 
Zn 0.0063 
Co 0.0025 

I 0.0025 
Se 0.001 
V 0.0003 

C,oH,4N208Na2-2H20 2.5 

All the solutions were kept in a cold room (10°C) in the dark except the mixture of vitamin 
solutions which were kept at -80°C. 

Chlorella vulgaris: culture and medium 

Culture: Chlorella vulgaris, strain CCAP (culture collection algae and protozoa, Cumbria, 
UK) 211/11 was cultured in round bottom wide neck glass of 5 L capacity, at 20 ± 2''C 
under constant light. The culture was aerated using laboratory air supply. The algae was 
cultured with special care to avoid bacterial, algal and protozoan contamination. Initially, 
the culture was initiated by using 1-5 ml of CCAP 211/11 taken from the stock solution 
and inoculated in a 5 L autoclaved medium (3.5 L distilled water plus 1.5 L of tap water). 
After 13-15 d, the air supply was dismantled and the algae was allowed to settle down. 
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After 1-2 d, approximately 4 L of the supernatant were discarded and the pellet was 
resuspended in the 1 L left. The number of cells were counted using a haemocytometer and 
the concentration adjusted to 1.2 x 10^ cells ml ' ' . Algal stock solutions were refrigerated 
for up to 2 weeks in the dark. A new culture was immediately started using 10-20 ml of the 
stock solutions. 

Medium: To 5 L (3.5 L distilled water plus 1.5 L of tap water) 20 ml of solution A, 10 ml 
of solution B, 5 ml of solution C, and 5 ml of solution D were added. Solution A, B, and C 
were kept under refrigeration. Add each solution aseptically to water previously autoclaved 
via sterilising filter (0.2 |im). 

Solution A: 
per 500 ml ofddH20: 
CaCl2.2H20 
KN03 
MgS04.7H20 
ICH2PO4 

0.5 g 
68.75 g 
12.5 g 
5g 

Solution B: 
per 500 ml ofddH20: 
FeNaEDTA 

Solution C: 
per 500 ml ofddH20: 
Na2Mo04 .2H2O 
H3BO3 
MnCl2.4 H2O 
ZnCl2 
Cu(N03)2.3 H2O 
Co(N03)2.6H20 

3.475 g 

0.067 g 
0.715 g 
0.615 g 
0.025 g 
0.019 g 
0.125 g 

Solution D: 
per 100 ml ofddH20, add: 
1 ml of vitamin SI 
0.75 ml of vitamin S2 
10 ml of vitamin S3 

(SI: 0.05 g vitamin B12 in 500 ml ddH20) 
(S2: 0.05 g biotin in 500 ml ddH20) 
(S3: 0.0375 g thiamine hydrochloride in 500 ml ddH20) 

All the solutions were kept in a cold room (10°C) in the dark. 

General data about the medium and bacteria used in the study 

* Medium for the culture of bacteria (Luria-Bertani medium): 
per litre ofddH20: 
Tryptone 10 g 
Yeast extract 5 g 
Sodium chloride 10 g 
Sterilised by autoclaving. 

• LB agar: 
LB medium as above, with the addition 1.5 % w/v agar. 
Sterilised by autoclaving. 
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* Antibiotic stock solution: 
Tetracycline 
Kanamycin 
Sterilised by filtration (0.22 ^m). 

15 mg/ml in 50 % v/v ddHaO/ethanol 
25 mg/ml in ddH20 

* Strains C6Q0. SMR 346. and SMR 687: 
The strains C600, SMR346, and SMR687 were provided by Dr Susan Rosenberg 
(University of Alberta, Canada) with the details as provided in Table 1.2. 

Table 1.2 Details of the bacterial strains C600, SMR 346, and SMR 687. 

Strains C600 A K A SMR346 A K A 
C600 mutL::Tn5 

SMR687 A K A 
C600 mutL::TnlO; 

A K A RSH6 
mutL211::Tn5 mutS215::Tnl0 

Transposon Tn5 TnlO 
Sex F- F-

Parent C600XP1 ES1293 C600X PI ES1481 (#685) 
Auxotrophies thi, thr, leu thi, thr, leu thi, thr, leu 

Frozen 1/2/1989 1/2/1989 11/6/1993 
FS# 39 
etc made at NIEHS 

Source 
Appleyard 
1956 via 

Stahl 
Harris 

Bkg C600 
Suppressor II II I I 

DNA extraction and purification of genomic DNA 

* Phenol/chloroform method and Genie DNA extraction kit 

Sperm lysis buffer: 
lOOmMTris-Hcl pH 8 
500 mM NaCl 
l O m M E D T A pH 8 
1 % SDS 

2 % mercaptoethanol 

RNase: 
A 10 % w/v solution in ddH20. The solution was incubated at 95°C for 10 min to 
inactivate any contaminating deoxyribonuclease. 
Tris-Borate-EDTA fTBE^ buffer (10 X): 
Tris 0.9 M 
Boric acid 0.9 M 
EDTA 20 mM 
pH adjusted to 8.0. This stock solution (lOX) was immediately diluted to prepare a I X TE 
solution. 
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* Caesium chloride preparation 

Tris-EDTA (TE^ buffer (100 X): 
Purchased from Sigma (Poole, UK). 

Ethidium bromide solution (10 mg/ml): 
Purchased from Sigma (Poole, UK). 

* Marmur genomic DNA isolation 

All solutions were made in ddH20. 

Sucrose/Tris solution: 

Sucrose 25 % w/v in 0.05 M Tris-Hcl pH 8.0 

Lvsozvme solution: 

Lysozyme 10 mg/ml in 0.25 M Tris-Hcl pH 8.0 

EDTA solution: 

EDTA (sodium salt) 0.25 M solution pH 8.0 

Triton lysis solution: 
Triton XI00 2 % w/v 
Tris-Hcl 0.05 M 
EDTA (sodium salt) 0.063 M 
pH adjusted to 7.0 
Saline EDTA solution: 
Sodium acetate 3 M 
EDTA (sodium salt) 0.1 M 
pH adjusted to 8.0 
Standard saline-citrate solution: 
NaCl 0.15 M 
Trisodium citrate 0.015 M 

Dilute saline-citrate solution: 
NaCl 0.05 M 
Trisodium citrate 0.0015 M 

Concentrated saline-citrate solution: 
NaCl 1.5 M 
Trisodium citrate 0.15 M 

RNase: 
A 2 % w/v solution in 0.15 M NaCl. 
pH adjusted to 8.0. The solution was incubated at 95°C for 10 min. To inactivate any 
contaminating deoxyribonuclease. 
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Agarose gel electrophoresis of DNA 

Tris-EDTA (TE) buffer (100 X I : 
Please see above. 

Tris-Borate-EDTA (TBE) buffer (10 X): 
Please see above. 

Gel loading buffer (5XV 
per 20 ml ddH20: 
Bromophenol blue 0.05 g 
Xylene cyanol 0.05 g 
Ficoll 400 5 g 

The final concentration of the gel loading buffer was adjusted to I X . 

Staining by ethidium bromide: 
Per 1.5 L of TBE ( I X ) solution 225 |al (10 mg/ml; Sigma, Poole, UK) of ethidium bromide 
solution was added. After 2-3 gels were stained a top up of 100 | i l ethidium bromide was 
added. The solution was changed every week. 

PCR 

PCR buffer (1 X) for Tag DNA polymerase supplied by Promega (Madison, USA): 
Tris-HCl pH 9 at 20°C 11.2mM 
KCl 56 mM 
Triton-X-100 0.112% 

PCR buffer (1 X) for Tact DNA polymerase supplied by Immunogen International 
(Sunderland. UK): 
Tris-HCl pH 8.8 at 25°C 10 mM 
KCl 50 mM 
Nonidet P40 0.08 % 

Nearly all PCR reactions described in this thesis were carried out using the Tag DNA 
polymerase supplied by Immunogen International. 

Enzymatic restriction 

EcoRl 10 X buffer: 
NaCl 50 mM 
Tris-HCl 100 mM 
MgCl2 l O m M 
Triton-X-100 0.025% 
pH 7.5 at 25°C 
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Hind III 10 X buffer: 
NaCl 50 mM 
Tris-HCl lOmM 
MgCl2 lOmM 
Dithiothreitol 1 mM 
pH 7.9 at 25°C 

Not I 10 X buffer: 
NaCl 100 mM 
Tris-HCl 50 mM 
MgCl2 10 mM 
Dithiothreitol 1 mM 
pH 7.9 at 25°C 

Pmel 10 X buffer: 
Potassium acetate 50 mM 
Tris-acetate 20 mM 
Magnesium acetate 10 mM 
Dithiothreitol 1 mM 
BSA 100 |ig/ml 
pH 7.9 at 25°C 

Table L3 Recognised sequence and average fragment size generated in Escherichia 
coli and mouse by 4 different restriction enzymes used in the study. Arrows indicate 
the restriction sites. The information was collected from New England BioLabs catalogue, 
1998, appendix p 277. 

Restriction 
enzymes 

Recognised 
sequence 

Average fragment 
size generated 

in E. coli 

Average fragment 
size generated 

in mouse 

EcoRl 
5'...GAATTC...3' 
3'...CTTAAG...5' 5 000 5 000 

Hind III 
5'...AAGCTT...3' 
3'...TTCGAA...5' 5 000 3 000 

Notl 

1 
5'...GCGGCCGC...3' 
3'...CGCCGGCG...5' 200 000 200 000 

Pmel 
5'...GTTTAAAC...3' 
3'...CAAATTTG...5' 

1 
40 000 80 000 
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DNA ladders used in the different studies 

Please refer to Figure I . l . 

1Kb DNA ladder 
(Gibco BRL) 

1Kb DNA ladder 
(Immunogen International) 

T M lOObp GeneRuler' 
DNA ladder plus 

(Immunogen International) 

[2216 11198 

6108 
-5090 
-4072 

-1018 

50t).517* 

10180 10000 
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250 

^3000 

. 2000 
J 500 

1200 
"1031 
_900 

800 -m 
-500 
-400 
- 3 0 0 

- 2 0 0 

100 

Figure I . l DNA ladders used in the different studies. A l l sizes are given in bp. The 

name of each DNA marker is indicated at the top of each gel. Reproduced with the 

permission from Gibco BRL (Paisley, UK) and Immunogen International (Sunderland, 

UK). 
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APPENDIX II 

Example of calculation of the 

genomic template stability 



After exposure of an aquatic species to 0 [control (C)], X [treated 1 (T)], and 
Y [treated 2 (T ' ) ] |igL"' environmental contaminants for a period of time, DNA is 
extracted and RAPD is carried out on 3 individuals originating from each group. The 
profiles produced by primer OPBl is presented in Figure I I . 1. 

T 

1 r 

Figure II .1 Example of RAPD profiles (primer OPBl) generated by control and 
animals exposed to a genotoxin. 

The 3 RAPD profiles produced by the 3 control individuals are not perfectly 
identical and consequently one of the pattern has to be chosen to compare the reference 
pattern with the other profiles. In this example Ci is the reference pattern because this 
profile displays the highest number of bands shared with C2 and C3. Each obvious 
variation in profiles (disappearance of bands, appearance of new bands and variation in 
band intensities) in comparison to pattern C i is given the arbitrary score of +1, and the 
average calculated for each experimental group of animals (Table I I . 1). The genomic 
template stability (GTS) (%) is calculated as * 100-(100a/n)' where ' n ' is the number of 
bands detected in control DNA profiles and *a' the average number of changes in DNA 
profiles. 

After the GTS is calculated for each primer, the average and standard deviation 
(SD) are determined (Table II.2). The data are transformed in order to calculate the 
average GTS (Table 11.3) and to compare it with the parameters measured at population 
level. For instance, GTS calculated with primer OPBl for each group was multiply by 
M00/92.9' (i.e. GTS in the control set to 100 % ) . 

The next step is to calculate the average and SD of the GTS (transformed data) 
determined by some or all the primers used in the study (Table II.3). When the RAPD 
profile is too complex to study, no calculation is attempted. 

It is important to understand that a GTS of 100 % in the control does not 
necessarily mean that no variation occurred in control profiles. Indeed to calculate the 
average it is necessary' to transform the data (i.e. control set to 100 % ) . The variation 
occurring in the control profiles is measured by calculating the SD. * The SD of control 
GTS is -3.5 X 100/94.5 = 3.7' 

Finally, in order to compare the average GTS with the changes in fitness and 
Darwinian parameters, the data obtained at the population level are also transformed (i.e. 
control set to 100 % ) . An example is given in Table II.4. 
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Table I L l : Determination of GTS (primer OPBl) . 

c, C2 C3 T, T2 T3 T ' l ^2 T'3 
Total number of 

bands 13 14 15 - - - - -

Average number 
of bands(n) 14 - -

Appearance of 
bands 0 1 2 5 4 3 6 7 4 

Disappearance of 
bands 0 0 0 3 3 2 4 4 3 

Increase in band 
intensity 0 0 0 0 0 0 I 1 1 

Decrease in band 
intensity 0 0 0 1 1 1 1 1 1 

Total number of 
changes (a) 0 1 2 9 8 6 12 13 9 

Average number 
of changes 1 7.6 11.3 

Calculation of 
the G T S ( % ) 100-(100xl/14) = 92.9 100-(100x7.6/14) = 45.7 100-(100xll.3/14) = 19.0 

Transformation 
of the data (%) 100 49.2 20.4 

Table II.2: GTS generated by 5 primers before transformation. 

Control Treated Treated' 
G T S (primer OPBl) 92.9 45.7 19.0 
GTS (primer 0PB2) 95.0 55.0 50.0 
GTS (primer 0PB3) 94.2 48.7 48.5 
GTS (primer 0PB4) 100.0 65.1 51.8 
GTS (primer 0PB5) 90.5 54.2 57.9 

Average 94.5 53.7 45.4 
SD 3.5 7.4 15.2 

Table 11,3: GTS generated by 5 primers after transformation. 

Control Treated Treated' 
G T S (primer OPBl) 100.0 49.2 20.4 
GTS (primer 0PB2) 100.0 57.8 52.6 
GTS (primer 0PB3) 100.0 51.7 51.5 
GTS (primer 0PB4) 100.0 65.1 51.8 
GTS (primer 0PB5) 100.0 59.9 64.0 

Average 100.0 56.8 48.1 
SD 3.7* 6.4 16.3 
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Table II.4: Comparison of GTS with fitness parameters. 

Control Treated Treated' 
G T S 100 ± 3.7 56.8 ± 6.4 48.1 + 16.3 

Ix 100 ±4 .2 80.2 ± 8.3 75.2 ± 5 . 6 
100 ±9 .2 74.5 ± 7.2 70.5 ± 7.5 

100 ± 12.5 64.2 ±3 .3 62.0 ± 5.6 
Ro 100 ±5 .6 56.3 ±6 .8 50.8 ± 5 . 3 
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APPENDIX III 

Results not presented in the main body of the 

thesis and overview of some of the data 



This appendix displays the data not presented in the main body of the thesis as well 

as an overview of some of the results either presented or not in the main body of the thesis. 

This appendix is classified by chapters. The order of the presented figures follows 

the order of those appearing in the main body of the thesis. Each figure possesses a title and 

some information below the figures (e.g. name of the species and primer used). In addition, 

the figures refer to a legend presented in the main body of the thesis. For more details 

please refer to the legend of the figure mentioned. 
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C H A P T E R 4 

Effect of DNA preparation on RAPD profiles 
0PA9 OPBl primer 

I medium hi&h 1 I medium high I purity of DNA 
M i l 2 3 4 l l | 2 3 4I M i l 2 3 4 i 11 2 3 4I M 

« « • 

Paimaria palmata. For more deiaits refer lo legend o f Figure 4.7B. 

Effect of DNA conceatratiun (ng) on RAPD profiles 

M = S ^ S 
<ri P I « r*. — 

«n M — e = => 

pililiiulf"--
Daphnia magna, primer 0PB7. For more details refer lo Figure 4.8. 

M o l l i s 

Human placenta, primer 0PB5. For more details refer to Figure 4 

M 

w • 

Escherichia coli, primer 0PA9. For more details refer to Figure 4.8. 

i f 

M 

Paimaria palmaia, primer 0PB5. For more details refer to legend of Figure 4.8. 

§ ' § o I ?. 1 g ?1 -

l i t -

Human placenta, primer 0PB8. For more details refer to Figure 4.8. 

Escherichia coli, primer 0PB7. For more details refer to Figure 4.8. 
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C H A P T E R 4 

EfTect of primer concentration on R A P D profiles 

, p.;5 0 5 I 1.5 ; 1 4 uM primer 0 25 0 5 I 15 2 3 4 

M I I I 1 f 1 I 1 I 1 I 1 I 1 M M I 1 I 1 I 1 I — S t — H M 

Daphiki magna, primer 0PB5 For more details refer to legend of Figure 4 9 Dapivna magfki, primer 0PB8. For more deuils refer to legend irfFigure 4.9, 

. 0-̂ ^ . I 1 5 2 3 4 uM primer i)2S 0 5 I I 5 : 3 4 

M r"̂  I I I I 1 I I 1 — ^ ( I I I M M r 1 i 1 i 11 1 \ 1 i 1 M 

HntiD pbceno, primer OPBS. For moit details refer to legend of Figure 4.9. Paimwia palmata, primer OPBS. For more dcuils refer lo legend of Figure 4.9. 

Effect of magnesuim concentration on R A P D profiles 

M ' 11 I I I I II I I I I i r - H M * M l I I II I I II I I I I I I I M 

-

Daphaa mogna, primer 0PA9. For more deuib refer to legend of FigiK 4.10. Enimmorpha intesimalis, primer 0PA9. For more details refer to legend of Figure 4.10. 

Effect of (INTP concentration on R A P D profiles 

i i i 
m m 

• • • • • 

• • • 

Oaphnui magna, primer OPBS. For more details refer to legend of Figure 4.11. Eiueromorpha intestinalis, primer 0PA9. For more details refer to legend of Figure 4. I I . 

343 



C H A P T E R 4 

Effect of Thermus aquatkus DNA polymerase concentration on R A P D profiles 

M I 11 1 I 11 i _ 3 S 5 7 5 U Tijq ( l . :5 li 5 I l.S : : s 5 S 5 7 s 
•• M I W I I 11 I I 11 - 1 1 I I I I 1 M 

• r - • 

Ejcherichia coli. primer 0PB7. For more deiaiU refer to legend of Figure 4,1 ] 

: > ? i t i f f f f r r 

PalmariQ palmata, prime: 0PB8, For more details refer to legend of Figure 4.12. 

M I II 11 II I I I I 11 I I — I I i M ' M r ^ r ^ r - S r - ^ r ^ r ^ r ^ r - ^ r - ^ M 

niti 
Calf thymus, primer 0PB8. For more details refer to legend o f Figure 4.12. Calf thymus, primer 0PB7. For more details refer to legend of Figure 4.1: 

Effect of buffer concentration on R A P D profiles 

^ L T ^ ^ ^ ^ M M ^ ^ ^ , 

Daphnui ma^m, primer 0PB5 For more details refer lo legend of Figure 4 13. Palmaria pulmata, prima OPBS For more details refer to legend of Figure 4 1 : 

Reproducibility of R r \ P D profiles produced by individual Daphnia magna 
primer OPA9 pnnier OPB7 primer OPB10 

M - i r ! ; j ; t> 7»i ;̂ \ i i 7111*^; n j <, 71 M 

fftM!!?: 

Each number represents an i n d i v i d u a l Daphnia magna. 
PCR per funned under the optuiused cond i i i o ru . 
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C H A P T E R 4 

Effect of lime of DNA eilraction and P C R onRAPD profiles 

s . h I j ^ ' j ) i M . i I I H r^-'^'^M I I I' 1 V I I I I * ? ' ; " } i i I I r ' ^ ' j i ' i VI M 

Daphnia magfu, primer 0PA9. For mote details refer to legcoJ of Figure 4.16. Etttewmorpha intesiinalu, primer 0PA9. For more details refer to legend of Figure 4 16. 

M i l r P'^j i V i i i i i i i l r ' j ' M I ' i s, M ° ' " " ' ~ ' " " ° M r 
_Dai Dai_m 

Patmahapaimaia, primer 0PA9, For more details refer lo legend of Figure 4.16 PdwKria pabnaia, primer UPB5. For more details refer to legend of Figure 4 

C H A P T E R 5 

ZL 
C 

:2 

Variation in growth of the first generation of neonates produced by populations 
of Dap/mid magna exposed to B(a)P 

1,2 - -

1 - -

0.8 - -

0.6 - -

0.4 - -

0,2 - -

0 -I ' ' — \ — J \ ' ' \-

0 (solvent) 0.0125 0.025 

Concentration of B(a)P ( m g L *) 

0.05 
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C H A P T E R 5 

Effect of DNA concentration on band intensity 

Low variation zone 

§ 

I 

03 50 

100 

90 

80 

70 

40 

• - 30 

c 

2 
> 

20 

10 

1 J L 

L i 

Amount of DNA (ng) used to perform P C R r e a c t i o n s 

This experiment was carried using Daphnia magna DNA and 10-mer primers OPA9 and 
0PB7. Seven and four bands appearing across the width of the gels were selected for 
primer 0PA9 and 0PB7. respectively, and the average and standard deviation were 
calculated. This experiment is similar to the one presented in Figure 6.4 and 6.5. The data 
(see above) shows that band intensity varies little when the amount of DNA used to 
perform RAPD reactions is comprised between 0.5 and 64 ng. 

C H A P T E R 6 

R A P D profi les of Palmaria palmata exposed to \J\ r a d i a t i o n 

^» - f 

n ^ • s 2 r t 

Palmampalmaia. pnmer 0PB5. For more details refer lo legend of Figure 6. 
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C H A P T E R 6 

Unusual effect of DNA concentration on band intensity (band Bl-2 in Figure 6.4) 

225 

2001 

175 

150 

125 

•S 100 

75 

50 

I I 1 I § o' o' o' o' o- o' 
8 = R ^. S So iq 10 :̂  S 535 ?i 

C H A P T E R 7 

Length of neonates (less than 24 h) produced b> populations of 
DLqyhnia /n^ui exposed to copper at day 8,10, and 15 

0.9 t 

0,8 r 

30 60 

Copper concentration (pgL"') 

120 

• Days 

I Day 10 

QDaylS 
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C H A P T E R ? 

RAPl) profiles of individual and mixture of Daphnia ma^na exposed to eoppcr 

Repl icate 1 
Each line was generated Irom a single Daphnia 

Tor more dclails rcCcr to I'igure 7 . 6 A . 
0 IS 30 60 <)0 

Replicate 2 
I:ach line was generated from a single Daphnia. 

I-or more details refer to Tigure 7 . 6 B . 

Replicate 1 ^ 2 
Each line was generated from a mixture oiDaphnia. Primer 

For more details refer t(t Eigiire 7 . 6 C . 
120 |lCu ) ,g l . ' 0 

WIS: 

UO , | f u ' | . g L ' 15 30 60 90 11 
i n — T i n — n M 

• . — 

^ l i 
- I t 

ft £ S S 7 ! 

£ i i i ^ ^ 

S 1 ^ ^ 

OPA9 

[20 | i c u Ugi 

^ ^ ^ ^ m 
O P B l 



C H A P T E R 7 

RAPl) profdes of individual and mixture of Daphnia magna exposed to copper 

Replicate 1 
I-"ach line was generated from a single Da/thnia. 

For more details refer to Figure 7.6A. 
0 15 30 60 90 120 

Replicate 2 
Each line was generated from a single Daphnia. 

For more details refer lo Figure 7.6B. 
0 15 30 60 90 i : 0 

ir 

- • - • • l l i i i l l l l l l l f i l i f 

Replicate 1 + 2 
Fach line was generated from a mixture of Daphnia. 

For more details refer lo Figure 7.6C. 
0 . IS 30 60 90 120_ 

_ n ni I 

Primer 

( ) P B 5 

0 _ 15 30 60 90 120 [ C u | , g L ' 0 
M _ F T " 1 II II II II )l 1 

•* 

• • • - - • 

l.S 10 60 W 1211 

1—nn—nn—nn—nn—n M 

O P B 6 



C H A P T E R 7 

RAPl) profiles of individual and mixture of Daphnia magna exposed to copper 

Replicate 1 
Each line was gcncralcd from a single Daphnia. 

Kor more details refer to l-igure 7.6A. 
UO ICu i,gL'^ 0 

Replicate 2 
l-ach line was generated from a single Daphnia. 

Tor more details reler to Tigure 7.6R. 
15 30 60 90 

Replicate 1 - i - 2 
Each line was generated from a mixture of Daphnia. Primer 

Kor more details refer to I'igurc 7.6C. 
_ i 2 0 _ i c u ^ g L 0 15 .̂ 0 60 ^ ) i : o 

II I M - n—nn—nn—nn—nn—nn—n M 

5 ! ' 

0 15 30 60 120 
1 1 1 M I I I 1 1 1 

()PB7 

ICu) 15 30 60 90 120 

M „ n nn nn nn—nn—nn—n M 

i l S l i l l l l t 

O P B 8 



C H A P T E R 7 

RAPI) profiles of individual and mixture of Dapltnia ma^na exposed to copper 

Replicate 1 
liach line was generated from a single Daphnia. 

For more details refer to Figure 7.6A. 
0 15 30 60 90 _I20 [Cu'legL' 

Replicate 2 
liach line was generated from a single Daphnia. 

For more details refer lo Figure 7.6B. 
_0 IS 30 60 90 120 

15 .10 60 i : 0 ^[Cu UgL ^ 

Ik. 
f t 

1 M _ n 

Replicate I + 2 
I-aeh line was generated from a mixture of Daphnia. Primer 

For more details refer lo Figure 7.6C. 
15 30 60 90 120 

i nrr 

O P B I O 

O P B I I 



C H A P T E R 7 

RAPl) profdes of individual and mixture of Daphnia magna exposed to copper 

Replicate 1 
Hach line was generated from a single Daphnia. 

\-or more details refer to Figure 7.6A. 
0 15 30 60 90 120 K'u l ^ g l ' 

Replicate 2 
Haeh line was generated from a single Daphnia. 

For more details refer to l-igurc 7.6B. 
0 15 30 60 90 20 [Cu IrtjL 

I M 

Replicate 1 f 2 
Fach line was generated trom a mixture oi'Daphnia. Pr imer 

For more details refer to l-igure 7 .6C. 
30 60 90 120 

y i I 

( ) P 1 2 



C H A P T E R 8 

RAPD profdes of barnacles Iar\'ae exposed to 17-p oestradiol (BO) 
and 4-/i-nonylphenol (NP) 

Profiles gcHcraicd with pnmer OPB5. Ftw more details refer u> ihc legend of Figure 8.2C. 

Reproducibilit\ of RAPD profdes (primer OPA9) of control crabs and crabs 
exposed to 100 |igL ' 4-//-non>iphenol or diethylstilbestrol 

using t̂ vo DNA template concentrations 

lUllVkJlUl g ; 

0 7 U 0 7 14 0 7 14 -to 0 7 ]4 0 14 0 7 14 
M ] "1 

Camii cnkt liir MR dettili xfcr B k|cad of f (Bt I X 

indnidud 

]4iba|aHlit4Mw ^iooi F« lore l u l l ma u ffoJ ul r l i i . 

q - r* 
0 14 U - U 0 - 14 0 7 14 0 ~ ;4 n " 14 

M 

F n b opnd u 4 « « i a ) ] ^ Fat IUR dctafk refer b Fipn J x hMbavMriiifc%taM.F*MtteibRfabic|BidirriF<UC 
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C H A P T E R S 

RAPD profdes of control crabs and crabs exposed to 100 jigL'' of 
4-/i-nonylphenol (NP) and diethylstilbestrol (DB) 

•DTidnillcooirDii 
7 14 M dn M 7 14 M 7 14 M . 

^QniF«Metel iKfei ik |Dd*rF9R LA 

NP DB 

7 14 M 

rtiKiOM.FffMedeldkicfciblefeidof^tSKtJIL 

NP DB DB 

7 14 M 14 M . 
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C H A P T E R 8 

RAPD profiles of Daphnia magna exposed to different treatments 

0PB5 0PB6 Primer 
C, C. L S A C, C. L S A Treatments 

M r r n r n i n n i i 2 1 1 1 2 i M r r 2 i r i ~ 2 i r m i i 21112IM 

For more deoUi refer lo Fifure 8.4. 

C H A P T E R 9 

Effect of restricted Escherichia coli and calf thymus DNA on RAPD profiles 

EcoRX 

0 0.5 1.5 3 15 0 0.5 1.5 3 15 
M m i m i r m m i m i M m i m i r m r m m i M 

.••li i l l i l i i itli 
Ml!!!!'* " " " 

EcoR\ /find III 

0 0.5 1.5 3 15 0 OS 1.5 3 15 
M m i r m f m m i m i M i m m i m i m i r m M 

.VofI Pm€\ 

0 0.5 1.5 3 15 0 0.5 1.5 3 15 

Nin-Tin-Jin^n^n^MfTiifrTirrTirriirr̂  M 

l l l l l l i l i i l i i l l l i ! ! ! 

£dbvbniiirnKrOreT.F<rMC«labRfcrHl 

Pme\ 

0 0.5 1.5 3 15 0 1.5 3 15 
M i l 2iii 2i i i : i r r ^ r T i r m r m r m M 

C i l f A y m p w i Q n i ForHeilclARfalokyi<dfFi|K93. 



C H A P T E R 9 

Effect of sonicated genomic DNA on RAPD profiles 

falmma palmau. pHncr OPBI. Far not dcuik icfcr to HgiR 

Effect of UV-C irradiated genomic DNA on RAPD profdes 

0 5 10 20 40 60 80 0 5 10 20 40 60 80 
M . r r T i r r T i n ~ 2 i i T ^ r i ~ 2 i r r T i r r ' 2 i M M . r r T i i r ^ f T ^ i r r ^ r r ^ r r r i r r T i M 

fxMtf pnK OPBj Fcr Me iAis Rfa to o f 9 i . 

0 5 10 20 40 60 80 
M . iTTi n~!i n~2i rr~2i r r r i rrr i iTTi M 

0 5 10 20 40 60 80 
M . n~2i r m r m n~2i n~2i n ^ n r m M 
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C H A P T E R 9 

RAPD profdes of Escherichia coli control (C600) and mismatch repair defective 
strains (SMR346 and SMR687) at an approximate OD260nm of 0.5, 1.4, and 2 

C600 SMR346 Strain SMR546 SMR 

0.5 1.4 2.0 0.5 1.4 :.0 0.5 14 2.0 OD 0,5 1.4 2.0 0,5 1.4 2.0 0.5 1.4 2.0 

M . n ^ r r i i r o n ^ r r i i r r i r r i i r r i i r r ! ! M M . r n i m i i 2111 2 i m i m i m i m i m i M 

PrsDcr Ora 1. For BKie d£ials Kkr to legad of Fyve 9.7. h i w On6. For UR iktiilt rcferio Icfdl of 9. j 

C600 SMR546 SMR687 Strain C600 SMR54ft SMR687 

0.? 1.4 2.0 0.5 1.4 :.0 U.5 1.4 20 OD Q.j 1.4 2.0 0.5 1.4 2.0 0.5 1.4 2.0 
M . n ^ r i ~ 2 i r r ^ r r ^ i T ^ r r ^ r r ^ r r ^ r r ^ M .M . m i r ^ i i 2 i m r i ~ 2 i r r ^ m m M 

rmerOniO F o r i d f f tokfodofFi^9.7. 
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C H A P T E R 9 

Effect of single nucleotide substitutions in 10-mer primers on RAPD profdes 

£ £ £ £ £ £ £ £ £ £ £ o o o c o o o o c o c 
Mh : l l i " : l i r : l i r 2 l l i ^ l i r : l i r 2 l l i ' ^ : l i r : l i r 2 l i r : l M 

t - ^ 

r - r ^ r ^ r ^ i ^ t ^ r - r - t ^ r - r - r - r - i ^ i ^ r * r - r ^ i ^ i ^ r ^ » ^ 

M l l " 2 l i r 2 l l l " 2 l l l " 2 l l l " 2 l l l " 2 l l l ' 2 l i r : l l ! " : l l l " 2 l l l ' ' 2 l M M l l ' : ! ! l ' 2 t l 1 "2II1'2II l ' 2 l l r 2 l l l ' 2 l l I ' 2 I I 1 ' 2 I I I ' 2 I I 1 ' 2 I M 

Calf dnw. For MR detiili Ida 10 Icfcid oTrigR 9iV. Ciir[li)n». Far aoR ̂  idalo letadof F i ^ 9iB 
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C H A P T E R 9 

RAPD profiles of 19 isolates of Renibacterium salmoninarum from a varietj' of 
geographic areas and host species 

M I 2 I 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 M 

Prina OPBI. For M K iklkli refcr to leeaMJ of Figure 9.9i:. 

C H A P T E R 10 

Kinetics of RAPD profiles of Daphnia magna exposed to 25 u g L " ' B(a)P 

0 Qlsolvemt 25 *£L B(a)P 0 Qlsolvcmi 25 
M I ' : ^ 4 ^ 6 ^ 1 1 2 ^ 4 5 6 7 | | | : 3 4 5 6 7l M ' Da> M . Il 2 3 4 5 6 7lll 2 3 4 5 6 7lli 2 3 4 5 6 7l M 

Ptimer OPB1 For more drtali icier ut Icpnd of hfn lOJ 

. g l B-

Primer 0PB6. Far new deuik lefcr 10 lejend of Fipre 10 J. 
pM,i!\cr.:' 

M • I I : 3 4 5 6 7111 2 3 4 5 6 -1 " ~ p 7 l M D3\ M . 11 2 3 4 5 6 711 i 2 3 4 5 6 7111 2 3 4 5 6 71 M 

i l l l l - t l 

• a • • ^ • • 

I 
I 

PrimerOPBt FormuredcuibRfcrtole^ofri^ lOJ. PnmerOPBl? For more doultitfcr ID legend arnfurc lOJ. 
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C H A P T E R 10 

Kinetics of RAPD profdes of Daphnia magna exposed to 50 |agL'' B(a)P 

, 0 Olsolvenil 50 < i i ftajp 0 O(solvem) 50 
M . 10 I 2 3 4 5 6 l l l 2 3 4 5 6 l l l 2 3 4 5 fel M " Dâ  M . 10 1 2 3 4 5 6111 2 3 4 5 6 l l l 2 3 4 5 6) M 

z • - — 
» « . m * 

• • - • • » - -

tVimerOPBrForiiurtdaiibiefcriok9ndorri9Rl0.4. I W C m For asredeuilsfelerio ic|«dofFi|Ke 10* 

, 0 Ofsolvcnl) 50 ,gL' B(a)P 0 0 (solvent) 50 
M . 10 I 2 3 4 5 6111 : 5 4 5 b i l l 2 3 4 5 6 l M Da) M . 10 I 2 3 4 5 6 l l l 2 3 4 5 b i l l 2 3 4 5 b l M 

m For p m delaib referio kfcnd of Figure Pritnff UPB)7. For nuredcuiU rd 
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C H A P T E R 10 

RAPD profiles o\Daphnia mauna exposed to 50 ^gL"' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPA9 

Recovery after 3 day exposure 
10 11 12 

M la b c C l la b c l l a b c U a h c l l a b c l l a h cl M M i a b c l l a b c l l a b c l l a b c l l a b c l l a b c | | b C I M 

Transgenerational efTects 
ft K 1 2 

M la b c l l a b c l l a b c l M 

For more tlcLiils refer to pit̂ ure 10.7 

Recovery after 6 day exposure 
3' £ ; 

1 la b c l la h c d i a b cl r T D M 

i'or more deUils rcrer to Figure 10.7. 

Transgenerational effects 

l-'or n>orc dclails refer to Tigure 10.9, 

0' I' 2 ' 3; 4: 5 : _ _ ^ 
Mia h c cHIa b c I f T T ~ ~ ~ 

1.5-

0.5-

3 ' 5 : 9-
M la b c K a b c l la b c l M 

hor more details refer to I'igurv 10.10. I'or mure dclails refer to I'igurc 10.11 



C H A P T E R 10 

RAPI) profiles ofDap/inia marina exposed to 50 f i g l / ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPBl 

Recovery after 3 day exposure Transgenerational elTects 

M • m r " m i a b d l a h L-l la h c i m r n i j h C I M Mia b c l la h c l la b c l l a I c lla h clla h C M J h c I M M la h c H a h e l la e l M 

0 5 -

For more details reier U> Figure 10.7. For more dcUik refer lo Figure 10.7. 

Recovery after 6 day exposure Trausgcnerational eftccls 

Mia h c c l la b c1lu h c l l a h d l a h c c l la b cl m H M M la b c l l a b c l l a b c l M 

I'or more details refer lo Figure 10,9. 

For more detuiU refer to Figure 10.10. For ntore dcUils refer lo Figure 10 11 



C H A P T E R 10 

RAPI) profiles of Daphnia ma}»na exposed to 50 | igL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer ()I*B5 

Recovery after 3 day exposure 

1.5-

M . la b c c1 ra b c l la h c l l a h c l la h c l la b c i M M la h c I la b c l la b c l l a h c l la b c l l a b c l l b L I M 

Transgenerational elTects 
6 ft 12 

M fa h n i a b H la h c l M 

1.5 

^ * T tr ' ~" 

For more dcUiK relcr lo Figure 10.7. For mi>re dcUiU rclci in Figure 10.7, 

Recovery after 6 day exposure Transgcncrational olVects 

For ntiirc ileUiiK rcl'er lo Figure 10 9, 

0' . . . 2 ' 3 ' 4' 5' H-
M la b c irlla b iH la b c l la b c l la b c d la b c l i a ^ c l M 

0.5-

y 5' * j ' 
M la b c l l a b c l la b c I M 

3 -

For more dcinils refer U> Figure 10.10. For more delails refer lu Figure 10.11 



C H A P T E R 10 

RAPI) profiles of Daphnia magna exposed (o 50 ̂ gL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPB6 

Recovery after 3 day exposure 
0 I 2 ^ 4 *; 6 7 S 9 

M . la b c d l a b c l l a b c l la b c l l a h c l l a b c i M M la b L I U b c l la b c l la h c l la b clla b clla b c l M 

Traiisgenerational etTects 
10 I I 12 

0.5-

« « A • « 

12 

Z k 4 

F or more details rclcrr lo Figure iO. For more Jctails icfcr lo Figure 10.7. 

= - - - = ̂  

For more JclaiU refer to Figure 10.9. 

Recovery after 6 day exposure Transgenerational cfTects 
0' . . r . . 2 ' 3' 4' 5 ' K' 3 ' 5- i)' 

Mia b L- c l la b c l la b c l la h c l la b c d l a b cl f F T l M M (a 5 c l f a b c l fa B — c l M 

r = - = r - . r r jts r r » - -

3 

I'or more delails refer to Figure 10.10. For more dctniK refer to Figure tO 11 



C H A P T E R 10 

RAP!) profiles o( Daphnia magna exposed to 50 ^gL"' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPB7 

Transgenerational eflects Recovery after 3 day exposure 
4 5 

1.5-

I -

6 7 8 9 10 II 12 6 8 12 
M la b c l l a b c K a b c l l a b cl fa b c lla b c t ib cl M M la b c l l » b c l l . 1 h c l M 

» 

~~ * ^ 
1 1 . 5 -

1 

- — ^ 

0.5-

If 

4V 

For iin»re details refer to Figure 10.7, For more details refer to Figure 10.7. 

Recovery after 6 day exposure Transgenerational eft'ects 

For ntoie dL-liiils lefer lo Figure 10.9, 

SO 

11' r 2' y 4' 5' K-

Mia h c c1la h cHIa b cl la h c l la b c' cHIa b cl f T ^ M 

3- 5- 9 ' 
M la h c l l a b c l l a b c l M 

For more details refer to Figure 10.10 For more details refer to Figure 10.11, 



C H A P T E R 10 

RAPD profiles of Daphnia magna exposed to 50 jigL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPB8 

Recovery after 3 day exposure Transgenerational etTects 

E m m m r b ^ M M i a K C I I : I b d la b c l M 

'or more dctaili refer to Figure 10.7. For more details refer to Figure 10.7. For more details refer lo Figure lO.V. 

Recovery af\er 6 day exposure 

1.5-

M la b c cl hi b cH la h cl la h cl la h c c1 In b cl f F T l M 

Transgenerational eiTects 
y y 

11 

For more details refer to Figure 10.10. For more delaiU refer to Figure 10.11. 



C H A P T E R 10 

RAPD profiles of Daphn'ui ma^iw exposed to 50 ^igL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPBIO 

Recovery after 3 day exposure Transgeiierational eflccts 
0 I 2 3 4 5 6 7 8 9 10 11 \2 (, x |-> 

M . la b c d l a b c l l a b c l l a b c l l a b c l la b c I M Mia h clla b clla b ctia b clla b clla b clla b C I M M n i ~ B n i a b c l l a h c l M 

For more details lel'er to Figure 10.7. For more details refer to Figure 10,7, For more details refer lo Figure 10,9. 

Recovery alter 6 day exposure Transgeneraiional ctTccls 

M l;i h L d I .I h ci la b c1 la h c'l la b c' c11 a b c'l M h T l M 

For mure details refer lo Figun- ' For more details refer lo Figure 10 11. 

so 



C H A P T E R 10 

RAP!) profiles of Daphnia marina exposed to 50 jigL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, with primer OPBI1 

U b'^c d l a b c l l a I c l l a I c l 

Recovery after 3 day exposure Transgenerational effects 
7 K ') 10 It 12 

M la b clla b clla b clla b clla b clla b clla b c l M 

0.5-

For more delaiK refer to F igure 10,7, For more dcuiln refer Ui Figure 10 7 For ntore deiaiU refer lo Figure 10 4 

Recovery after 6 day exposure 
0' r r y 4' ?i' r-

Mia b c d l a b d l a b cl la b d l a h e d l a h cl nTTl M 

Tra n sgc n c ra I i on a 1 c ITcc t s 

For more details refer lu Figure 10,10, 

M la b clUi b TI Fa b « 

Fur more details refer lo Figure 10 11 



C H A P T E R 10 

RAPI) profiles of Daphnia magna exposed to 50 ^igL ' B(a)P for 3 and 6' days and recovered for 12 and 9' days, respectively, and their offspring, w ith primer OPB17 

Recovery after 3 day exposure Transgenerational etTects 
4 5 J> 1 8 10 U 12 12 

M . m T T ^ I a b cHla b cMa b c l l a b c l l a b c I M M la b c l l a b c l l a h c l l a b c l l a h c l l a h c l f i r T l M M la h c l l a b c l i u h c l M 

in: 
- • == X 

For more details relcr lo Figure 10 7. For more details refer to Figure 10.7. 

Recovery after 6 day exposure 
0" . . 1' 3' y 4 ' y X' 

M la h c cita b c-lla b cl la b c l l a b c c l la b cl f m M 

Transgeneralional eftects 
V 9' 

M rr; b ~ i n r n i m r n s r v i M 

For more details refer lo Figure 10 9 
ON 

.>rc details refer lo Figure 10.10. For more details refer to Figure 10.11. 



APPENDIX IV 

Scientific contribution 



Abstracts from conferences 

* 27-30 April 1997: "9th International symposium on pollutant responses in marine 

organisms (PRIMO 9)" - Bergen - Norway. Oral presentation entitled 'DMA 

fingerprinting in Daphnia magna' Abstract: p. 40. 

* 7-12 Sept. 1997: "T"* International Conference on Environmental Mutagens {f^ 

I C E M ) " - Toulouse - France. Poster presentation entitled 'Development of a genotoxicity 
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DNA FINGERPRINTING IN DAPHNIA MAGNA 

Atienzar F. * '•^ P. Child', C. H. Walker', A. Evenden^ A. Jha^ M. H. Depledge^and D. Savva' 

' University of Reading, School of Animal and Microbial Sciences, Whileknights, PO Box 228 

Reading RG6 6AJ, England, 

^ University of Plymouth, Plymouth Environmental Research centre (Biological Sciences), Drake 

Circus, Plymouth; Devon, PL4 8AA, England. 

DNA fingerprinting by arbitrarily-primed polymerase chain reaction (AP-PCR) has been 

used recently to differentiate between strains, between species and between individuals. In this 

study, we have applied this methodology to determine whether DNA fingerprints may be obtained 

from Daphnia magna and to assess whether such fingerprints may provide a new biomarker assay 

for genotoxic efTects of chemicals. 

DNA was extracted from individual Daphnia using a number of different methods and the 

best of these was found to be one that involved homogenisation, treatment with ribonuclease, 

extraction with phenol and with chloroform/isoamylol followed by ethanol precipitation; using 

spectrophotometric measurements and agarose gel electrophoresis the quality and purity of such 

DNA preparations was found to be good. AP-PCR was performed using a range of different 10-mer 

primers and when a fingerprint was obtained these were highly reproducible. 

In some cases, reactions containing no DNA gave a "fingerprint" even at annealing 

temperatures as high as 55°C; this "fingerprint" was found not to be reproducible and to be due to 

annealing and extension of the primers themselves. However, addition of Daphnia magna DNA to 

the reaction generated clear and reproducible fingerprints. Studies are under way to examine DNA 

from Daphnia magna exposed to different genotoxic agents such as polyaromatic hydrocarbons 

(e.g. benzo-a-pyrene). 
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D E V E L O P M E N T O F A G E N O T O X J C I T Y ASSAY IN A Q U A T I C ORGANISMS 

USING A R B I T R A J U L Y - P R I M E D P O L Y M E R A S E CHAIN R E A C T I O N 

Franck Atienzar, Erin Cordi, Andy Evenden, Awadhesh Jha and Michael Depledge. University of 

Plymouth, Plymouth Environmental Research Centre (Biological Sciences), Plymouth, Devon, PL4 

8AA, UK. 

DNA fmgerprinting by arbitrarily-primed polymerase chain reaction (AP-PCR) has been 

used to differeniiate between species, strains and individuals. In this study, we have applied this 

methodology to assess whether DNA fingerprints could provide a new biomarker assay for 

genotoxic effects of environmental agents. 

There is a growing concern over increasing levels of ultraviolet (UV) radiation and its 

possible short and long term consequences to aquatic organisms. In a preliminary experiment, 

Enteromorpha inteslinalis, a marine macroalgae, was exposed to UV B under /// vivo conditions. 

After DNA extraction, AP-PCR reactions were performed; the Taq DNA polymerase amplified the 

DNA regions from 150 up to 500 base pairs with low efficiency compared to the controls where it 

amplified bands from 150 up to 1800 base pairs with high efficiency. In an another experiment, 

under in vitro conditions, DNA from Daphnia magna (water fleas) was exposed for different 

periods to UV C. A dose-dependent decrease for the appearance of bands was observed. 

The studies suggested that following UV exposure, DNA amplification could not take place 

due to presence of thymine dimmers, which posed a physical barrier for the movement of the 

enzyme. It therefore appears that AP-PCR method could be used as a biomarker to detect the 

presence of genotoxins in the environment. Studies are underway to examine the usefulness of this 

method In Daphnia magna exposed to different genotoxic agents under in vivo conditions. 
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DNA FINGERPRINTS OBTAINED B Y AP-PCR T O D E T E C T DNA D A M A G E 

F. Atienzar. M . Conradi, B. Cordi, A. Evenden, A. Jha, and M . Depledge, PERC, University of 

Plymouth, Drake Circus, Plymouth, Devon, PL4 8AA, England. 

Ahhough DNA fingerprints obtained by the arbitrarily primed polymerase chain reaction 

(AP-PCR) technique was used originally to identify or distinguish between individuals, strains and 

species, we apply this method lo detect DNA damage. The AP-PCR method does detect mutations 

and we do believe that this technique could also reveal the presence of DNA adducts, DNA 

breakage and possibly other DNA alterations. 

The marine macroalga, Palmaria palmata, was exposed in vivo, to 5 different doses of 

ultraviolet (UV) radiations (1.3 W/m^ UV A, 0.9, 1.6, 5.6, and 8.0 W/m^ UV B) for 3 hours. DNA 

fingerprints were affected with respect to controls. The principal changes were a variation in 

intensity of bands as well as the presence of extra bands. The major event occurring for the 3 first 

UV doses (1.3 W/m^ UV A, 0.9, and 1.6 W/m" UV B) was an increase of intensity of the bands 

compared to control with a frequency of 78, 53 and 41 % respectively. For the 2 highest UV B 

doses (5.6 and 8 W/m^), the major modification was a decrease in band intensity compared to 

control with a frequency of 62.5 and 81 % respectively. The occurrence of extra bands seen in the 

3 lowest doses of UV, was absent in the higher doses. However, decrease in band intensity was only 

observed in the 3 highest UV doses. In an another in vivo study, Daphnia magna was exposed to 

benzo(a)pyrene (0.0125-0.2 ppm) for 14 days. DNA fingerprints obtained from exposed organisms 

also changed when compared lo controls. It is believed that, in both studies, the modifications in the 

patterns are due to the generation of mutations (appearance of band), and to the interaction of Taq 

DNA polymerase with benzo(a)pyrene and UV-induced DNA damage (variation in intensities). In 

conclusion, the AP-PCR method appears to be a powerful and novel tool for the detection of a wide 

range of DNA damage at molecular level. 



S E T A C 

T H E USE O F T H E A R B I T R A R I L Y - P R I M E D P O L Y M E R A S E CHAIN 

R E A C T I O N T O D E T E C T DNA D A M A G E 

Atienzar. F., A. Evenden, A. Jha, and M. Depledge, Plymouth Environmental Research 

Centre, University of Plymouth, Drake Circus, Plymouth, Devon, PL4 8AA, England. 

DNA fingerprinting by arbitrarily-primed polymerase chain reaction (AP-PCR) was 

used originally to identify or distinguish individuals, strains and species. It also has the 

potential to detect DNA damage. In our study, the water flea, Daphnia magna, was exposed 

to benzo(a)pyrene (0.0125 - 0.2 ppm) for 14 days. After DNA extraction, AP-PCR reactions 

were performed. The results revealed that DNA fingerprints obtained from the treated 

animals were significantly affected; some bands disappeared or varied in intensity, and some 

new bands appeared. In another in vivo study, the marine macroalga, Palmaria palmata, was 

exposed to ultraviolet (UV) radiation (0.9 - 8 W/m^) for 3 hours. DNA fingerprintings were 

affected in relation to the level of exposure. The principal event occurring in the treated 

group was a variation in intensity of some high molecular weight bands, and eventually the 

disappearance of these bands. In some cases, new bands appeared. The modified patterns 

obtained in the DNA fingerprints of water fleas and UV-exposed algae are probably due to 

interactions between the Taq DNA polymerase (during amplification) and DNA damage, 

and to the gain or loss of annealing events of the primers due to mutations or modified DNA 

bases. In conclusion, the AP-PCR method appears to be a powerful and novel tool for the 

detection of a wide range of DNA damage at molecular level. 
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LINKING B(A)P-INDUCED RESPONSE D E T E C T E D B Y AP-PCR 

WITH FITNESS P A R A M E T E R S IN DAPHNIA MAGNA 

Franck Atienzar, Mercedes Conradi, Andrew Evenden, Awadhesh Jha and Michael 

Depledge, Plymouth Environmental Research Centre (PERC), University of Plymouth, 

Drake Circus, Plymouth, PL4 8AA, UK 

There is a paucity of information on the potential effects of genotoxin-induced 

genetic damage in aquatic organisms at the population level. Our objective was to determine 

whether there is a possible link between genetic damage and fitness parameters, DNA 

damage as well as survival, growth and reproductive success were therefore evaluated in the 

freshwater flea, Daphnia magna, following exposure to varied concentrations of 

benzo(a)pyrene [B(a)P; 0.0125 to 0.2 mgl"*]. Using the arbitrarily-primed polymerase chain 

reaction (AP-PCR), qualitative and quantitative modifications in DNA fingerprints, as a 

measure of genotoxin-induced DNA damage were observed in treated individuals compared 

to controls. B(a)P concentrations higher than 0.05 mgl"' reduced the age-specific 

survivorship and longevity of the organisms. Growth was affected at 0.1 and 0.2 mgl"'. 

Exposures below 0.025 mgf' did not delay the onset of first reproduction in the daphnids 

but the time between broods was prolonged, probably to reduce the negative impact on 

survival and brood size. Although age-specific fecundity was as sensitive as DNA changes 

detected using DNA fingerprints, the genetic endpoint appears to be more sensitive than 

survival and reproductive parameters. In summary, B(a)P induced genetic damage appears to 

have an impact on Darwinian fitness of the exposed individuals. 
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Application of the Arbitrarily Primed Polymerase Chain 
Reaction for the Detection of DNA Damage 

F. Atienzar,'' P. Child,* A. Evenden,'' A. Jha.^ D. S a w a / C. Walker^ and 
M. Depledge^ 

''University of Plymouth, Plymouth Enviromnental Research Centre (Biological Sciences), 
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* A D A S Boxworth, Boxworth, Cambridgeshire, U K . C B 3 8 N N 
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Reading. U K , R G 6 6AJ 

ABSTRACT 

The technique of arbitrarily primed polymerase chain reaction (AP-PCR) shows 
potential as a selective and sensitive assay for the detection of xenobiotic-induced 
DNA damage. Problems, however, may occur in AP-PCR, diminishing its dis
criminative abilities. These problems include the presence of spurious amplifica
tion products in non-template-containing negative control reactions, and a lack of 
reproducibility amongst amplification patterns. Experiments designed to remove 
contaminated nucleic acids by ultraviolet (IJV) treatment indicated that spurious 
bands are the result of aberrant primer-induced polymerisation, an event shown 
to be influenced by the concentration of deoxynucleotide triphosphates (dNTP) 
present in the reaction mixtures. Optimisation of dNTP concentration from 0.22 
to 0.33 mu resulted in clear negative controls and highly reproducible amplifica
tion patterns with all DNA templates. As an example of the application of the 
method, in the present study, the macroalga Palmaria palmata (Rhodophyta) 
was exposed to UV A and B radiations. The study shows that the AP-PCR 
method can detect DNA damage and may be useful in detecting such damage 
following exposure of cells to xenobiotics. © 1998 Elsevier Science Ltd. All 
rights reserved 

Molecular biomarkers are potentially powerful tools for ecotoxicological studies (Peakall, 
1992). Of particular interest are those biochemical changes that reflect the interaction of 
toxic components with genetic material, especially DNA (Anderson et aL, 1994). Advan
ces in molecular biology have led to the development of a number of selective and sensi
tive assays for DNA analysis: DNA fingerprinting (Jeffreys, 1987); R F L P analysis 
(Botstein et a/., 1980) and a whole suite of techniques relying on the amplification of DNA 
sequences using the polymerase chain reaction (PCR) (SaiJci et aL, 1988; Innis et aL, 1995). 
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All these methods have the potential to detect DNA damage by virtue of their ability to 
recognise changes in the structure of the DNA molecule. 

One of the most promising techniques is that of arbitrarily primed PCR (AP-PCR), a 
semiquantitative method useful for genetic mapping, taxonomy, phylogenetics and the 
detection of mutations. The method relies on the comparison of amplification products 
from control (unexposed) and sample (exposed) DNA template produced by oligonu
cleotide primers of random sequence (Welsh et al., 1995). The utility of AP-PCR for the 
detection of the effects of genotoxic exposure has been previously described (Sawa et al., 
1994; Sawa, 1996). In our laboratories, the AP-PCR technique is presently being investi
gated using DNA templates extracted from a number of plant and animal species, both 
from freshwater and marine habitats. In the present study, we aimed to develop the AP-
PCR method as a generic first step technique for studying pollutant-induced DNA 
damage. An integral part of the development of AP-PCR genotoxicity assay, as in all 
PCR-based assays, is the optimisation of reaction conditions so as to facilitate the pro
duction of reproducible amplification profiles. It is also vital to prevent the influence of 
spurious amplification products on the accuracy of the method, by ascertaining the purity 
of reagents with respect to DNA contamination. This is normally achieved by including a 
negative control reaction containing all reagents except the DNA template. 

Our experience suggests that with careful optimisation, especially regarding the purity 
and concentration of template, magnesium, deoxynucleotide triphosphates (dNTPs), prim
ers, and DNA polymerase, reproducible amplification profiles can be obtained with the 
majority of samples. However, despite taking extensive precautions to ensure reagent 
purity, amplification products often appear in AP-PCR negative controls, specially when 
the primer concentration used is high. 

The preliminary AP-PCR optimisation experiments carried out on DNA templates 
from the cladoceran Daphnia magna, suggested that the spurious amplification products 
were the result of either DNA or RNA contamination, or a polymerisation event involv
ing the oligonucleotide primers, with the possible influence of one or more of the reagents 
used in the PCR reaction. It was initially thought that the pattern in the negative control 
was due to contamination of one of the reagents or the tubes, tips, pipettes, etc. All these 
were changed in turn but the problem still existed, suggesting that contamination was not 
the causative factor. The influence of contaminated DNA was investigated by exposing 
PCR reagents to high doses of UV radiation (254 nm, special UV box with three lamps; 
the distance from the lamps to the PCR tubes was 5 cm and the energy was 
550/iW/cm) for 20min, prior to the initiation of the reaction. DNA exposed to this high 
level of UV radiation cannot be amplified, due to the presence of DNA photoproducts 
such as thymine dimers, which seriously hamper the processivity of DNA polymerases. In 
this way, contaminating DNA is prevented from acting as a template for amplification. 
Differing concentrations of primer OPA9 (5' G G G T A A C G C C 3') (Operon Technologies 
Inc.) ranging from 0.2 to 2 / iM were used to amplify 20 ng of DNA isolated from Daphnia. 
Negative control reactions, using both 0.2 and 2 / Z M OPA9 primer were included in which 
template DNA was replaced with water (cell culture quality, Sigma). A non-UV exposed 
negative control PCR reaction was also performed. Lanes 2-9 in Fig. 1 demonstrate that 
the spurious amplification products are present in both UV-treated and untreated reac
tions and that the pattern is different at low and high primer concentrations. In the 
presence of DNA template, the bands corresponding to the major amplification products 
of the AP-PCR were shown to be reproducible at the varying primer concentrations. 
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Fig. 1. Optimisation of AP-PCR reactions. EfTect of UV radiation and primer concentration on 
reproducibility of the reactions using DNA extracted from Daphnia is shown in lanes 2-9. All the 
reactions (except lanes 1 and 4) were treated with UV radiation for 20min (except DNA and 
enzyme) before performing PCR reactions. Lanes 2-4: no DN.A control; 2: 0.2/.iM primer; 3 and 
4: 2/iM primer; 5-9: 20 ng DNA; 5: 0.2^/M primer; 6: 0 . 5 p r i m e r ; 7: 1 primer; 8: 1.5/xM pri
mer; 9: 2 M M primer. .^P-PCR reactions were performed with 0.22 mM dNTP, 2.18mM MgCl; and 
2.8 U of Toi^ DNA polymerase (Promega). The PCR conditions were 5 min denaturation at 95''C. 10 
cycles with an annealing temperature of 32X. and 30 cycles with an annealing temperature of 35X; 
each cycle also included 1 min at 74^C for extension and I min at 95"C for denaturation. The effect 
of dNTP concentrations on the reaction is shown in lanes 11-16. Lanes 11 and 12: no DNA control, 
13-16: 20ng DNA; 13 and 14: two DNA samples extracted from individual Daphnia.lS and 16: two 
mixtures of DNA isolated from Daphnia. AP-PCR reactions were performed with 0.33 mM dNTP, 
S.llmM MgCl:, 2 M M primer, and 2.8 U of Taq DNA polymerase (MBI). Thermocycling was as 
before except that 40 cycles were performed with an annealing temperature of 50^C. Lanes 1 and 10: 

1 kb marker (BRL), from top lo bottom 3054, 2036, 1636, 1018, 506, 396. 344 and 298 bp. 

Together, these results suggest that the spurious amplification within negative control 
reactions is not attributable to contamination by foreign D N A template, and as RNase-
treated reagents produce the same result (results not shown), it is more likely that this is 
the result of non-specific reactions such as a primer-mediated polymerisation event. The 
apparent relationship between number and intensity of spurious bands and the con
centration of the priming oligonucleotide supports this hypothesis. 

In order to decrease the non-specific reactions, the annealing temperature was increased 
from 35 to 60°C; the results suggested thai even at 50 'C the negative control presented 
some bands whereas the positive control was not affected at all (data not shown). At 55 
and 60"C, respectively, D N A fingerprintings were either partially or completely affected in 
both the controls. As a consequence, the annealing temperature used for further experi
ments was kept as 50'C, the highest suitable annealing temperature. Dimethyl sulfoxide 
( D M S O ) was also used to decrease the background [various cosolvenls such as D M S O 
have been shown to improve amplification in many applications (Landre el al., 1995)]: it 
was not possible to obtain a clear negative control without affecting the quality of the 
positive control (data not shown). 

By studying the results of numerous previous optimisation experiments for A P - P C R 
reactions and by reviewing a large body of diverse data from other PCR-based assays, 
it was found that a possible relationship exists between the number and intensity of 
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Fig. 2. DNA fingerpriniings showing modified pattern due to UV radiation on the macroalga, 
Palmana palmata. Lanes I and 21: 1 kb marker (BRL), from top to bottom 3054, 2036, 1636, 1018, 
506. 396, 344 and 298 bp; 2: no DNA control; lanes 3-5: control alga [exposed to ambient level of 
UV (1)]; lanes 6-8: control alga [exposed to l + IJW/m' UV A (2)]; lanes 9-11: alga exposed to 
I+2 + UV B {0.9W/m2}; lanes 12-14: alga exposed to 1+2^ UV B (1.6W/m2); lanes 15-17: alga 
exposed to 1 + 2 + UV B (5.6 W/m )̂; lanes 18-20: alga exposed to 1 + 2 + UV B (8.0 W/m )̂. AP-PCR 

conditions were the same as lanes 11 to 16 in Fig. 1. 

amplification products in both control and sample reactions and the concentration of 
dNTPs. These data suggested that in reaction mixtures containing concentrations of dNTP 
at and above 0.33 mM, spurious amplification products are rarely found, but amplification 
patterns in reactions containing dNTPS above 0.33 mM are less reproducible. In general, 
the increase of the dNTP concentration increases the background but in our study 
0.33 mM dNTP instead of 0.22 decreased the non-specific reactions in the negative control 
(and probably in the positive control). Taking into account all the results obtained, an 
experiment was performed using primer 0PA9 to amplify template DNA from both 
individuals and populations of Daphnia magna under standard AP-PCR conditions with 
the dNTP concentration in all reactions adjusted to 0.33 mM. The results of this experi
ment, shown in lanes 11-16 in Fig. I, indicate that at a concentration of 0.33mM the 
negative control reaction is free from spurious bands and that the AP-PCR is extremely 
reproducible. These results were confirmed with 10 different primers (results not shown). 

Whilst our experiments have shown the influence of primer and dNTP concentration on 
the AP-PCR reaction, and have alleviated the problems of 'dirty' negative controls and 
pattern reproducibility, we realise that many other factors might be involved. The random 
nature of the primer annealing segment of this particular variant of the PCR introduces 
many sources of variation. Therefore, we strongly advise that workers using AP-PCR 
based assays should be prepared to explore all components of the reaction. In this pre
liminary study, different concentrations of every PCR component were investigated in 
order to obtain a clear negative control and reproducible DNA fingerprints. The poly
merisation of the primers or the formation of primer dimcrs has already been described in 
the hterature. The 'Booster PCR' and the 'Hot-Start® PCR' (Ruano et al., 1991) were 
used to solve the problem of the non-specific formation of the primers. Therefore, we 
suggest a modified protocol to avoid the polymerisation of the primers. A standard 
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protocol is presented for AP-PCR in conjunction with DNA isolated from a wide range of 
aquatic biota. 

In order to further optimise and validate the method, the macroalga Palmaria palmata 
was exposed to different levels of UV radiation. Needless to mention, there is a growing 
concern over the increase of UV radiation due to depletion of the atmospheric ozone 
layer. In this context, DNA is considered to be the primary absorbing chromophore in the 
cell, which is likely to affect the short and long-term survival of the exposed populations 
(Anderson et al., 1994). Two kinds of modification are due to UV radiation, i.e. the dis
appearance (main event) and the appearance of bands, which represents UV induced 
DNA damage (Fig. 2). In this study, the detection of DNA damage following UV radia
tion is an illustration of the application of the method, which suggests that AP-PCR 
technique could be used to detect other sources of DNA damage. In order to compare the 
sensitivity of the technique, it is planned to compare this method with other well-estab
lished methods, e.g. ^^P-post labelling. For the technique of AP-PCR to be adopted as a 
sensitive and selective method for the detection of xenobiotic-induced DNA damage, it is 
clear that the protocol needs standardisation. We hope that this initial study goes some 
way towards that goal. 
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Abstract—A method of ONA profiling using the random amplified polymorphic DNA (RAPD) was used to assess toxicant-induced 
DNA crfects in laboratory populations of Daphnia magna exposed lo varying concentrations of the genotoxic hydrocarbon bcn-
zo[alpyrene. These effects, represented by changes in the RAPD profiles, were compared with a number of key ecological fitness 
parameters (age-specific survival, age-specific fecundity, net reproductive rate, and intrinsic rate of population increase). Not only 
was the RAPD profiling method shown to be a rapid and reproducible assay of toxicant-induced DNA effects, but the qualitative 
measure of genomic template stability compared favorably with the traditional indices of fiiness. The RAPD profiles, however, 
exhibited higher sensitivity in detecting toxic effects. The significance of these findings for future ecotoxicological studies is 
discussed. 

Keywords—Random amplified polymorphic DNA profiles 
Benzo(aJpyrene Daphnia magna 

Genomic template stability Fimess parameters 

INTRODUCTION 
Polluianis with gcnoloxic potential are of great coocem lo 

many ecotoxicologisls. Once released, these agents have the 
capability not only to cause mortiidity and/or mortality io the 
exposed organisms but poieQiially may induce higher order 
changes such as alterations to population dynamics and chang
es to biological diversity at both intra- and interspecies levels 
[1 -31 . Such changes may initiate direct and catastrophic eco
logical consequences. The genoioxiciiy of pollutants is directly 
related to their effects on the structure and function of DNA 
molecules, which may be determined using a number of lab
oratory methods (e.g.. (4.51). However, while such poUutant-
D N A interactions can be readily demonstrated using such 
methodology, there have been few direct experimental dem
onstrations of the wider relationships between DNA effects 
and their subsequent consequences at higher levels of biolog
ical organization [6 ,7] . To address this problem, it is necessary 
to develop reliable and reproducible genoioxiciiy assays that 
may then be used in conjunction with traditional assays de
tecting any impairment of classical Darwinian fitness param
eters (e.g., growth, reproductive outpuu viability of offspring). 

In the field of genotoxiciiy, advances in molecular biology 
have led lo ihc development of a number of selective and 
sensitive assays for DNA analysis. The random amplified poly
morphic DNA (RAPD) and the arbitrarily primed polymerase 
chain reaction (AP-PCR) techniques are two semiquantitative 
methods that have been used in genetic mapping, taxonomy, 
and phylogeny [ 8 - 1 0 ] and for the deteciion of various kinds 
of DNA damage and muuiions [11-161. Although RAPD and 
AP-PCR are very similar techniques (the methods have been 
often described as the same procedure, e.g., [15.17,18}). Meu-

• To whom correspondence may be addressed 
(fatieQzar@plymouth.ac.uk). 

nier and Grimont [191 have defined procedural differences 
between the techniques. The detection of AP-PCR amplified 
product is facilitated by incorporalion of a"P-dATP during 
the last 10 cycles of the polymerase chain reaction (PCR) 
before electrophoresis is carried out in acrylamide gel prior 
to visualization by autoradiography. In contrast, RAPD frag
ments are detected after agarose gel electrophoresis and eth-
idium bromide staining. Therefore, to avoid any confusion, 
the definition described by Meunier and Grimont [ 19] has been 
adopted in this ^apei. Both techniques are based on the se
lective amplification of genomic sequences that, by chance, 
are flanked by adequate matches to an arbitrarily chosen oli
gonucleotide primer sequence. If two template genomic DNA 
sequences are different, the PCR products will display different 
banding patterns or profiles when these products are subjected 
to electrophoresis [9,201. Detection of genotoxic effect using 
these techniques involves the comparison of profiles generated 
from control (unexposed) and treated (exposed) DNA. 

The aims of this study were to further evaluate the potential 
of the RAPD technique to detect DNA damage as an ecotox-
icological tool and to compare changes in RAPD profiles in
duced by the genotoxic polycyclic aromatic hydrocarbon, ben-
zo[d)pyrene (BaP) with fitness parameters measured in a lab
oratory population of the cladoceran Daphnia magna. 

MATERIALS AND METHODS 

Culture of Daphnia magna 

Daphnia magna (D. magna, clone 5) were provided by 
Zeneca's environmental laboratory at Brixham. United King
dom, and were cultured in our laboratory. The animals were 
maintained in Elendt's medium [ 2 1 ) at a temperature of 2ffC 
( ± r C ) with a photoperiod of 16 h light (1,000 lux):8 h darit. 
Populations of 40 individuals were maintained in I L of me-
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dium contained in 2-L udl-fonn glass beaken (Sigma. Poole, 
UK). The medium was changed three times per week. Animals 
were fed ihe algae Chlorella vulgaris (1.2-2.4 X 10̂  cells/ 
daphnid/d) and a booster solution of Frippack microencap
sulated food (Salt L^e Brine Shrimp. Qrantsville. UT. USA). 
This extra source of carbon was incorporated into the culture 
medium ai a ratio of 0.023 mg Frippack for every 1.2 X 10' 
algal cells. 

Preparation of test solutions 

Test solutions for chronic exposures were prepared from 
stock solutions of BaP at a concentration of 2 rog/ml in di
methyl formamide (DMF). Once prepared, test solutions were 
stored at 4''C prior to use. Both Ea? solutions and the DMF 
solvent controls were added to the Daphnia culture media in 
a volume of 100 ,̂1 of DMF in 1 L of medium (ensuring a 
level below the 0.03% maximum percentage of the solvent 
recommended by the U.S. Environmental Protection Agency) 
[221. 

Toxicity tests 

Acute toxicity. The acute toxicity of BaP was assessed by 
determining the LC50 of the chemical for D. magna over a 
period of 48 h. Freshly born neonates (\css than 4S h) were 
exposed in replicate groups of 20 to concentrations of BaP 
equivalent to 0.1,0.15.0.2, 0.25, and 0.5 mg/L. Animals were 
fed (see culture of the organism) during the test, and surviving 
animals were counted to determine the 48-h LC50. 

Chronic toxicity. The chronic toxicity lest of B A P to 0. 
magna was performed under the same experimental conditions 
as for the acute toxicity tests, with a blank control, DMF 
solvent control, and BflPconcentrationsofO.0125.0.025,0.05. 
0.1. and 0.2 mg/L. respectively. It is noteworthy that BaP 
concentrations used in the chronic test were lower than the 
48-h LCSO determined in the acute toxicity (sec the Results 
section). Surviving animals were counted at 0,3,5,7.10, and 
14 d. Moribund, nonswimming animals were removed from 
culture at regular intervals on and between counting days. 
These animals were placed individually in 1.5-ml microcen
trifuge tubes, snap frozen in liquid nitrogen, and stored at 
-SOX prior to DNA extraction and RAPD profiling. 

Growth and reproductive measurements 

The length of D. magna (apex to base) surviving at day 0, 
3,5,7,10. and 14 d was measured by video capture and image 
analysts using a C^antimet 570 image analyzer (Cambridge 
[ascrumenis, Cambridge. UK). Neonates were counted and re
covered at daily intervals. Once pooled, each batch of neonates 
was snap frozen in liquid nitrogen and stored at -SO'C prior 
to DNA extraction and RAPD. 

Calculation of fitness parameters 

The intrinsic rale of natural increase of the D. magna pop
ulation, was calculated using Lotka's equation, 
S l/n^-'-" = 1 123.24J. For a cohon of animals observed from 
birth to death at regular intervals, x is the age in days, is 
the age-speci6c survival (number of living females on day x/ 
number of females at sian of life table), and m, is the age-
specific fecundity (number of new-born individuals produced 
on day x/number of living females on day j ) . Realized fecun
dity iV,) was also calculated for the test populations (U, = 
/ , m j . Using this data, the net reproductive rate (RJ can also 
be calculated, as represents (/, summarized over the entire 

lest period iR„ = S //n, = S t/^). Minimum generation time 
(7"^ was calculated by measuring the time that elapsed be
tween birth and the deposition of the first batch of offspring. 
The intcrbrood time {Bt) was measured as the time (in days) 
between clusters or broods. 

Extraction of DNA from Daphnia magna 

Total DNA from D. magna was extracted and purified using 
either a conventional phenol/chloroform method or a com
mercially available extraction kit (IGi Genie DNA extraction 
Kit. Immunogen International, Sunderland, UK). Two methods 
were used because traces of organic compounds may inhibit 
PCR reactions, and one of the metht}ds could have failed to 
produce DNA of sufficient quality to obtain robust RAPD 
profiles. Furthermore, both protocols of DNA extraction 
proved to generate similar RAPD patterns (data not shown). 
The conventional DNA extraction procedure involved the ho-
mogenization of single D. magna in 400 p.1 of sperm lysis 
buffer (100 mM Tris-HCI. pH 8; 500 mM NaCl; 10 mM eihy-
Icncdiamincietraacelic acid [EDTA], pH 8; 1% SDS: 2% mer-
captoethanol) followed by RNase ireaimenl (40 jig, 37*C for 
1.5 h). The DNA was then extracted in phenol (pH 8) and 
chloroform:isoamyI alcohol (1:1). The DNA was finally pre
cipitated by two volumes of ice-cold ethanol in the presence 
of 3 M sodium acetate (1/10 of the DNA volume) and was 
incubated at -80'C overnight. Precipitated DNA was har
vested by centrifugation. dried in air. and the final pellet dis
solved in sterile analytic grade water. 

In the second procedure, individual D. magna were ho
mogenized in 100 111 of sperm lysis buffer and treated with 
RNase (10 jig, 37T for 1.5 h). The DNA extraction was per
formed using the protocol supplied by the manufacturer (DNA 
binding silica resin, IGi, Sunderiand). 

Generation o/Daphnia magna DM4 profiles using RAPD 

The DNA profiles of D. magna were generated in RAPD 
reactions performed in a reaction volume of 25 Û as described 
previously [18). The decamer oligonucleotides, 0PA9 
(GGGTAACCiCC) and 0PB7 (CKJTGACGCAG), were ob
tained from Opcron Technologies (Southampton, United King
dom). Approximately 20 ng of D. magna genomic DNA was 
subjected to RAPD amplification with a primer concenu-ation 
of 2 a deoxy-trinucteotide phosphate (dNTT) concentra
tion of 0.33 mM, and a MgOj concentration of 5.11 mM in 
the presence of 2.8 units of Tag DNA polymerase and I x 
reacuon buffer (10 raM Tris-Cl, pH 8.3, 50 mM KO, 0.1% 
Triton-X 100. 0.01% gelatin, 2.5 (ig bovine serum albumin). 
All PCR chemicals were obtained from Immunogen Interna
tional (Sunderland) except when otherwise mentioned. Ther
mal cycling parameters consisted of 5-min denaiuraiion (95T) 
followed by 40 cycles of 1-min dcnaturaiion (95°C). 1-min 
annealing at 50°C, and 1-min extension [(74^C), with the final 
extension period adjusted to 10 min]. Reaction mixtures were 
stored at 4°C prior to use. 

Agarose gel electrophoresis and analysis of DNA profiles 

Electrophoresis of RAPD reaction products was performed 
in 1.2% w/v agarose, using a Tris-boraie-EDTA buffer (TBE) 
system ( i x TBE = 90 mM Tris-base, 90 mM boric acid, and 
2 mM EDTA). Amplified DNA was mixed with one-fifth vol
ume of gel loading buffer (analytical grade water containing 
25% ficoll. 0.25% bromophenol blue, and 0.25% xylene cy-
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anol), and 15 M-1 of this solution was loaded onto the agarose 
gel. Chemicals used were from Sigma (Poole, UK) unless oth
erwise mentioned. For comparison, DNA molecular size mark
er (1 Kb marker, Gibco BRL {Paisley. UK]) was used for each 
agarose gel. In all gels, the bands visualized were, from top 
to bottom, 3.054, 2,036. 1,636. 1.018.517. 506. 396, 344. and 
298 bp. The DNA samples were subjected to electrophoresis 
at 80 volts for 7 h, after which the gels were stamed in a I x 
TBE solution conuiining elhidium bromide (0.015% v/v) for 
a period not less than 40 min. Gels were photographed under 
ultraviolet illumination using a Polaroid camera (CU-5) (Cam
bridge, MA, USA). Images of each gel were also captured 
using a Kodak DC40 digital camera (Eastman Kodak, New 
York. NY. USA) and the DNA profiles analyzed using Kodak 
Digital Science® 1 D Image Analysis Software (Eastman Ko
dak). 

Estimarion of genomic template stability and 
transformation of the data 

Each separate DNA effect observed in RAPD profiles (dis
appearance of bands, appearance of new bands, and variation 
in band intensities in comparison to control profiles) was given 
the artitrary score of +1 and the average calculated for each 
experimental group of animals with primes 0PA9 and 0PB7. 
The template genomic subility (percent) was calculated as 100 
- (lOOa/n), where n is the number of bands detected in control 
DNA profiles and a is the average number of changes in DNA 
profiles. To compare the sensitivity of each parameter (ge
nomic template stability, /„ m„ and RJ, changes in these 
values were calculated as a percentage of their control value 
(set to 100%). 

Statistical analyses 

The LC50 value, confidence limits, and Chi-square good
ness of fit were determined according to the method of Finney 
[25]. Differences among growth rates were calculated using 
multiple regression analysis as in Conradi and Depledge [261. 
Briefly, the data were log transformed to homogenize the var
iances. Because the number of surviving animals decreased as 
the toxic effect increased, the regressions were weighted with 
n"' (where n is the number of the surviving animals). Cor
relation and analysis of variance (ANOVA) were performed 
using the computer software package Statgraphics (Statgraph-
ics plus for Windows, version 2.1, Statistical Graphics, Prince
ton, NJ, USA). Changes in genomic template stability and key 
fitness parameters (age-specific survival (/J, age-specific fe
cundity [mj , net reproductive rate [AJ, and intrinsic rate of 
population increase [r„l) were also statistically tested using 
ANOVA (Statgraphics). The least significant differences 
(LSD) test was used to reveal statistical differences. 

RESULTS 

Acute toxicity 

Using survivorship data, the 48-h LC50 of BcP for D. 
magna (clone 5) was 0.25 ± 0.04 mg/L BaP (x^ = 63.6, p < 
0. 005). 

Chronic toxicity 

Demographic trends for the populations of D. magna ex
posed to differing concentrations of BaP are shown in Table 
1. From these results, it can be seen that, with increases in 
toxicant concentration in the range 0.025 to 0.2 mg/L BaP, 
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Rg. I Variation in (•) number of living Daphnia magna per replicate, 
(b) growth, and (c) total number of offspnng m populations of D. 
magna exposed to varying concentrations of B<JP. including BlL 0 

(control); • . 0 (solvent control); •, 0 . 0 1 2 5 ; x. 0 . 0 2 5 ; + . 0 . 0 5 ; 

0 . 1 ; and #. 0 .2 mg/L B(a)R ** indicates a significant difference from 
control (p < 0 . 0 1 ) . 

consistent reductions occurred in number of eggs per female, 
maximum body size, and number of broods. However, the 
mean penod for Daphnia to become ovigerous was identical 
among groups. The number of living organisms was signifi
cantly reduced at the highest BuP concentrations; e.g., organ
isms could not survive more than 5. 7. and 14 d at 0.2, O.l. 
and 0.05 mg/L B A P respectively (Fig la) In contrast. Daph

nia from the other groups (i.e.. control, control DMF. 0.0125. 
and 0.025 mg/L BuP) survived throughout die exposure period. 
The data indicate as well that D. magna exposed to gradual 
increases in BaP concentrations displayed a lengthened time 
between the first and second brood. Although populations 
growing at O.I and 0.2 mg/L bodi had a smaller body size 
than controls (p < 0.001). there were no significant differences 
between the control groups and the other BaP-cxposcd groups 
(Fig. lb). In addition to that, the size of sub-24-h Juveniles 
was identical between all groups {p < 0,05. data not shown). 
Finally, the total number of offspring was significantly reduced 
at 0.025 mg/L and higher BaP concentrations (Fig. Ic and 
Table I). 

Changes in fitness parameters 

Alterations to the key fimess parameters, i.e.. age-specific 
survival (/,). age-specific fecundity (m.). net reproductive rate 
(/? j . and intrinsic rale of population increase (rj are presented 
in Table 1 and Figure 3. before and after transformation, re
spectively. The D. magna exposed to concentrations higher 
than 0.05 mg/L exhibited reduced life spans compared to the 
controls. Age-specific fecundity in blank and DMF controls 
was maximal on day 8. while animals exposed to both 0.0125 
and 0.025 mg/L presented their maximal values on day 10 
(data not shown). The intrinsic rate of natural increase and the 
net productive rate were also shown to be significantly reduced 
by increasing BaP concentrations above 0.0125 mg/L {p < 
0.001). Ro and appear to be the most sensitive fitness pa
rameters, as r . was calculated to be only significantly different 
at 0.1 and 0.2 mg/L BaP None of the fitness parameters ap
peared to be altered at the lowest hydrocarbon concentrations. 

The RAPD DNA profiling 

The DNA ampUfied was exuacted from moribund, non-
swimming (but alive) organisms after 14, 7, and 5 d at 0.05. 
0.1. and 0.2 mg/L BaP. respectively. For the other groups (i.e.. 
control, control + DMF. 0.0125, and 0.025 mg/L BaP). or
ganisms were sacrificed after 14 d. In total. 10 ohgonucleotide 
primers were used to analyze the results. However, depending 
on the sequence of the primers, changes in RAPD profiles 
obtained from the exposed population occurred or not The 
DNA profiles generated by two of them (primers 0PA9 and 
0PB7) are shown in Figure 2. The patterns show significant 
differences between unexposed and exposed individuals, with 
visible changes in the number and size of amplified DNA 
fragments and both increases and decreases of DNA band in
tensities. Extra bands appeared with both primers 0PA9 (two 
new PCR amplification products labeled 9-1 and 9-2; Fig. 2A) 
and 0PB7 (three new main bands labeled 7-1. 7-2. and 7-3; 
Fig. 2B). The reproducibility of the RAPD profiling method 
in detecting BaP-mduced DNA changes was also determined 
using both replicates Rl and R2 (Fig. 2C and D). This ex
periment was performed to confirm if extra bands 9-1 and 9-
2 appeared in the majonty of the organisms exposed to 0.025 
(Fig. 2C) and 0.05 (Fig. 2D) mg/L BaP Results suggested that 
both bands were very reproducible between individuals and 
mixtures of Daphnia. The frequency of bands 9-1 and 9-2 was 
calculated to be at least of 95% at 0.025 and 0.05 mg/L BaP 
When the same samples were subjected to analysis with primer 
0PB7. the bands 7-1. 7-2. and 7-3 appeared all together or 
not at all (data not shown). The frequency of appearing bands 
at 0.025 and 0.05 mg/L BaP was calculated to be 42 and 87%. 
respectively. In addition to that, further cxpenmcnts confirmed 
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thai the variation in band intensities was not a consequence 
of cither a variation in the conccnlration of template DNA 
within a cenain range (data not shown) or a variation in PCR 
reagent concentration (e.g.. Taq DNA polymerase) since a 
master mix was performed 

An accessory experiment designed to determine the effects 
of BaP exposure on subsequent generations of D. magna was 
performed by comparing profiles of po».)led DNA from the 
offspnng {last generation) of BaP-exposed animals against the 
banding pattern obtained with maternal DNA (Fig. 2E). Results 
indicate that extra bands |7-1. 7-2, 7-3) present in maternal 
DNA profiles were not visible in neonatal profiles at low con
centrations of BaP (0.0125 and 0.025 mg/Ll but may appear 
at higher concentrations (0.05 mg/L, replicate 1). Future work 
will investigate this possibility in greater detail. 

Comparison of fitness parameters and RAPD profiles 

To compare the sensitivity of the parameters presented in 
Figure 3. changes in each factor were calculated as a per
centage of Iheir control value (set to 100'̂  i All the parameters 
presented in Figure 3 were measured until D. ma^na were 
unable to .swim but were still alive after 14. 7. and 5 d at 0.05, 
0.1, and 0.2 mg/L BaR respectively. For the other groups (i e . 
control, control DMF. 0,0125. and 0025 mg/L BuP), the 
measures were performed throughout the experiment. Changes 
in RAPD profiles were expressed as reductions m genomic 
template stability (a qualitative measure reflecting the obvious 
changes to number and intensity of DNA bands in DNA pat
terns generated by toxicant-exposed daphnids) in relation to 
profiles obtained from control Daphnia. Before transformation 
(i.e.. control value set to 100^). the genomic template stability 
was 96.5. 91.3. 63.4. 44.9. 28.6. 46.3, and 53.6% in control, 
conlrol + DMF. 0.0125. 0.025. 0.05. O.l. and 0.2 mg/L BaP. 
respectively. Although m, and R„ are the most sensitive fitness 
parameters, changes in DN.A profiles are more sensitive than 
any other population parameter Intcresiingly. based on ob
servation, fitness parameters were found lo be negalivel) cor
related to BflP concentrations, whereas the genomic template 
stability followed a reversed Gauss curve (Fig. 3). 

DISCISSION 

In ccoloxicology. the specific evaluation and environmental 
monitoring of potentially genotoxic agents would be improved 
with the development of sensitive and selective methods to 
delect toxicant-induced alterations in the genomes of a wide 

Fig 2 Random amplified pol>morphic DNA protilciotgenomii DNA 
from Daphnia magna exposed to var>ing conccntraliuni of BoP M 
= DN,A molecular size marker (I Kb ladder. BKL. see matenal and 
methods). - - no DS.'\ control Appearing bands (9-1 and 9-2 [t»o 
bands generated *ith primer 0PA9]. 7-1. 7-2. and 7 3 [ihrcc t>ands 
obtained with primer OPBTj) arc presented in the gcK. Profiles gen
erated b> 0PA9 (Al and 0PB7 ( B ) . Lanes a-c control lunc^poscd). 
d-f DMF control. Lanes g-u BuP concentrations, g-i (J OI25. j - l : 
0 025. m-o 0 05. p-r 0 1. and s-u: 0 2 m^L. Rcproducibiliu of 
appearing bands obtained from BaP-cxposcd D maKna wiih 0PA9 
([C] 0 025 and [D] 0 05 mg/L BflPi The letters and each number 
represent individual animals and a mulurc of Duphniu respecli\cly. 
in both replicates {R and R.) (E) Random amplified polymorphic 
DNA profiles of genomic DNA generated b) 0PB7 from parent and 
offspring (last generationt p = parent, o = offspring. Ry and Ar. = 
replicates 1 and 2. rcspcctiveU DNA lempUlc was extracted using 
either the commercial extraction ILU (A and B ) or the conveniional 
phenol/chloroform method (C. D. and E). 
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Fig. 3. Companson between key litness parameters and genomic tem
plate stability in populations of Daphnia manna exposed to ha? t, 
= age-specific survival, m, = age-specific fecundity. /?, - net repro
ductive rate, and r. = inunnsic rate of natural increase (see materials 
and methods and results). • , 0 (conuol); • , 0 (solvent control); Q 
0 . 0 1 2 5 ; • . 0 . 0 2 5 ; • . 0 . 0 5 ; 0 . 1 ; and E , 0 . 2 mg/L BaP • and 

indicate a significant difference from control (p < 0 . 0 5 and p < 0 . 0 1 . 
respectively). Error bars represent standard deviauoo. 

range of biota. Nevertheless, the value of such procedures 
would be further enhanced by Unlung molecular/cellular ef
fects to higher order changes such as reductions in Darwinian 
fitness and decreases in species diversity [1-3]. This study 
evaluates the suitability of a DNA profiling/fingerprinting as
say combined with the measurement of parameters at the pop
ulation level with the objective of better understanding the 
impact of BflP on D. magna. The RAPD profiles detect al
terations to genomic DNA through the use of randomly pnmed 
PCR reactions. These effects include changes in oligonucle
otide priming sites and variations in the activity of the 
DNA polymerase. Such effects lead to visible changes in the 
electrophorctic profiles of RAPD rcacuon products. Changes 
include the appearance of extra amplified bands, the apparent 
disappearance of amplified bands, and the changes in amplified 
band fluorescence. However, although obvious changes oc
curred in RAPD profiles obtained from the exposed population, 
there were no obvious trends among patterns obtained at the 
different BaP concentrations New PCR amplification products 
may reveal a change in the DNA sequence due to mutations 
(resulting in [a] new annealing eventfs]) and/or large deletions 
(bnnging two preexisung annealing sites closer) arul/or ho
mologous recombination (juxuposmg two sequences that 
match the sequence of the primer). Indeed, this method (in 
fact, the AP-PCR technique) has already been successfully 
used for the detection of mutations [12.13]. Following expo-
siur to mutagens. DNA replication [27] and error-prone DNA 
repair [28] are generally implicated in generating mutations 
(29). Although the expcnmcni did not exceed 14 d. DNA 
replication probably occurred at an intensive rale since D. 
magna have a rapid growth rate. Thus, the frequency of mu
tations in the exposed populations may be elevated compared 
to control Daphnia. Mutations can only be responsible for the 
appearance of new bands if they occur at the same locus in at 
least a minimum number of cells to be amplified by PCR. In 
this context, this is likely, as Boles and Hogan [301 reported 
hot spot interactions between DNA and metabolized BaP prod
ucts. Appearing bands may also be the result of structural 
changes induced by BaP adducts and/or by nongenotoxic 

events such as u-ansposition, DNA amplification, and so forth. 
Other changes in DNA patterns such as the vanition in band 
intensities can be attributed pnncipally to the presence of bulky 
adducts [31] that potentially block the PCR enzyme. Indeed, 
although BaP adducts block DNA replication and transcription 
[27], the local sequence context, the conformation of the ad-
duct, and the nature of the polymerase play important roles in 
the bypass event [32]. Furthermore, the disappearance of bands 
is not likely to be due to mutations because the same event 
must happen in most of the cells if not all. Finally, the third 
observed change in RAPD patterns (the vanation in band in
tensity) IS likely to be due to the sum of all DNA alterations 
(e.g., BflP adducts, mutations, rearrangements, structural 
changes) induced by BaP 

The genomic template stabihty is directly related to the 
extent of DNA damage and also to the efficiency of DNA 
repair and replication. For example, a high level of DNA dam
age does not necessarily decrease the genomic template sta
bility (in comparison to a low level of DNA alterations) be
cause DNA repair and repUcation may be inhibited due to 
excessive, lethal actions of the BaP-induccd adducts. If the 
survivorship of a population is affected, a toxic effect can 
completely inhibit a biological response (e.g.. fitness param
eters); in contrast, the genomic template stability cannot be 
completely affected because the induction of DNA damage 
may not increase linearly (plateau effect) (Fig. 3). Furthermore, 
since genomic template stability may be related to different 
kinds of DNA damage, such as DNA adducts. mutations, re
arrangements, etc.. it would be difficult to anticipate a dose-
response relationship. 

It is proposed that alterations to RAPD profiles due to ge-
notoxic exposure can be regarded as alterations in genomic 
DNA template stability and that this qualitative measure of 
genotoxic effect can be directly compared with changes in key 
Darw inian fitness parameters. The results from this expenmcni 
clearly suggest that genomic DNA template stability can be 
more sensitive than growth parameters and of at least equal 
or even greater sensitivity than other measures of fitness such 
as age-specific survival, age-specific fecundity, net reproduc
tive rate, and the intrinsic rate of population increase. It is also 
important to note from this senes of experiments that RAPD 
profiling can detect DNA changes earlier than other changes 
in conventional toxicity assays measunng fitness parameters 
After exposing larval Xenopus laevis to BaP, Sadinski et al. 
[7] suggested that DNA adducts and micronuclei were sen
sitive measures of sublethal DNA damage as well as possible 
short-term indicators of indirect effects on fitness parameters. 
The present study, using a novel and simple approach, also 
supports this notion in a clonal freshwater invertebrate species. 

The growth experiment suggested that Daphnia exposed to 
0.1 and 0.2 mg/L BaP had a size significantly reduced. By 
attaining reproductive maturity at a smaller body size, the 
Daphnia are able to buffer the impact of lower body growth 
rate on the age at the first reproduction [33]. Generally, when 
food is limited. Daphnia generate fewer but larger neonates 
compared with organisms fed with adequate amounts of food 
[34]. Thus, the identical size of the neonates at first repro
duction plus the fact that growth rates were a good indicator 
of the intnnsic rate of population increase ( r j [35] suggest 
that the decrease in size at maturity was more readily ascribed 
to a direct toxic effect of BaP In other words, the effects on 
growth were not due to a limitation in food levels. The data 
also indicate that D. magna exposed to gradual increases in 
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BaP concentrations lengthened the time between the first and 
second brood. This response is generally known to lessen the 
impact of adverse effects on survival and the number of off
spring at each breeding [361. 

The measure of molecular and population parameters pre
sent several advantages. First, in ecotoxicology, it is funda
mental to accumulate data at different levels of biological or
ganization in order to fully understand the effect of a toxicant 
on organisms. Second, the measure of some parameters at the 
population level facilitates the interpretation of the dt̂ ta at the 
molecular level. For instance, a significant reduction in growth 
correlates with a significant inhibition in DNA replication, 
suggesting that the extent of DNA damage may be important 
in the majority of the cells. 

The random nature of the DNA amplification events that 
form the basis of the RAPD profiling technique has often 
attracted criticism. The generation of profiles has regularly 
been considered to exhibit poor reproducibility 137|. However, 
after suitable optimization of amplification reaction conditions 
[18] and the judicious choice of oligonucleotide primers for 
each species-specific DNA template, the assay performs well, 
even for nonclonal organisms. For example, we successfully 
applied the RAPD technique to a wide range of species such 
as Platynereis dumerilii (worm), Mytilus edulis (mussel), Pal
maria palmata (red macroalgae). Enteromorpha intestinalis 
(green macroalgac). Escherichia coli (bacteria), Renibacter-
ium salmoninarum [38] (bacteria), together with calf thymus 
and human placental tissue (unpublished manuscript). While 
the RAPD technique clearly shows promise in the detection 
of poUutant-induced DNA effects, a great deal of further ex
perimentation and validation is required. Future work will fo
cus on the determination of sensitivity and selectivity of the 
RAPD technique by comparison with preexisting DNA anal
ysis methodologies. In particular, the performance of RAPD 
will be compared with "P postlabelling for the detection of 
BaP adducts in Daphnia DNA. It is also planned to assess the 
performance of this assay in the detection of chromosomal 
aberrations, DNA strand breaks, and DNA sequences contain
ing multiple and defined mutations. The latter will be per
formed using material obtained from both hypermutating cul
tured animal cells and from bacterial isolates. Using this ap
proach, it should then be possible to determine the general 
applicability of this method to the detection of DNA effect in 
both in vitro and in vivo systems and the specific ability of 
RAPD to evaluate pollutant-induced genotoxicity in natural 
populations of invcnebraie animals. 

In conclusion, the RAPD and AP-PCR techniques show 
potential as reliable and reproducible assays for genotoxicily. 
These techniques are therefore being increasingly adopted as 
sensitive methods for the detection of induced genetic damage 
at the molecular level in both somatic and germ cells of aquatic 
organisms (e.g., [16,39]). The present study suggests that, 
when coupled with the measurement of pollutant-induced ef
fects at higher levels of biological organization, this technique 
would prove to be a powerful ecotoxicological tool. 
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N4olecular Differentiation of Renibacterium salmoninarum 
Isolates from Worldwide Locations 
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Renibacteriitm salmoninarum is a genospecies Ihut is an obligule p:ilh()t;en uf sulm{>nid fish and is capable of 
intracellular survival. Conventionnl (yptng systems have failed tn differentiutc i.snlules ofK. .satmoninaniin. We 
used (wo methods to assess the extent of molecular variation uhich uas present in isulatcs fnim diS^crenl 
geographic locations. In one analysis vte investigated possible polymorph isms in u speciTic rv^wn nf (hi-
genome* the intergenic spacer (ITS) region between the 16S and 2JS rRNA jjvncs. In Ihe other unaly.sis »c 
analj'zed differences throughout (he genome by usin{> randomly uniplifieil polymorphic DNA (KAl'l)). We 
umplificd the spjcer region or 74 isolates by using PCR and pernirmcd a DNA sequence unuly.sis wilh l-l 
geographically distinct samples. The resulls showed thai Ihe I6S-23S ribostmial DNA spacer vcputi nf K. sal
moninarum is highly conserved and sn^estcd that only a single copy of (he rRNA opcnm i.s present in Ihi.s 
slowly growing pathogen. DNA sequencing of the spacer region shimtd that i l wjs Ihc .̂ amc lini:lh in ull 14 
isolates examined, and the same nucleotide sequence, sequevar I , was obtained fur 11 of these isulutes. 'I'wn 
other sequevars were found. No tRNA gtrnes were fuund. We found lhal RAl'I) analysis allows reproducible 
differentiation between isolates of R. satmoaiitantin ubtained frum different hosts and different {•eu^mphic 
regions. By using RAPD analysis il was possible to differentiate bel«een isolates »ilh idcniical I TS .sequences. 

Phylogcnctically. Renibacterium salmoninanim is a member 
of the Micrococcus-Artlirobacier subdivision of the actinomy-
ceies. a heterogeneous group of bacieria lypiticd by high G + C 
contents (5, 22. 27, 38). R. salmoninantm is a slowly growing, 
fastidious organism wiih a narrow temperature range for t)p-
ilmal growth (10 to TffC) nnd is un ubtigaic pathogen of 
salmonid Hsh. This organism is disiribuled in much of ihc 
Northern Hemisphere and Chile and usually causes a chronic, 
systemic, granulomatous infection, bacterial kidney disease 
(BKD), which can be fatal under the appropriate conditions 
(14). The pathogen survives inlrnccllularly and can be irons-
milled venicalty within an ovum, as well as horizontally be-
n êen cohabiting fish. There is no effective vaccine or chcmtt-
iherapy. Furthermore, the presence of subclinical infections 
complicates aliempts to control ihc disease through eradica
tion programs. 

The epidemiology of BKD, particularly the interactions 
which occur between wild and farmed salmonids. is unclear. 
This is mainly because attempts to differentiate bcPA'cen iso
lates of R, salmoninarum so far have been unsuccessful. This 
bacterium appears lo possess remarkable biochemical unifor
mity, and no reliable serological means of distinguishing be
tween isolates has been found (8, 19). A recent study of 40 
isolates of R. salmoninanim from North America in which 
muliilocus enzyme electrophoresis was used indicated that the 
level of genetic diversity was low (39). The lengthy periods 
required for growth of the bacterium (often 6 weeks or more) 
and Ihe consequeni degradation of antigenic or enzymically 
active components cause problems for studies which rely on 
Ihe use of such components. 

• Corresponding author. Mailing address: Rmm 401A Davy Build
ing. Univcrsiiy nf Plymouth. Piymouih PL4 8AA. United Kingdom 
Phone: 44 1752 232950. Fax: 44 1752 232970. E mail: igrayson 
(wplyTnou lh.ac.uk. 

There arc ii variety of DNA-bascd mcihuds available for 
differentiating between i.Milatcs. .siruin.'i. and .•ipccies of bacie
ria. The l(>S-nS rRNA intcrgcnic spacer (ITS) has proven In 
be useful for such diffcrcniialion i n many cases (6. 17. 25. 2K). 
The ITS appears to have a higher c^uluiiunary rale than eilher 
U.S riht)Somat DNA (rDNA) or 23S rDNA (2«. .3(1) has. and 
ihcrc are variations in the ITS length and nucleotide sequence 
which make il possible to distinguish between closely related 
bacterial species and. stimelimcs. between strains and is*»lates 
(21). Incomplete I6S rRNA gene .sequences of I w o isolates of 
R. salniwiinanim have been determined (22, 2% but there 
have been no previous .siuiJics of either ihc 23S rRNA gene or 
the ITS o f li. safmoninantm. 

An altcrnalivc to using .spedcs-spccilie DNA sequences for 
isolate o r strain differeniiation involves u PCR-bascd method, 
randomly amplified polymorphic DNA (RAPD) analysis. Usu
ally with (his method, short random primers arc used t o rapidly 
delect genomic polymorphisms under low-stringency condi
tions (43. 45). RAPD analysis is widely used for differentiating 
between bacterial isolates (26. 42) and relics u p o n small quan-
lilics of genomic DNA, which makes it ideally .suited lo the 
study tif slowly growing and fastidious organisms. Wc investi
gated ihe ITS and also performetJ a RAPD analysis of the 
/ I .salmoninarum genome in order to assess the potential of 
these mclhods for examining the molecular variability between 
isolates. 

MATEKIAU) ANlk .MLTHUUS 
Ujctrrial luilatn. Scvcniy-four iwlau''> nf H. iaiiniminurum urrc USA.-0 in ihi> 

^ludy. l^Mc I ĥiMs (he bolaic dnignalkun. ntumrics (irttrigtn. ami Miurrĉ  t>l 
bubtiim und ihe GcnBank octruion numhcn [at the lAS-US rRNA ITS v -
qucnm which were dctcmincil. R abnutu'nanim vas cullua-d in SKDM hniih 
suppltfmcmal«.i ih5*spemcyllufcbnithat I.S'C(4. IjJ.Thespcriliciiy ouilnil 
spccicN (Totrlc 2) wcrr cultured tin nuirk'ni agar ui iS*C. 

USA prrpaniliao Bitd anipliflcation of (be ITS and spetiric i l . tatmoninamm 
Ktoti. C^mtmk DNA WAS isiilalcO by uvng a Purvgcnc D-tiXt) DNA LMdatitin 
Ul iiCftirdinfi ti> (he inuruaidni i if (he manufacturer (Centra Syflcms Inc.l. 
DNA cmaciL-d by ihb methiid MBN clcttrttptutrevnl lui X.yX. aganisc gcLv Im-
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T A B L E !. /,'. salmonimmm isnlalcs used in ihis.siudv 

Cct>sraphic "rig '" Source-

970tB3-l02 
9S0IO6 #1.1.5" 
9S00.16-I50 

97WI9-I.2J'' 
970153-19^ 
A6 
A60 
W2 
W6* 
WMVI 
MT409 
M T 4 i r 
MT239 
MT426 
N C I M B I I I I 
NCrMBlM2 
NCIMBIl t3 
N G M B I I U 
NCIMBMI5 
NCIMBIM6 
MT420 
MT452 
MTI363 
MT4I0 
FT-10 
BA99 
DR143^ 
DR384 
37S4 
9S00O2 
960023 
960046 
GC96-I 
DR. 123 
RS-TSA 

StKithem England 
Southern England 
Sffliihcin England 
Wales 
Wales 
Souihcm England 
Southern England 
Souihcm England 
Southern England 
Northern England 
Northern England 
Southern England 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Scotland 
Albena. Canada 
British Columbiai. Canada 
British Columbia. Canada 
Britoh Columbia, Canada 
Britoh Columbia. Canada 
British Cohimbia. Canada 
British Columbia. Canada 
British Columbia. Canada 
Nova Scoiia. Canada 

Rainbow iroul (0 
Rainbow trnui (0 
Rainbow iroui (0 
Rainbow troui ( f ) 
Rainbow trout (0 
Atlantic ialmon (w) 
Cra)-ling(w) 
Rainbow truul (I) 
Rainbow trout ( f ) 
Rainbow iroui (f) 
Rainbow ircul (f) 
Rainbow trout ( f ) 
Unkno»Ti 
Atlantic salmon (0 
Atlantic salmon ( f ) 
Unknott-n 
Atlantic salmon (w) 
Atlantic salmon (w) 
Atlantic salmon (w) 
Atlantic salmon (w) 
Atlantic salmon (w) 
Atlantic salmon (w) 
Atlantic salmon (0 
Rainbow trout ( f ) 
Rainbow trout ( f ) 
Unknown 
Atlantic salmon 
Atlantic salmon 
Brook trout (0 
Coho salmon (f) 
Sockcyc salmon (0 
Chinook salmon (0 
Coho salmon (0 
Coho salmon (0 
Sockcye salmon (w) 
Rainbow trout(w) 
Atlantic salmon (f) 

Grttgraphic iirigin Snurcir* 

F-120.87(p.2) 
F-I.VM7(P-1) 
F-i3W7(U-78) 
F-260^(P.|6) 
F.273.S7(P-19J 
F-2S3-87(p.|0) 
F-35S.87(P-I3) 
S-182.90(p.7r 
fwutC 
Sileiz 
Marion Fork./ 
Utile Goose 
CCM6205 
8 4 ^ ) 1 9 ^ 
SS-ChS-94-l 
Cow chS94 P: : 
Idaho 91-126 
RFL-M3.94 #1 
CCM6206 
Round Butte 
NCIMB2196 
ATCC.U2U9^ 
D-6 
Cole River 
Looking Glau 
ACF6-1' 
Rs9^ 
Rs 19 
Rs6l 
Rs 116 
Rs 122 
Rs 125 
Rs 126 
3015-86* 
44SI-S6 
DK9S95I7I4 
BY1996* 

Iceland 
Iceland 
Ireland 
Iceland 
Iccbnd 
Iceland 
Iceland 
la-Und 
Japan 
Oregon 
Ori'con 
Washington 
Washington 
Washington 
Oiegon 
Wa>hingion 
Idaho 
Washington 
Oregon 
Oregon 
Wjtiming 
Oregon 
Oregon 
Oregon 
Oregon 
Nnrrhttcst Tcriiiorifs. Canada 
Su-cden 
Sweden 
Sweden 
Sweden 
Sweden 
Sweden 
Sueden 
Non*av 
Noru-ay 
Denmark 
Alaska 

Atlantic salmon (0 
Ratnhuw tnnil ( f j 
Atlantic salmon ( f ) 
Atbniic salmon (0 
Atbniic salmon (0 
Atlantic salmon <n 
Atlantic salmon (w) 
Atlantic salmon ( f ) 
Cohit salmon 
Cuhd salmon (0 
Chinook salmim { f ) 
Chinook salmon ( f ) 
Coho salmon (0 
Chinook salmon (w) 
Chinook salmon 
Chinook salmon ( f ) 
Socl[e>-e salmon (0 
Socke>x salmon ( f ) 
Chinook salmon ( f ) 
Chinook salmon ( f ) 
Brook trout (f) 
Chinook salmon ( f ) 
Coho salmon 
Unknown 
Unknown 
Araic chair (w) 
Rainbow trout 
Atlantic salmon 
Arnic char 
Grayling 
Rainbow trout ( f ) 
Rainbow trout 
Rainbow iroui 
Atlantic salmon 
Atlantic salmon 
Rainbow troui (0 
Chinook salmon (1) 

^ ' ^ ^ " ^ " ^ " " ^ ^ ^ ^ ^ ^ ^ - OenBank database under acc^sion no. AFU934« and 

- SV3 isolate who« I6S-23S rRNA 11^ .egion was sequenced. The sequence has been deposited in the GenBank database under accession no. AF0934M. 

ages of each gel were captured with s Kodak model DC40 tSigiisI camera, and the 
DNA concentration *3S determined for each isolate by using Kodak Digital 
Science I D Image Analysis software. 

P C R ampfificaiion performed with a DNA thermal cjtler (Perkin-Elmcr). 
The primers used to amplify the ITS sequence were selected from region 2 of the 
I6S rRNA gene sequence for ft. salmoninanim and from n»-o highly conierNxd 
regions coneipondtng to regions S and 7 of the 23S rRNA gene sequence (21) 
for Aficnx-ocruj tiieus obtained from the GenBank database (29. 36). Al l of the 
primers (Table J), including those used for amplification of the R. tatmoninantm 
mio. My, and rzh genes (9.16, 20), were chosen by using Amplify u>It«-are (13). 
Each SC^iil reaction mixture contained 1 U of Teq polymerase (Boehringer 
Mannheim), reaction buffer (Bochringer Mannheim). I J m.M MgQi. 24 pmot of 
each primer, each deoquudeosidB triphosphate at a concentration of 0.2 mM. 
and iOng of bacterial DNA. The reaction mixtures wire overlaid with mineral oil 
(Sigma), incubated at 96'C (or 2 mtn. and then subjccud to 23 cycles con^iing 
of 96"^ for 30 &. 6 5 ^ for 30 s, and 72*C fur 90 l . Amplification products were 
analyzed on 1^ and 2% agarose gels. 

R A P D PCfL The RAPO analysts uas performed with 19 isolaiei and tuo 
separate mclhodi » w employed Fust a fteady-To-Co RAPD Analysb Beads 
kit (Pharmacia Biotech)containingsix distinct random lO-mer primers, including 
primer PI ( G G T G C C G C A A ) , primci P2 ( G T T T C G C T C C ) . primer P3 ( G T A 
G A C C C G T ) . primer P4 ( A A G A G C C C C T ) . primer PS ( A A C G C G C A A C ) . and 
primer P6 ( C C C G T C A G C A ) . V2S used according to the manufanurer's insinic-
ikms. Each 25-tJ reaction nuxlurc contained 25 pmoJ of primer and 2-5 or 10 ng 
nf lemplaie DNA The reaaions were performed in a Pertin-EIiner thermal 
cyder by using one cyde consisting of 9S*C for i min and then 45 cytlcs 
consisting of 95*C for 1 min. 3 6 ' C for I min. and TTC for 2 mia 

Second, the nwthod described l ^ Aiicnzar et aL ( 3 ) was used. Briefly, the 
following two primers were icteaed from the 10 primers in a kit obtained from 
Operon Technologies Inc.: primer 0 P A 9 (GGCTAACGCC) and primer OPBI 
( C r r r C C C r C Q . Each 15-»ii reaaion miiture contained 10 mM T r i v H O (pH 
8 J ) . 50 mM K a 5.11 mM MgG^ 0.1% Triton X-IOO. 0.1% gclatb. each de-
uxynudenside triphosphate at a concentration nf 0 J 3 mM. 2 p,M primer, 2 J iig 

T A B L E 2. Reference organisms used 

Species or group Strain or source" 

AnhvbacUT attrzKcni 
Anhfobccur gfcAiformii -
AnhnAaeuT nicotianae— — 
BaciBus cemii -
BmibacUriuni liftent 
Ertiembacter aen^nes 
Ememcoctus faecalii 
Liveria innocva^ 
Uaeria h-anm i — 
tisurio setUg/tii -.— 
Micrococeui htieus — 
Aficrococcw mseuj 
Rftodococciu cqui 
.Swpft>*)f occiu flumu — 
j4eromoniiJ /i>tfrop/iifo 
Aenmonsa satrntmicida 
Escheikhia cdi -
Eichcnchic c<rfi 6.—••— 
Esckerickia coli enteropathogcnic. 
IQebddh edvaniii. .'. 
Klebiuila pneumoniae 
Pseudomonai aeruffnasa 
Pjoidomotuu fliiorrxem._ ~. 
.^rrnlia manescem..... 
M6no angiiillamin — — 
VUifio pankaeinofylkus 
Yeninta nickeri . 

..„.NC1MB8')12 

.._.NC1MBS907 
™ N C I M B 9458 
. . . -NCIMB 1191S 

NCIMB8546 
UPCC 
UPCC 

..-.UPCC 
-...UPCC 
_...UPCC 
- . .NCTC 7563 

NCIMB9I49 
UPCC 
UPCC 

.„.UPCC 

.-.UPCC 
UPCC 

„_.UPCC 
UPCC 

- . N C T C 10896 
™ N C I M B 4 i 8 
.._ATCC9027 
. . - N O M B 1953 
. - N Q M B 11783 
....UPCC 
-..UPCC 
- U P C C 

' UPCC. UnKersity of Phmouth Culture Collection. 
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T A B L E J. Primers used lo amplify the R. sahnoniitanim msa. hfy. 
and rslt genes and ihc lftS-23S r D N A spacer rcgiiin 

Gene iir Size (i( 
PGR pn«l-

un (t>p) 

Primer 

n-giim 

Size (i( 
PGR pn«l-

un (t>p) Dnignaiitm Sequence (5"-3') 

iitsa 4H7 R\57+I2? 
Ri57-6 I I 

TCGCAAGGTGAACGCAATTCTTCC 
GGTTTCTCTCCAAAGGACACTTGC 

297 Rs57+I55 
R3ji7-44y 

CAACAGTACAACCCTTCAGCAGTG 
CCGAAACCTACGTTTACAGTCGTC 

hh- 542 RsMP+33« 
RsMP-H77 

ATCGGCTCAGACTACCCCCATAAT 
GCTTCAACATCGATGACCTTCGAG 

336 RiMP + 4«7 
RsMP-820 

TTACTG AGCTCCTTCATCCTCAGG 
CGATCGGTCCGGTCATTCAAGATA 

nil 572 R!.H + 23I 
R&H-KIU 

TCCCCTCATCATGCTTTCTTCGCr 
ATTCCCACCAAGCTGAACTACCTG 

374 R^H«-4()I 
R.'.H-772 

TCCCCAATCTCAACACAGCCACTA 
GGTCGATAATCCTCCTCATGCCTA 

l(»S-2.1S 
Nfviccr 

751 RS-r 1(11)2 
ML-1.124 

CCGTCCAAGTCACGAAAGTTGGTA 
ATCGCAGArraXTACGTCCTTCTT 

iW5 RS-rlUl2 
ML-I4f t9 

CCGTCCAACTCACCAAAGTTGGTA 
CTGGGTACTGAGATGTTTCAGTTC 

nf Kivinc scnim alhumin, 2.8 U uf Taq DNA piiI>Tneriisc (lmmumi£cn Imcma-
iKtnal). and 2-S m 1U ng of Icmpbic DNA. The rcaaidns were pcrfiirmcil in a 
Pcrlm-EIfiHTi ihf rmal c>t!cr hy using one cycle ninii-aing of VŜ C for 5 min, 39 
cyctci cunjiMing cif 95*0 fur I min. SCTC for I min. and 74*0 fur I min. and iim; 
C)Tic consiaing of 95X: for I min. 5(rC fur I min. and 74*C for 10 min. The PCR 
products were analyzed « n 1.2% agarose gels in Tris-horaic-EOTA huffcr. 

lnugL-« iif cuch gv-l »vrc cupiurcd with j K i x b l mixk-l IH'4n digital vjmt'ra. iiml 
Ihc DNA pnililc '*-n.'. analy/cd bj- uvinp KodjL Digital Sticniv 11) Inutc Aniihsi^ 
SllflMIV. 

Sequence nnalj^U. Pt'R pnidun> >jijnnin^ ihe I IS were wqucinvd diftxily h\ 
a cyxH' v:qin:ncing mclhixl und wvrr aligned hy uurLcrs ui MWC-ilittm-h l i d . . 
MilVim Keynes. Uniicd Kingdiim, The ft *»>(im«i»funiiii v ^ w n v o wvre wvn-
[QicO with Ihc se^uencoi nf uihcr tirpni^mv nhiaincd fnrni ihv (ienlUnL J J I J -
hasc hy using the gapfx-d ULAST pnigram ( I ) and iSe (iencSlream align pru-
grjm (IGH. MuntpcUier. France) {}}>). 

Ntttleolide sequmcr acee»lun numbcn. The (knlkinli a^revsiiin numtx-rx (m 
the nudCDlidc ^equencv^ deU-rmined in ihi^ \iudy aie \htmn in 'I'ahiL- I . 

R E S U L T S 

Amplificaiion of specific R. salmon'manim gcne.s. In <irdcr Id 
confirm ihc idcniily of the DNA cxinicici) from W. .wlni/inina-
mm cultures, six sets of primers were designed m iimplify 
known regions of lhrcc/?.jfl//no////)(jn(»i genes. For each of the 
74 isolates of R. xalnwninnnim lestcd m the six P C R ;i single 
band of the appropriate size was amplified (Tuhle ?>). No :im-
plificalion products were obtained from PCR mixtures contain
ing template DNA derived from the .spccilicily control species 
or from any of the interspersed negative controls. 

Amplification of the I6S-23S rDNA spacer rct;i"n. The ITS 
of 74 isolates of R. salmoniiwnim were amplified by using 
primers for highly conserved sequences near the .1' end of the 
I6S rRNA gene and the 5' end of the 2.̂ S rRNA gene. Primers 
RS+1002 and ML-1329 amplified a 7.SI-bp fragmcm. while 
primcni RS+1002 and ML-1469 amplified a Sy.S-hp fragment. 
In every case only u single band wys detected with the primerN 
that were used. In addition, for each primer .set no size dilTcr-
ences were detected on L5 or 2% agarose gels. 

SVl c c g t c c a a g t c a c g a a a g c t g g t a a c a c c c g a a g c c g g t g g c c t a a c c c t t t t g g g a g g g a a c c g t c g o a g g t g g g a c t g g c g a t t g g g a c t a a g t c g t a 100 
SV2 
SV3 

SVl aeaaggtagccgcaccggaaggtgcggctggaccacctcctttctAACGACCACCAAACACITGATCACTTTCCGCATGGriTnx^ 200 
SV2 
SVJ 

SVl ACTTiUVATCCCATTCCGAGAACAL t L l . i l ICTrCGTCGGTCrrCAACCCTCMSAATATCAACAAATrrATCCTCAACTCCTO 100 
SV2 C 
SVl 0 - -

SVl TTCTCCCTajiI(,101 ICTCGGArTGTrGOl-mACTACGL-mi 1 iCCTTTOGGCACTCGTTGCAAAGATTCCATGCTrroCC^tfKriTCTCKrr^^ 4 00 
SV2 
SVl 

SVl AACACALibl iU-rfrrCrrGAGATAACAGGCGCTCTGCTGATTCTGCTArr^ i tt^TTGCTQTTCGACGTCCCTCCGl.lt.It. 11IG1 1 tCTGGT 500 
SV2 A T 
SVl T 

SVl TTCCmCTrACTAATCAATCCTTTTCCGTTTGTTCGGTGCCTTGTC^ I b l TTGACAAfTCTATACTfinACGCGAGCATCTTA £00 
SV2 
SV) 

SVl AGAACAAACCAATTTCTTTAAGACCAATTTTTrCATCACATCTrTTOTTGTGGTGAGACT^ 700 
SV2 
SV] A 

SVl cgg tgaa tgcc t t ggca t t aggagccgaagaaggacg taggaa t c tgcga t aagccccggggag t tga t aaccgaacac tga t ccgaggacgcccgaacg 800 
SV2 
SVl 

SVl g g g a a a c c c c g c t g c c t g t t a t g g g t a g t g a c c c a c a t c t g a a c a c a t a g g g c g t g t g g a g g g a a c g t g g g g a a c t g a a a c a t c t c a g t a c c c a c B95 

FIG. I . SVl. SV2. and SV3 of the I6S-23S rRNA ITS of R satmoninanim. Ttx isolates uiih each scquc\^i are identified in Table I . The sequence nf the regiiin 
fnim nucleotide 1 to nudeoiide 750 vzi determined for 14 bolaia by using PCR-amplified pniducts obtained w i h primen RS- 1(U2 and ML-1329. The sequence 
fui nudaAidcs I to SQ5 UTIS tnnfiinicd fnr type grain ATCt: 33209 by ming PCR-amplificd prnlucis obtained wih primers RS+lUi: and M L - I 4 M . The uppercase tetlcre 
represent the 5.'U+p FT^ sequence. The luwcicasc Icnen fnr cwdcotides 1 to 145 represem the 3' end of the A iobnoninantm tfiS rRNA gene {22. 29). while the final 2m 
hp represents the 5' end of the / I satnomnanm 23S rRNA geitt. The three regions that are suhaantiaUy the same in memhen of the actinom)teiei are underlined. 
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B) 
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• m ^ 1 

•1 ^ • 

3.1 

I.O 
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^ D) 
M a b c d e f g h i j k l m n o p q r s - M M a b c d e f g h i j k 1 m n o p q r s • M 

0 . 6 -

: M : ; s i H i i : : : f : ; 

m ' i 

0 .3 -

FiC 2. RAPD ftngerpnnU of 19 iiolatei of A salmoiiinanun from a variety of geographic areas and a varieiv of host species The DNA tingerprinis were obtained 
by PCR amplLficaiion wuh primers 0PA9 (A). OPBl iB), P I (C). P2 (D), P3 (E). P4 (F), P5 (G). and P6 (H) 'Unc a. isolate DR3S4. lane h. isolate DR12Ii, ianc c. 
isolate ATCC 33209. lane d. isolate Round Butte; lane c. isolate w: ; lane f, isolate W6. lane g. .solate btlle Goose: lane h, isolate .MT1363. lane i . isolate BAW. lane 
J, isolate 5-182-90; lane k, isolate F-273-87. lane !. isolate RS-TSA. lane m, isolate MT410: lane n. isolate F-138-g7; lane o, isolate NCIMB2I96. lane p, isolate Mation 
Forks, lane q. isolate MT417. lane r. isolate DR143, lane s. isolate MT420; lane - , water coniroi. U n « M contaitKd markers (1-kb DNA ladder (Cibco BRL| m pnels 
A and B and 100-bp DNA ladder (Gibco BRL] in panels C to H ) The molecular sizes (in kilobases) arc indicated on the left 

Sequencing of the ITS from total PCR products and se
quence analysis. The complete I6S-23S rDNA spacer region 
sequences of 14 R. salmoninanim isolates were delermmed hy 
directly sequencing PCR-amplified products. PCR products 
were amplified with primers RS^1002 and ML-1329. which 
bmd to highly conserved regions 2 and 5 of the 16S-23S rRNA 
operon (21). Only a single unambiguous sequence was ob
tained for each PCR product generated. We found that all 
of the isolates possessed ITS sequences that were the same 
length, 534 bp. Furthermore. 11 isolates had the same nucie-
oiide sequence, which was designated scquevar 1 (SVl) (Fig. 
1). These II isolates were obtained from a broad geographic 
area, which included the mainland United Slates, .AJaska. Can
ada. Sweden, England, Scotland, and Norway, and from a 
variety of host salmonid fish species, including chinook salmon, 
Atlantic salmon, rainbow trout, brook trout, and grayling. Only 
three isolates possessed spacer regions whose sequences dif
fered from this sequence. The sequences of isolates S-182-90 
and Iwatc. obtained from Atlantic salmon from Iceland and 
coho salmon from Japan, respectively, exhibited three identical 

smgle-basc differences, and the ITS sequence of these organ
isms was designated sequevar 2 (SV2). Sequevar 3 (SV3). the 
ITS sequence of isolate AcF6-I obtained from Arctic char 
from the Northwest Territories of Canada, also exhibited three 
single-base differences, one of which was also found in the ITS 
sequences of S-182-90 and Iwatc (Fig. 1). In order to confirm 
that the ITS sequences obtained by PCR amplification with 
primers RS^1(X)2 and ML-1329 each represented a single 
homogeneous copy of the I6S-23S rRNA ITS region, we se
quenced the PCR product amplified with primers RS'1002 
and M L - 1 4 6 9 from the genome of type strain A T C C 33209. 
Primer ML-1469 binds deeper in the 23S rRNA gene than 
primer ML-1329 in highly conserved region 7 (21). The single 
unambiguous sequence obtained in this way exactly matched 
the sequences obtained for A T C C 33209 and the 10 other SVl 
isolates by using primers RSr l002 and ML-1329. 

The R. salmoninarum ITS exhibited 34 to 47% identity with 
the 16S-23S rDNA spacer region sequences of actinomycetes 
in the GenBank database. Three regions that were approxi
mately 20. 27. and 35 bp long (Fig. 1) were found to be highly 
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conserved in a number of other members of the aclinomycetcs, 
mcluding Bifidobaaeiium sp., Brevibaaenum sp., Kitasaiospo-
na sp., Rhoiiococciis eryihropoiis, Sirepiomyces sp., Microieira-
spura sp., and Sireplosporangnim sp. Sequences for members 
of the genera Anhrobader and Micrococcus, two genera which 
are closely related to R. satmoninanim, were not available in 
the database and hence were not mcluded in the compari
son. 

RAPD analysis as a means of differentiating isolates. We 
observed that with all of the primers the geographic origins of 
19 isolates were reflected m the RAPD band patterns. Using 
eight random primers and two RAPD methods, we discerned 
three arbitrary groups of isolates visually (Fig. 2). Group 1 
contained isolates from Canada (Fig. 2. lanes a, b. 1, and r), 
Scotland (lanes h, i, m, q, and s), and England (lanes e and f), 
as well as two isolates from the United States isolates (lanes g 
and o), group 2 contained isolates from Iceland (lanes j , k, and 
n); and group 3 contained the other isolates from the United 
States (lanes c, d. and p). None of the isolates produced iden
tical RAPD patterns with the eight primers, and in most cases, 
using two or three primers revealed differences between iso
lates. We chose primers which consistently gave a distinct and 
reproducible band pattern for each isolate tested. However, 
primers P2, P3. P4. P5, and P6 gave the clearest and most 

discriminatory patterns for each isolate regardless of origin. 
When these primers were used, il was possible to identify 
differences between isolates from the same country; e.g., prim
ers P2 and P6 discriminated between Icelandic isolates, while 
primers P2. P3, and P4 revealed differences between English 
isolates. Differences in RAPD fingerprints could not be attrib
uted to the presence of plasmid DNA. We previously examined 
DNA extracts of more than 70 R. salmoninanim isolates and 
found no evidence of plasmid DNA (unpublished data). In 
order to assess the reproducibility and variation of RAPD 
fingerprinting, we performed PCR reamplification analyses by 
using all of the primers, DNA extracted from R. salmonmanm 
cultures on different occasions, and two DNA template con
centrations, as recommended by Welsh et al. (44). Small dif
ferences in the quality and concentrations of two templates can 
lead to spurious differences in the R A P D pattern; therefore, 
every experiment should include at least two concentrations of 
genomic DNA for each individual. The results obtained with 
two primers, primers 0PA9 and PI. are presented in Fig. 3. 
DNA fingerprints were very reproducible, the only discrepan
cies were confined to the presence or absence of faint bands. 
The intensities of these faint bands would render them below 
the limit for inclusion in any analysis of DNA fingerprints. 
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FIG. 3. Reproducibility of RAPD fingerpriniing. The DNA fingcrprinls for DNA exinclcd on separilc occauons with two different corcenlraiions of template were 
obtained after PCR amplifkalion with primer? as dcscnbed in the legend to Fifr I For the contenu of lanes a to s see the legend lo Fig, 2 Uncs 1. 2.5 ng of DNA 
template, lanes 2. 10 ng of DNA lempiaie Only the result! obuincd with the following two pnmcn are shown: pnmcr 0PA9 (A arKl B) and primer PI (C jnd D). 
Unc M contained markers (see the legend to Fig 2) The molecular sizes (in kiiobascs) are indicated on ihe left 

DISCUSSION 

The widespread distribution of R. salmoninarum in (he 
United Kingdom, many European countries, Japan, North 
America, and Chile and the variety of salmonid host species in 
these regions suggested the possibility that the genetic diver
sity of isolates in these areas may be reflected by the number, 
length, and sequence of the I6S-23S rRNA ITS region. While 
inter- and intragenenc relationships may be elucidated by ex
amining 16S and 23S rDNA sequences, the ITS has provided 
information on intraspccific relationships in other bacteria (17, 
28, 30, 40). Three distinct ITS sequences (sequcvars) were ob
tained from 14 R. salmomnanim isolates. Isolates from Iceland, 
Japan, and the Canadian Northwest Territories which had 
three single-base substitutions in the ITS exhibited some di
vergence from the highly conserved S V l which was present in 
isolates from the United States, the United Kingdom, main
land Europe, and Alberta, Canada. It may be that in areas of 
the world which could be regarded as relatively isolated from 
the mainstream intensive salmonid culture areas of North 
America and Europe the bacterium has diverged from this 
pattern. It is interesting that the sole Alaskan isolate was an 
S V l isolate. BKD has been reported in wild and farmed ftsh 
from a number of Alaskan river systems (11,32), and it seems 

likely that Aia&kan salmon have been exposed to the sequevar 
of R. salmoninarum carried by salmon from the Pacific coast of 
Canada or the United States at some stage during their oceanic 
migrations. 

This study provides no evidence that there are multiple 
copies of the rRNA operon in R. salmonmarum. A single 
unambiguous nucleotide sequence was obtained for all of the 
isolates examined, and 11 of the isolates possessed spacer 
regions thai had the same nucleotide sequence. The presence 
of a nucleotide sequence generated from a highly conserved 
region deeper in the 23S rRNA gene confirmed these results. 
Typical iRNA genes were not found in the ITS region of 
R. salmomnarum. Furthermore, we found no evidence that 
there were multiple amplicons in PCR mixtures when we used 
two sets of primers for highly conserved regions of the 16S and 
23S rRNA genes. However, absolute proof that there is a 
single rRNA operon would require direct sequencing from the 
genome. We concluded that R. salmonmarum probably has a 
single copy of the rRNA operon, a finding which is consistent 
with what has been described for a number of other slowly 
growing organisms (2. 7. 18, 37, 40) and is a further indication 
of the conservative genetic composition of this obligate patho
gen. Generally, our findings suggest that the 16S-23S rDNA 
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spacer region is of limited use for routine discrimination be
tween R. sabnoninamm isolates but may offer some clues as to 
geographic origins. 

The lack of a way to differendate between isolates olR. sal-
momnarum has construed epidemiological studies of BKD. 
In particular, development of a means of contact tracing would 
allow BKD outbreaks to be traced back to the source of infec
tion and would help resolve some of the difficulties associated 
with investigation of the interactions between fanned and wild 
salmonid fish. We used two methods to do this, examination of 
ITS variation and RAPD analysis, which have been used suc
cessfully in studies of other bacteria. Our work shows that 
compared with ITS variation. RAPD analysis is a better meth
od for discriminating between isolates of R. salmomnamm. In 
our study, R. salmommmm isolates &om a variety of sources, 
some with identical 16S-23S spacer region DNA sequences, 
could be distinguished on the basis of RAPD patterns gener
ated by two different methods. RAPD analysis has provided a 
reliable and reproducible method for molecular typing and 
genetic characterization of a variety of microorganisms (23.24, 
34, 41). This method is particularly useful for examining the 
genomic dWeisity among strains of bacteria which are indistin
guishable by other molecular methods. For example, RAPD 
analysis of strains of Bacillus emus revealed a remarkable 
diveisily which was not revealed by rRNA or tRNA ITS-lar-
geted PCR (10). A number of factors have been identified as 
influencing the outcome of RAPD fingerprinting (12, 31, 35). 
In our studies, using eight primers and two different methods 
for PCR amplification of purified DNA template produced 
RAPD fingerprints which were reproducible with two different 
DNA concentrations and with DNA extracted on different 
occasions. In every case, RAPD fingerprints distinguished the 
same groups of isolates. 

So far, R. salmommrum has defied attempts to find a repro-
dudble way to differentiate bet̂ h'een isolates. This study is the 
first study which revealed the genetic diversity within the spe
cies by using a DNA-based method for differentiating between 
isolates from a wide variety of sources and therefore represents 
a substantial advance in our understanding of a fastidious 
intracellular pathogen which is capable of surviving within its 
host in very low numbers. We are extending our investigations 
of A salmoninarum by using RAPD a n a l ^ in conjunction 
with other molecular typing methods as part of a coordinated 
program to examine farm and wild R salmoninarwn isolates 
from the United Kingdom and other sources. This work should 
result in a wide-ranging analysis of isolate differences. 

In conclusion, R. salmoninarum is a highly conserved geno-
spcdes. The molecular variation in the sequence of the 16S-
23S rDNA. spacer region of isolates from widely separated 
environments is extremely limited. RAPD analysis is a reliable 
and reproducible technique for discriminating between isolates 
of R salmoninarum and should facUitate epidemiological stud
ies of this pathogen. 
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Optimized RAPD 
Analysis Generates High-
Quality Genomic DNA 
Profiles at High 
Annealing Temperature 

BioTechniques 28:52-54 (January 2000} 

Techniques such as arbitrarily 
primed polymerase chain reaction ( A P -
P O ^ ) (11) , random amplif ied polymor
phic D N A ( R A P D ) (12) and D N A am-
phfication fingerprinting ( D A F ) (7) are 
powerfii l tools for genetic mapping, tax-
onomic and phylogenetic investigations 
a n d for the detection of various types of 
D N A damage and mutation (2.3). Nev
ertheless, the arbitrary nature o f the 
D N A polymerization catalyzed in these 
methods has drawn crit ic ism because of 
the low anneaUng temperature used 
with short primers, to this study, the 
R A P D method was optimized at an an
neaUng temperature of SO^'C for 10-mer 
primers. T h e main advantage of high 
stringency conditions is that nonspecific 
reactions are significantly reduced. 
T h u s , protocols that use a high anneal
ing temperature should be always pre
ferred i f the sensitivity o f polymor
phism detection is not jeopardized. 

Al though D N A profiles have been 
generated at a high annealing tempera
ture for short primers (5,6,8) , an opti
mizat ion study using high annealing 
temperature has rarely been attempted, 
to our knowledge, todeed. it is general
l y bel ieved that repeating a P C R assay 
i s jeopardized by annealing tempera
tures higher than the T j o f the oligonu
cleotide primer. F o r instance, it has 
been reported that annealing tempera
tures above 40*'C prevent amplification 
by 10-mer primers (12). Relatively low 
anneal ing temperatures ( 3 4 " C - 3 6 * C ) 
are used in R A P D to ensure a maximal 
number o f primer binding events and 
the consequent generation o f many am
pl i f ied D N A fragments f or analytical 
purposes. However, the low stringency 
o f the accompanying D N A hybridiza
tion can result in the formation o f spu
rious amplif ications (9) that affect both 
the reproducibility ( 8 ) and the detection 
o f Mendel ian inheritance patterns (4 ) . 

T h e R A P D method was developed 

Ta\At I . Optimized ConiliUons to Produce Hlgh-QuaUly RAPD Proffles al High Annealing 
TonperaturGS 

P C R P a r a m e t e r s O p t i m i z e d C o n d i t i o n s 

Annealing temperature 50 ' 'C-54 ' 'C (50) 

Mg*+ concentration 3 - 6 mM (5 .11) 

d N T P concentration 0 .33-0 .44 \ifA (0.33) 

Primer concentration (10-mer) 1.0-2.0 n M (2.0) 

Number of native Taq D N A 
polymerase units 

0 .08 -0 .12 U/[ iL (0.112 U / n L ) 

Amount of D N A O.OOS-4 n g / n L (0 .2 -0 .8 ng/j iL)) 

P C R buffer 1x (10 m M Tris -HCI p H 8.8 a l 2 5 ° C . 
50 mM K C I , 0.08% Nonidet P40) 

Bovine serum albumin 0.1 ng / j iL 

Thermal cycling conditions First cyc le , denaturation at 9 5 ° C for 
4 min, followed by 39 c y c l e s of 
denaturation at 9 5 X for 1 min, 
annealing at 5 0 ° C for 1 min, exten
sion at 74'*C for 1 min, except the 
final extension at 74'*C for 10 min. 

P C R reagents were obtained from Immunogen International (Sunderland, 
England. U K ) a n d 10-mer primers from Operon Technologies (Southampton, 
England, U K ) . Figures in parentheses represent conditions u s e d throughout the 
present study. Final reaction volume w a s 25 ^ L . For more details, refer to 
Reference 2 or 3. 

as a result o f the sequential and system
atic analysis o f the R A P D protocol per
formed by the variation o f anneal ing 
temperanires, D N A purity, pr imer se
quence and the relative concentration 
o f each P C R reagent T h e objective was 
to generate reproducible D N A profiles 
o f high discrimination with a m a x i m u m 
number o f bands, good product yie ld 
and clarity, wh i l e reducing die occur
rence o f spurious amplif icat ions in the 
negative control reactions. Initially, die 
panhenogeneiically produced offspring 
o f Daphnia magna (c lone 5) ( 2 ) was 
chosen to el iminate the possibi l i ty o f 
conhis ing genomic changes from sexu
a l reproduction. T h e optimization work 
was also performed using other species 
belonging to the bacteria, plant and ani
mal kingdoms. Table 1 shows the re
sults o f the optimization smdy. C o n 
trary to R A P D methods using low 
anneal ing temperamres, consistent ge
nomic profiles were generated when 
component concentrations were sub

jected to variat ion, wi th in the prede
fined optimal conditions. 

D N A o f good purity and free from 
other macromolecules a n d inhibitory 
compounds produces c lear and discr im
inatory R A P D profiles. F o r the bulk o f 
our experiments, genomic D N A pre
pared by a standard phenol/chloroform 
extraction purif ication w a s sufficient to 
produce R A P D profiles o f high quality; 
profiles o f identical quality were ob
tained using eidier phenol chloroform 
or caes ium chlor ide extracted D N A . 
Further experiments also conf irmed dial 
die storage buffer (analytical grade w a 
ter or I x T r i s - B o r a t e - E D T A buffer) had 
no influence o n R A P D profiles, to addi
tion, under opt imized conditions, iden
tical R A P D profiles were generated 
whenever the D N A extraction or P C R 
was performed. T h e D N A concenu^-
lion was a l so found to be cruc ia l in die 
production o f reproducible genomic 
profi les, not only to ensure die largest 
number of ampl i f i ed bands but also to 
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Figure I . R.4PD profilinR of genomic DNA templates, i At Daphnia muitna. phenol-chlwoform e\-
irjLicd D N A i - i : f HI t\(litnthumili. on iB). iC) and iD). ijcsium chloride D S A (Sigma. Poole. Eng
land. L K i . iCi t.Jt lh>mu^. arjd (DJ Hunun piacenul D S A lining 10-met primers On ( A ) . M ' = 1 kbp 
Ijdder ilinmunt»j!tfn Inicmjiional). \khilc on f Bl. iC) and (D) M= I kbp ladderiLafe Technologies), Mol
ecular Mzc\, in kiluban-s. ol sclccied bands arc indicated on ihe lefi of each figure. Lanei a-b. 0 P A 9 ; 
c-d. OPE 1. e-I . ()I»B5: g-h. 0PB6: i - j . 0PB7: k - 1 . 0 P B 8 . m-n. OPB10; o-p. OPB11; q-r. O P B 1 2 . s-i. 
0PB14. iind u-v. OPB 17. Sci]uence\ for each pnmcr can be obtained from http;//www.operon.coin. 
LaiicN j . i .e, etc = 5 ng leiiiplale. b.d.l. elc = 20 ng leinplaie 

confirm the t'ldelily of the PCR condi
tion. If profiles from the same genomic 
template or from different individuals 
of the same species var>: ihc repro
ducibility of the assay should be con
firmed by repealing the PCR using two 
different template concentrations that 
differ by at least twofold (11). If pro
files still vary, then results should al
ways be questioned. 

Although the choice of the lU-mer 
primers is geneially crucial to the suc
cess of any RAPD protocol, our set of 
11 primers generated high-quality pro
files using genomic DNA extracted 
from D ma^no. E coli {sirdin B). calf 

thymus and human placenta {Figure I). 
Profiles generated using template DNA 
at both 5 and 2U ng uere identical, and 
demonstrated the high reproducibility 
of the meth^Klology and the lack of 
template-dependent amplification ani-
facls. Regarding the magnesium con
centration, a saiislaciory reproducibili
ty was obtained with 3-6 mM Mg**. as 
already reported by earlier studies (5). 
Finally, one of our major goals was to 
minimize the primer pi)l\meri/ation 

generated in negative controls (1.10). 
By varying the dNTP concentrations 
between otherwise identical reaction 
mixtures, il was shown that "dirty" neg
ative controls could be significantly re
duced. A dNTP concentration of 0.33 
mM produced many bands with a com
plete or partial reduction in spurious 
amplifications in reactions without ge
nomic DNA templates (I) . 

In conclusion, our RAPD protocol 
was found lo generate high-quality ge
nomic DNA profiles from phylogeneti-
cally different groups of organisms 
(bacteria, plants and animals) using the 
same set of primers. Since RAPD reac
tions are performed at a high annealing 
temperature, spunous amplifications 
are kept to a minimum and consistent 
profiles are generated w hen component 
concentrations are within the prede
fined optimal range. 
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Molecular Diversity of Renibacterium salmoninamm Isolates 
Determined by Randomly Amplified Polymorphic 

D N A Analysis 
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AND M A R T Y N L G I L P I N ' 

Depanment of Biological Sciences* and Plymouth Environmental Research Centre? i'niveniiy of Plymouth. 
Plymouth PL4 8AA, Devon, United Kingdom 

Rcccr-'cd 30 August 1999/Acccpted 22 October 1999 

T h e molecular divei^ity among 60 isolates o( Renihaeterium salmoninarum which differ in place and date of 
isolation was investigated by using randomly amplified polymorphic DNA ( R A P D ) analysis. Isolates were 
grouped into 21 banding patterns which did not reflect the biological source. Four 16S-23S r R N A intergenic 
spacer ( I T S l ) sequence variations and twt> alleles or an exact tandem repeat locus, C T R - A , were the bases for 
rorroatioD of distinct groups within the R A P D clusters. T h i s study provides evidence that the most common 
r r S l sequence variant, S V l , possesses two copies of a 51-bp repeat unit at E T R - A and has been widely 
dispersed among countries wt ich are associated with mainstream intensive salmonid culture. 

Renibacterium salmoninamm is an important cause of clini
cal and subclinical infections among farmed and wild salmonid 
populations in N o n h and South America, Europe, and Japan 
(5). T h e organism causes a chronic, systemic, and granuloma
tous infection, bacterial kidney disease ( B K D ) , that is often 
fatal under conditions which are stressful to the host ( I I ) . 
There is no effective vaccine or chemotherapy, and the pres
ence of subclinical infections complicates attempts to control 
the disease through programs of eradication. A n improved 
understanding of the transmission and spread of B K D is of 
considerable importance in policy management issues relating 
to aquaculture and wildfisheries. There have been a number of 
studies investigating the presence, prevalence, and means of 
transmission of B K D within and between fish populations. T h i s 
work has shown that R. salmoninamm is endemic within many 
wild salmonid populations as a low-level, subclinical infection; 
it has been isolated in up to 100% of samples (9, 12, 15). 
However, the epidemiology of B K D remains unclear, mainly 
because of the difiiculty of differentiating isolates of R. salmo
ninarum by biochemical, serological, and multilocus enzyme 
electrophoresis techniques ( I , 6 ,16) . 

W e used two approaches to assess the extent of molecular 
variation among R. salmoninamm isolates from different geo
graphic locations. First, we investigated possible polymor
phisms in specific regions within the genome, genes msa (3), 
rsh (4), and hfy (8), and the r R N A genes, including the inter
genic spacer {US) regions. P C R and D N A sequencing studies 
have shown that R. salmoninamm has only limited variation in 
these regions (7). Identifying specific markers of variation in 
the R. salmoninamm genome, such as insertion sequences or 
variable numbers of tandem repeals ( T R ) , has been con
strained by a paucity of sequence information. Second, we 
analyzed differences throughout the genome using randomly 
amplified polymorphic D N A ( R A P D ) analysis. R A P D analysis 
is a PCR-based aliernathe method to the use of species-spe
cific D N A sequences for isolate or strain differentiation. T h e 

* Corresponding author. Mailing address: Room 401A Davy Build
ing. University of Plymouth. Plymoulh P U 8AA, United Kingdom. 
Phone: 44 1752 232950. Fax: 44 1752 232970. E-raail: igrayson 
@ptymouth.ac.ut 

method uses short random primers for rapidly detecting 
genomic polymorphisms under low-stringency conditions (18, 
19). R A P D analysis is widely used for differentiating bacterial 
isolates (2, 10, 17) and relies on small quantities of genomic 
D N A , making it ideal for the study of slowly growing and 
fastidious organisms, such as R salmoninamm. Previous stud
ies show that, compared with other techniques, R A P D analysis 
is a reliable and reproducible means for differentiating isolates 
of R. salmoninamm (7) . In the present study we used R A P -
Distance software to produce an objective analysis of R A P D 
profiles which were generated from the genomes of 60 R. 
salmoninamm isolates from a variety of sources in order to 
identify clusters of the isolates and determine whether there is 
any correlation with geographic or biological source. Further
more, we identified the locus of a T R and showed that varia
tion within this locus and within another specific region of the 
R. salmoninamm genome, the nucleotide sequence of the 16S-
23S r R N A I T S region, is reflected in the R A P D analysis. 

Generating R A P D profiles of R. salmoninamm. Sixty isolates 
of R. salmoninamm obtained from a variety of countries in 
Europe and North America, including the type strain, 
N C I M B 2 2 3 5 ( A T C C 33209). were cultured in selective kidney 
disease medium ( S K D M ) broth supplemented with 5% spent 
broth culture at I 5 T for b \o 10 weeks. A description of the 
isolates, sources, and the pusitKc identification of each as R 
salmoninamm has been previously published (7) . Genomic 
D N A was isolated by using the Purcgene D-6000 D N A isola
tion kit according to the manufacturer's instructions (Gcntra 
Systems Inc.) . P C R amplificaiion was performed in a D N A 
thermal c>'cler (Perkin-Elmer) . and we used two R A P D pro
tocols and eight random lO-mer primers which have been 
described elsewhere (7). P C R products were analyzed on 1.2% 
agarose gels in T r i s - b o r a t e - E D T A buffer. T h e R A P D patterns 
were visualized by U V illumination, images of each gel were 
captured with a Kodak D C 4 0 digital camera, and the D N A 
profile was analyzed by using the R A P D i s t a n c e software pack
age (http://life.anu.edu.au molecular/solfware/rapd.html). T h e 
patterns were normalized with the bands that were uniformly 
present in alt patterns, and the presence or absence of major 
bands was recorded in a binary matrix. Very faint bands were 
excluded from the analysis. A hand was scored as absent only 
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if no visible band was present within a 2% size range. T h e 
p a t U m s generated * i i h each of the primers were combined for 
e a i ± isolate, and the pairwise distances for the combined band 
patterns were calculated by usmg the Dice algorithm described 
by Nei and U (13). A n unrooted iree was constructed based on 
the neighbor-joining method of Saitou and Ne i (14) , using 
N J T R E E and T D R A W software ( L Jin and J . W. H . Fergu
son, UnK'ersity of Texas Health Science Centre . Houston). 

Differentiating R. salmoninarum isolates by RAPDis tance 
analysis . T h e data for each primer were combined, and for 
each isolate a total of 86 bands were used to generate a dis
tance matrix, of which 11 bands were invariant; i.e., present in 
all 60 isolates. By using RAPDis tance software, isolates were 
placed in 21 clusters; 1 of these was a single major cluster 
which contained 29 of the 60 isolates studied (Fig . 1). T h e 
patristic distance between most paired groups was less than 
0.1, reflecting the close relatedness of most isolates. Only a 
single isolate, Marion Forks (from the United States), was 
sufficiently different to exceed this value. T h e r e was no corre
lation of banding pattern with biological source. A l l Icelandic 
isolates were grouped in four closely associated clusters, and 
most of the isolates from England and Wales were grouped in 
four adjoiiung clusters. However, no strong corrclai ion with 
the geographic origin of isolates was found; the single major 
cluster of 29 isolates contained the bulk of isolates from the 
United States, Canada, and Sweden and half of the isolates 
from Scotland. 

T R allele profile of R. salmoninarum isolates. We identified 
an exact T R repeal locus ( E T R - A ) in the R salmoninarum 
genome during routine sequencing of D N A fragments cloned 
from a number of different isolates. T h e repeat unit, with a 
length of 51 bp, was located in an open reading frame; we used 
F C R to examine variation in this region of the genomes of 60 
R salmoninarum isolates which differ in place and date of 
isolation. T h e isolate numbers are listed in Fig. 1, and (he 
isolates are more fully described elsewhere (7). We amplified 
this locus using a set of specific P C R primers, 17D+95 ( 5 ' - T 
CGCGAATAGCrrGGCCATTTTGC-S') and 17D-344 ( 5 ' - C 
G T A G C A C C G A A G T C A G A T A A G A G - 3 ' ) . complemcntaiy 
to flanking D N A . Both strands o f selected P C R amplicons 
were sequenced to confirm that our P C R products corre
sponded to the expected region and number of T R copies. 
P C R amplification and sequencing were performed under con
ditions exactly as described for the amplification of specific R 
salmoninarum genes (7). Most isolates yielded P C R products 
of an identical size. 301 bp. which contained two copies of the 
T R . Interestingly, all Icelandic isolates examined, as well as 
N C I M B l l 14 and N C I M B U 1 6 ( from Scotland). 4451-86 ( from 
Norway), and A c F 6 - l (from the Canadian northwest territo
ries), yielded P C R products of 250 bp which coniained'only a 
single copy of the repeat. Furthermore, all of these isolates 
were clustered separately from the majority of R salmonina
rum isolates by RAPDis tancc analysis (F ig . I ) . 

R salmoninarum isolates Hitb a single T R unit are not S V l . 
Members of our group have previously shown that although 
the R salmoninawm 16S-23S r R N A I T S ( I T S l ) is highly con-
ser\'cd three sequence variants which reflect ihe geographic 
origin of isolates exist (7) . A majority of R salmoninarum 
isolates from a wide variety of sources appear to belong to 
S V l . T h e other I T S l sequence variants S V 2 and S V 3 . are 
more restricted in their distribution. T h e D N A sequences of 
I T S l are already known for isolates S-182-90 (from Iceland) 
and A c F 6 - l , and they correspond to S V 2 and S V 3 , respec
tively. In order to investigate whether any relationship between 
I T S l sequence variation and E T R - A exists, we sequenced 
I T S l for five isolaies, N C I M B 1 1 1 4 , N C 1 M B I 1 1 6 . 4451-86. 

F-283-87, and F-358-87. which possess a single copy of the T R 
at the E T R - A locus. T h e I T S l tt-as amplified and sequenced by 
the protocol previously described for P C R amplification and 
double-stranded sequencing o f this region (7 ) . T h e D N A se
quences obtained in this way were found to belong to S V 2 
(F-283-87 and F-358-87) and a previously unknown I T S l sc
quevar, S V 4 ( N C I M B 1 1 1 4 . N C I M B I 1 1 6 , and 4451-86) ( G e n 
Bank accession no. AF178998 to AF179002) . D N A sequence 
data for (he I T S l region of selected isolates, including 3015-86 
(from Norway) and M T 4 1 7 (from Scotland), which possess two 
copies of the T R show that these belong to S V l (Fig. 1). 
Therefore, E T R - A has a potential use as a specific marker for 
rapidly distinguishing I T S l sequence variants. 

T h e purpose of this study was to examine the molecular 
diversity of isolates of R salmoninamm from the United King
dom, other European countries, and North Amer ica and from 
a variety of salmonid host species. Previous research has shown 
that R salmoninarum is a highly conserved genospecies with a 
remarkable degree of biochemical, serological, and genetic 
uniformity among isolates ( I , 6. 16). Furthermore, studies of 
the R salmoninarum genome have shown that isolates from 
diverse sources possess only limited sequence variation in the 
I T S of the I 6 S and 23S r R N A genes (7) . Members of our group 
have previously (7) identified three I T S l sequevars ( S V l . S V 2 , 
and S V 3 ) . W e found that isolates from Iceland ( S V 2 ) . Japan 
( S V 2 ) , and the Canadian northwest territories ( S V 3 ) possessed 
three single-base substitutions in the I T S I and showed some 
divergence from the highly conserved S V l , which was present 
in isolates from the United States, (he United Kingdom, main
land Europe , and Canada . W e proposed that in areas of the 
worid which could be regarded as relatively isolated from the 
mainstream intensive salmonid culture of North America and 
Europe, the bacterium shows genetic divergence. T h e results 
presented here broadly support this hypothesis, although some 
isolates, most notably Marion Forks, vary from (his pattern. 

This study used an objective method based on R A P D i s t a n c e 
software to examine (he extent of molecular diversity among R 
salmoninarum isolates from different countries around (he 
world and related (his information to specific regions of vari-
a(ion within the genome. W e have identified four 16S-23S 
r R N A I T S l sequevars and an exact T R locus ( E T R - A ) which 
are specific markers of variation within the genome of the 
bacterium, and furthermore, we have shown that an objective 
method o f analysis of R A P D profiles, which can be used to 
differentiate R salmoninanim isolates, reflects these specific 
markers. 

Nucleotide sequence accession numbers. Sequences for 
D N A fragments and for I T S l regions of isolates have been 
deposited in G e n B a n k with accession numbers AF178991 to 
AF178997 and AF178998 to AF179002 , respectively. 
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Abstract 

The random amplified polymorphic D N A ( R A P D ) technique was used to detect D N A damage in the subUttoral 
macroajgac Palmaria palmaia (Rhodophyta) exposed to both ambient and elevated irradianoes of U V - B (280-315 
Dm). To investigate the potential of this method in ecotoxicological assessments, the qualitative and quantitative 
modifications in R A F D profiles were compared with changes in a number of physiological and fitness parameters. 
R A P D detectable modifications in D N A profiles were observed in all U V exposed Individuals compared with 
controls. Changes in chlorophyll fluorescence (/'«//'„ ratio), in vivo pigment absorptanoe, thallus growth and R A P D 
profiles, examined simultaneously, provided a sensitive measure of UV-induccd toxicity. In conclusion, the application 
of the R A P D method in conjunction with other suitable physiological and fitness measurements, oiay prove to be a 
valuable tool for investigating the specific effects of genotoxic agents upon marine algal populations. Ultimately, this 
methodology may allow the ecotoxicological examination of the link between molecular alterations and measurable 
adverse effects at higher levels of biological organisation. O 2000 Elsevier Science B.V. All rights rKcrved. 

Keywords: Palmaria pobnata; Macroalgae; UV-A aod B; RAPD; Geoonuc template stabflity; Chlorophyll euoresoeoce; Growth 

1. lotroductioD queoces of genotoxicity in individuals for popula

tion and community structures (Wilrgler a n d 

T h e primary goal of 'gcnetic-ecoloxicology' or Kramers . 1992; Anderson et a l . , 1994; Depledge. 

'eco-genotoxicology* is to understand the conse- 1998). Altered fertility, growth, and embryonic 

survival arc ecologically significant because they 
* Corrcspooding author. Tel.- +44-1752-232937; fax: +44- can reduce reproductive suocess and thus alter 

1752-233039. population size or structure (Anderson et a l . , 
E-maU address: ratiea2ar@plym0uth.ecuL <FJ\. Atieozar) 

0166^5X/00/$ - see front matter O 2000 Ebcvier Science B.V. AD rigbu reserved. 
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1994; Jha, 1998). Despite ihe importance, little 
work has been done to explore the potential re
productive and developmental effects of expo
sure to genotoxic substances in natural biota. 

Advances in molecular biology have led to the 
development of a number of selective and sensi
tive assays for DNA analysis. The random am
plified polymorphic DNA (RAPD; Williams et 
al., 1990) and the arbitrarily primed polymerase 
chain reaction (AP-PCR; Welsh and McClel
land, 1990) techniques are two semiquantitative 
methods which have been used in genetic map
ping, taxonomy, phytogeny and for detection of 
various kinds of DNA damage and mutations 
(Kubota et al.. 1992, 1995; Peinado et aL, 1992; 
lonov et al., 1993; Sawa, 1996; Shimada and 
Shima, 1998; Atienzar et al., 1999; Becerril et 
al., 1999). In the context of detection of 
genotoxicity, both methods rely on the compari
son of amplification products generated by con
trol (unexposed) and exposed samples. 
Following extraction of the genetic material, 
DNA templates are amplified using one oligonu
cleotide primer of random sequence. Although 
RAPD and AP-PCR are very similar techniques, 
procedural differences exist between the tech
niques (Meunier and Grimont, 1993). In the lit
erature, both techniques were sometimes 
considered as the same method (Sawa, 1996; 
Atienzar et al.. 1998). However, to avoid any 
confusion, the definition described by Meunier 
and Grimont (1993) has been adopted in this 
paper. 

One of the potential applications of the 
RAPD method is the detection of UV-induced 
genetic damage. This is a topic of particular 
concern because ozone depletion in the earth's 
upper atmosphere and the associated higher lev
els of UV-B radiation, has the potential to ad
versely affect terrestrial and marine biota. The 
effect of UV-B on aquatic biota is of particular 
interest as it may lead to a reduction in survival 
and productivity (Hader et al.. 1995). Investiga
tions into the effects of enhanced UV-B radia
tion on phytoplankton and macroalgae are of 
great importance, as these vital primary produc
ers form the basis of aquatic food webs. Al 
though the effects of UV irradiance on the 

genetic material, physiological parameters [e.g. 
photosynthesis, chlorophyll fluorescence 
(Franklin and Forster. 1997)] and decreased 
growth rates (Grobe and Murphy. 1994) have 
been studied separately, to our knowledge, there 
has been no attempt to elucidate the potential 
consequences of induced DNA damage on the 
physiology and Darwinian fitness parameters of 
exposed populations. 

lo the light of the aforementioned informa
tion, the objectives of this study were to (a) 
evaluate the suitability of the RAPD method to 
detert UV-induced DNA damage in the marine 
macroalgae Palmaria palmata, (b) detect links, i f 
any, between UV-induced DNA damage (as de
tected by RAPD) and physiological and growth 
parameters, and finally (c) to compare the sensi
tivity of genomic template stability (a qualitative 
measure reflecting changes in RAPD patterns) 
with physiological (changes in chlorophyll 
fluorescence) and growth following exposure to 
UV radiation. 

2. Materials and methods 

2.1. Collection of macroalgae 

The macroalga P. palmata (Rhodophyta) was 
collected at low tide from Wembury on the 
south-west coast of Devon. UlC (50° latitude) 
between May and June 1997 (sea water temper
ature: l O ' Q . The thalli were harvested 24 h 
prior to the experiments and maintained in 
filtered sea water at constant temperature (15 ± 
2''C) and in low light conditions (25 pmol m " ^ 
s"'. fluorescent tubes. Phillips TLD 32W/83 
HF) in growth cabinets. 

2.2 VV treatments and measurements of 
chlorphyllfluoresence, algal pigment absorptance, 
and growth 

ThaUi were cut to a length of ^ 3 cm and 
covered with filtered sea water to a depth of 1.5 
cm per Petri dish. Each dish was exposed to the 
various treatments for 3 h (n = 4 per treatment). 
Photosynthetically active radiation (PAR) and 
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temperature conditions were identical to those in 
the acclimatisation period. PAR was measured 
with a PAR meter (Sky Instruments). UV-B was 
supplied by two UV-B tubes (Philips TL' 20W/12 
RS) and UV-A by two UV-A tubes (PhiUps 1609 
15 W). A constant UV-A irradiance of 1.3 W 
m~^. which is approximately four times less than 
that calculated at 50* latitude in December 
(Driscoll et al.. 1992). was included in all UV-B 
treatments. The total irradiance of both UV-A 
and UV-B tubes was measured using UV-B (MP-
229) and UV-A (MP-236) cosine sensors (Mi-
croPuIse Technology. UK). These sensors were 
calibrated in the experimental light field against a 
double monochromator spectroradiometer (model 
SR 9910, Macam Photometries, UK). UV light 
was filtered with 35 pm cellulose diacetate foil 
which showed 0% transmission below 286 nm 
(UV-C). For the control thalli, UV lubes were 
covered with Mylar 125 D which showed 0% 
transmission below 320 nm G-e- filtering out UV-
B). 

Irradiances and doses used in the UV-B treat
ments are listed in Table 1. The weighted UV-B 
doses were calculated according to the generalised 
plant response action spectrum normalised at 300 
nm (Caldwell, 1971). The corresponding percent
age ozone depletion was calculated for 15th July 
1997 at Plymouth (UK) during clear sky condi
tions using the computer model of Bjdm and 
Murphy (1985). The relatively high UV-B irradi
ance values were chosen to investigate the entire 
range of the exposure-response curves. 

Measurements of chlorphyll-fluoresence. algal 
pigment absorptance. and growth have been de
scribed elsewhere in details (Cordi et al., 1997). 

2.3. DNA isolation and RAPD reactions 

Approximately 0.10 g of thalli from individual 
samples were frozen in liquid nitrogen, ground 
with a mortar and pestle, and homogenised in 400 
pi of sperm lysis buffer (100 mM Tris-HCl pH 8. 
500 mM NaQ. 10 mM EDTA pH 8.1% SDS. 2% 
mercaptoethanol). The DNA was treated with 
RNase (40 pg. 1.5 h at 37''C) and extracted twice 
with phenol (pH 8). followed by an extraction 
with chloroform:isoamyl alcohol (24:1). DNA was 
precipitated from the aqueous phase with 0.10 
volumes of sodium acetate (pH 4.8) and two 
volumes of cold ethanol at - 80*C overnight 
Precipitated DNA was harvested by centrifuga-
tion, air-dried, with the final pellet dissolved in 
sterile analytical grade water. The amount and 
quality of DNA was estimated using agarose gel 
electrophoresis. All chemicals used throughout the 
described procedure were obtained from Sigma 
(Poole. UK). 

DNA profiles were generated in RAPD reac
tions performed in a reaction volume of 25 pi as 
described previously (Atienzar et al., 1999). The 
decamer oligonucleotides 0PA9 (GGGTAA-
CGCQ or OPBl (GTTTCGCTCC). or 0PBI4 
(TCCGCTCTGG). or OPB 17 (AGGGAAC-
GAG) (sequences given from 5' to 3*) were ob
tained from Operon Technologies (Southampton. 
UK). Approximately 10 ng of genomic DNA was 
subjected to RAPD amplification with a primer 
concentration of 2 pM. deoxy-trinucleotide 
phosphate (dNTP) concentration of 0.33 mM. 
MgClj concentration of 5.11 mM. This was per
formed in the presence of 2.8 U of Thermus 
aquaticus (Taq) DNA polymerase and 1 x reac
tion buffer (10 mM Tris-HCl, pH 8.8 at 

Table I 
Exposure irradiacoes aod doses used to the experimcQt' 

UV-fl irradiaocc (W m"') 0 1.4 2.6 9.0 12.7 
Uoweigfated UV-B dose ( U m->) 0 15.1 28.1 972 137.2 
Weighted UV-B dose ( U m ' ^ 0 4.3 7.9 27.4 38.7 
Calculated ozone depletion (%) 0 Ambient August 17.0 41.0 100.0 

* The doses were calculated for the 3-h cjiposure and the weighted UV-B doses were calculated according to the generalised plant 
response action spectrum normalised at 30O cm (CaldweQ. 1971). The corresponding percenuge ozone depletion was calculated on 
the daily dose using the computer model of Bjdra and Murphy (198S). 
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ZS'C; 50 mM KCI. 0.08% Nonidet P40 , 2.5 pg 
bovine serum albumin). PCR chemicals were ob
tained from Immunogen International (Sunder
land. UK) except when otherwise notified. 
Thermal cycling parameters consisted of 4 min 
denaturation (95°Q followed by 40 cycles of I 
min denaturation (95^C), 1 min annealing at 
50<'C and 1 min extension [(74*'C); with the final 
extension period adjusted to 10 min). Reaction 
mixtures were stored at 4''C prior to use. 

2.4. Agarose gel electrophoresis and analysis of 
DNA profiles 

Electrophoresis of RAPD reaction products 
was performed in 1.2% (w/v) agarose, using a 
Tris-Borate-EDTA buffer system (1 x TBE = 90 
mM Tris-base, 90 mM Boric acid and 2 mM 
EDTA). AmpUfied DNA was mixed with l/5th 
volume of gel loading buffer (analytical grade 
water containing 25% ficoll, 0.25% bromophenol 
blue, and 0.25% xylene cyanol) with 15 of this 
solution loaded onto the agarose gel. A DNA 
molecular size marker [M = I kb marker, Gibco 
BRL (Paisley, UK)] was run for each agarose gel. 
Bands visualised were from top to bottom 3054, 
2036, 1636, 1018, 517, 506, 396, 344 and 298 bp. 
DNA samples were subjected to electrophoresis at 
80 V for 7 h. after which, the gels were stained in 
a 1 X TBE solution containing ethidium bromide 
(0.015% v/v) for a period of not less than 40 min. 
Gels were photographed under UV illumination 
using a Polaroid camera (CU-5. Eastman Kodak. 
New York. NY). Images of each gel were also 
captured using a Kodak DC40 digital camera 
(Eastman Kodak, New York. NY). Band inten
sity was subsequently analysed using Kodak Digi
tal Science™ 1 D Image Analysis Software 
(Eastman Kodak. New York, NY). 

2.5. Estimation of genomic template stability 

Each change observed in RAPD profiles (disap
pearance, appearance of bands and variation in 
band intensity in comparison to control RAPD 
profiles) was given the arbitrary score of + 1. The 
average was then calculated for each experimental 
group exposed to varying UV irradiances. The 

template genomic stability (%) was calculated as 
M00-(100fl/n)* where 'a* is the average number 
of changes in DNA profiles and 'n* the number of 
bands selected in control DNA profiles. 

2.6. Transformation of the data and statistical 
analysis 

To compare the sensitivity of each parameter 
[genomic template stability, chlorophyll fluores
cence (FJ/Vi), and growth rate], changes in these 
values were calculated as a percentage of their 
control value (set to 100%). 

Statistical analyses were performed using the 
software package S T A T G R A P H I C S (Statgraphics 
plus for Windows version 3.1, Statistical Graph
ics. USA). Changes in RAPD profiles were tested 
statistically by performing one-way analysis of 
variance (ANOVA). The least significant differ
ences (LSD) test was used to reveal statistical 
differences. The statistical analyses applied to 
physiological responses and fitness parameters 
have been previously described by Cordi et al. 
(1997). 

3. Results 

3.1. Measurements of physiological and growth 
parameters 

The results dealing with chlorophyll fluores
cence, in vivo spectrophotometric pigment ab-
sorptance and growth of the UV-irradiated 
macroalgae have been reported previously by 
Cordi el al. (1997). The effects of UV exposure on 
FyjF^ ratio, in vivo absorptance spectra, and 
growth rates of P. palmata are recorded in Table 
2. Briefly, reduced levels of in vivo absorptance 
and chlorophyll fluorescence were measured with 
increasing UV-B irradiance. After a recovery pe
riod of 45 h, only thalli exposed to UV-A or the 
lowest UV-B irradiance (1.4 W m " ^ exhibited 
increases in chlorophyll fluorescence. ThalU ex
posed to 1.3 W m - ' UV-A and 1.4 W m"^ 
unweighted UV-B suffered 25 and 58% reduction 
in growth rate compared to controls, respectively. 
Thalli exposed to higher UV-B levels were unable 
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Table 2 
Physiological and fitness pafameten measured aAa exposure of P. pabnata to varying UV irradianoes 

Tune after UV expo
sure (b) 

Physiological and fitness parameters UV-B irradianoe (W m~ 

0 1.3' 1.4 16 9.0 12.7 

0 Chlorophyll fluoresoenoe. FJF„ ratio (%) 100 80 42 47 2 2 
21 Recovery experiment̂  cfalorophyD QuoresccDoe, FJF^ ratio (%) 100 88 S4 32 1 1 
45 Recovery expeiiment. chloropbyD fiuorescenoe, FJF^ ratio (%) 100 91 58 5 0 0 
45 In vivo absorptasce spectrum 100 100 i*» i i ' ' ill** 

- Growth rate (%) until day 11 100 75 42 0 0 0 

' Indicates that the algae was irradiated with UV-A only (in W m'') . 
" i , UiOe decrease. 
' l i , medium decrease. 
^ i l i , high decrease. For details, please see Cordi ei aL (1997). 

to grow. Thus, these physiological data suggested 
irreversible damage following exposure to 2,6 W 

(equivalent to 17VD reduction in atmospheric 
ozone levels in July). However, these results may 
be influenced by the sampling time, due to sea
sonal variations in the sensitivity of algae to UV 
exposure. 

11 RAPD DNA profiling 

In total five lO-mer priming oligonucleotides 
were used to analyse the results. In all cases, 
RAPD patterns generated by UV-exposed algae 
were different from those obtained using control 
DNA. The results obtained from 4 primers are 
presented in Fig. 1. DNA patterns generated by 
each treatment group were reproducible, although 
each RAPD profile was obtained from individual 
alga. The principal events observed following the 
UV exposure were a variation in the band inten
sity, as well as the disappearance and appearance 
of new bands (Fig. 1). Selected changes in com
parison to control profiles are indicated in Fig. 1. 
Table 3 and Fig. 2 present a summary of all 
RAPD profile modifications and the analysis of 
band intensity, respectively. The decrease in band 
intensity was particulariy obvious for algae ex
posed to the two highest UV-B irradiances (9.0 
and 12.7 W m " ^ . In contrast, an increase in 
band intensity occurred for the three lowest UV 
irradiances (UV-A and UV-B irradiances of 1.4 
and 2.6 W m " ^. Further experiments confirmed 

that the changes in band intensities were not due 
to a variation in template DNA concentration 
(data not shown) or in PCR reagent concentra
tion (e.g. Tag DNA polymerase, since a master 
mix was performed). The number of disappearing 
RAPD bands which occurred for all UV irradi
ances" tested, was greater at higher UV-B irradi
ances. Only bands of molecular size greater than 1 
kb were shown to disappear (Fig. I) . The sensitiv
ity of detection of disappearing bands by the PCR 
method was dependent upon the size of the target 
sequence. Amplification of the longer fragments is 
expected to be inhibited more than that of shorter 
fragments [e.g. when DNA adducts block the 
polymerisation of the DNA (see Section 4)]. Fi
nally, extra bands appeared for the three lowest 
UV irradiances; this event occurred, however, 
very rarely for 9.0 W and never for 12.4 W 

m -2 

3.3. Comparison of chlorophyll fluorescence^ 
growth and RAPD profiles 

In Fig. 3. the genomic template stability, a 
qualitative measure reflecting changes in RAPD 
patterns, was used to compare the modifications 
in RAPD profiles with reductions in chlorophyll 
fluorescence {FJF^ ratio) and growth rates. Fol
lowing exposure to increasing UV-B irradiance. 
chlorophyll fluorescence and growth rates de
creased gradually to zero. In contrast, the ge
nomic template stability decreased after exposure 
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M - * b c d « f g h i j k l m i i o p q r V t 

Fig. 1. RAPD profiles of genomic DNA from P. palmata expojed to viryiDf UV irradiftooes. M, DNA molccultr size marker (1 
kb ladder, BRL; the mokcular sizes (in kilohases) ire indicated OD ibe left). - . DO DNA control. RAPD reactions were performed 
using oligonucleotide primers 0PA9 (A), OPBl (B). 0PB14 (Q and OPBH (D). Each small letter represents an individual algae. 
Uoes a-r: alga exposed to varying UV irradiances; a-c: ambient UV leveb (1) (control alga collected directly from the 6eld site), 
d- f : l + 1 .3Wm-'UV-A(2) .g- i : l - t -2 + U V . B ( 1 . 4 W m - ^ . j - I : l + 2 + UV-fl(2.6Wm-^),m-o:l + 2 + UV-B(9.0Wm--'). 
p-r: 1 + 2 + UV-B (117 W m"^. Selected changes are indicated by arrows in comparison to control patterns; *, variation in band 
intensities, + , appearance of a new band, and - , disappearance of a band. Numben (from 1 to 10) show the ten bands selected 
to cakulate the variation in band intensity (for more details please see Fig. 2). The RAPD and tbermocycUng conditions are 
described in Section 2. 

Table 3 
RAPD profile changes after eiposure of P. paknata to UV radiatiofu* 

Changes in RAPD profiles compared with the control UV-B irradiance (W m 

1.3* 1.4 16 9.0 117 

Appearance of bands 5 10 5 5 0 
Disappearance of bands 10 10 15 30 40 
Decrease in band intensities 5 IS 15 50 60 
Inaease in band intensities SO 63 65 15 0 

• Numbers indicate the frequency in percent of each event described in the u N t Results were generated using approximately 18 
bands for each UV irndiance. 

* Algae was inadiated with UV-A only (in W m-'). 
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Fig. 1 Variation of band intensities selected from RAPD profiles of genomic DNA from P. pabnata exposed to varying UV 
irradiances. A total often relatively intense bands (shown in Fig. I) appearing across the width of the geb were arbitrarily selected. 
The band intensities were calculated as a percentage of its own control value (set to 100%). Average and standard deviation (error 
bars) uere < t̂rtiiaiwH with the ten sflfftni bands. The figures in parentheses above the standard deviation indicate the number of 
bands (out of ten) being significantly different from control (* P < 0.05). f. indicates that the algae was irradiated with UV-A only 
(in W m-*). 

to UV-A, but Stabilised after UV-B exposure, 
varying from 52-60%. The plateau effect is as
cribed to multiple changes in RAPD profiles (ap
pearance, disappearance of bands, etc.) which tend 
to counterbalance each other (Table 3). In other 
words, for the highest UV irradiances, the high 
frequency of disappearing bands was compensated 
by the low frequency of newly appearing bands. 

4. Discossioa 

After suitable optimisation of the PCR condi
tions (Atienzar et al., 1998,2000), and the judicious 
choice of oligonucleotide primers for each species-
specific DNA template, the RAPD assay performs 

well in terms of number of bands, product yield and 
clarity of the profiles. Although the generation of 
RAPD profiles has often been criticised as unreli
able (Ellsworth el al., 1993), reproducible DNA 
profiles have been generated from a range of 
aquatic invertebrates, phints and bacterial species 
(Grayson et al.. 1999; Atienzar et al., 2000) and 
successfully used to detect genotoxins induced 
DNA damage (Sawa, 1996; Atienzar et al.. 1999; 
Becerril et al., 1999). Once optimised, the use of 
RAPD for the detection of DNA damage presents 
a number of advantages. The assay, which is 
suiuble for any extracted DNA (of sufficient qual
ity), allows rapid analysis of a large number of 
samples. As arbitrary primers are used, spe
cific details of the DNA damage or the 
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sequence of the genome are not needed. Further
more, no radioactivity or chemical or enzymatic 
degradation of the DNA is required before 
analysis. 

Previous studies have shown that changes in 
band patterns observed in DNA fingerprint analy
ses reflect DNA alterations from single base 
changes (point mutations) to complex chromoso
mal rearrangements (White et al., 1990; Welsh et 
al., 1991; Atienzar et al.. 1999). Similarly, in the 
present study, DNA damage induced by UV-radi-
ation was reflected by changes in RAPD profiles; 
variation in band intensity, disappearance of 
bands, and appearance of new PCR products 
occurred in the profiles generated by exposed 
organisms. The variation in band intensities and 

the disappearance of bands may be attributed to 
the presence of DNA photoproducts (e.g. pyrim-
idine dimers, 6-4 photoproducts), which can act to 
block or reduce (bypass event) the polymerisation 
of DNA in the PCR reaction (Donahue et al., 
1994; Nelson et a l , 1996). The bypass event is a 
complicated process which depends on the enzy
matic properties of the DNA polymerase, the 
structure of the lesion, and the sequence context 
of its location (Idc ct al., 1991). Increase in band 
intensity occurred for the three lowest U V irradi
ances ( U V - A and U V - B irradiances of 1.4 and 2.6 
W m " ^ whereas decrease in band intensity was 
particularly obvious for algae exposed to the two 
highest U V - B irradiances (9.0 and 12.7 W m " ^ . 
Both changes can be ascribed to the structural 

Chlorophvll ntM)rRt(.-ence Gruwih rate (until day 11) Genomic Template stability 

M • M • 

~1 °^ 

X 

9 0 12 7 0 1 3* 14 26 90 127 0 1 3* 1 4 26 90 127 

l \-Birr.Kli;ince(\> m') 

Fig. 3. ComparisoD among chlorophyll fliior«cence, growlh, and gcoomic template stability in popdatioos of P. palmata exposed 
to UV radiation. The differeoi times represent the length of time (h) following the 3 h of UV exposure. Error bars represent standard 
deviation. | , indicates thai the algae was irradiated with UV-A only (in W m - ^. All the measured parameters were significantly 
differctit from control values {P<Q.Q5) apart from growlh al 1.3 W m ' ^ 
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alterations induced by the DNA photoproducts 
(Wang and Taylor, 1993), which influence the 
availability of the Tag DNA polymerase and 
primers. For instance, the level of DNA photo-
products induced by UV-A and UV-B irradiances 
of 1.4 and 2.6 W m"^ may block the PCR 
enzyme at certain sites and allow a more efficient 
amplification of non-damaged genomic DNA. Al
ternatively, the increase in band intensity could be 
also due to a better availability of 10-mer primers. 
At higher level of UV-B radiations (i.e. 9,0 and 
117 W m - ^ , it seems that the extent of DNA 
lesion is so important that the Tag DNA poly
merase is more often blocked which implies a 
decrease in band intensity and possibly a disap
pearance of band (depending on the extent of 
DNA damage). The disappearance of PCR prod
ucts mainly affected the high molecular weight 
bands because the odds of obtaining DNA photo-
products increase with the length of the amplified 
fragment. In summary, the data suggest that the 
frequency of DNA photoproducts increases with 
increasing UV-B irradiaace. 

Extra bands were also detected in RAPD profi
les (Fig. 1). New PCR amplification products may 
reveal a change in the DNA sequence due to 
mutations [resulting in (a) new annealing 
event(s)], and/or large deletions (bringing two pre
existing annealing sites closer), and/or ho
mologous recombination (juxtaposing two 
sequences that match the sequence of the primer). 
It is noteworthy that the RAPD assay has the 
potential to detect mutations outside the priming 
site (Bowditch et al., 1993). Following exposure to 
mutagens, DNA replication and error-prone 
DNA repair are generally involved in generating 
mutations (Uvneh et al.. 1993). Unlike mammals, 
plant cells enter meiosis only after significant veg
etative growth. In this context, the induction of 
mutations, which accumulate over time in the 
somatic tissue, may therefore be passed to the 
gametophytes (Walbot and Cullis, 1985). This 
could have implications for the short- and long-
term survival of the species and consequently for 
the ecosystem (WurgJer and Kramers, 1992; An
derson et al., 1994). Mutations can only be re
sponsible for the appearance of new bands if they 
occur at the same locus in a sufficient number of 

cells (a minimum of 10% of mutations may be 
required to get a new PCR product visible in 
agarose gel) to be amplified by PCR. For exam
ple, 'hot spot' interactions between DNA and 
metabolised B(a)P products have been reported in 
the literature (Boles and Hogan, 1984). A similar 
outcome can occur with UV radiation. Appearing 
bands may also be the result of structural changes 
induced by DNA photoproducts and/or by oon 
genotoxic events such as transposition, DNA am
plification, etc. In the present study, the appear
ance of extra bands occurred principally for the 
three lowest UV irradiances used because ex
tremely high irradiances of UV inhibit DNA re
pair and replication in plant tissues (Vomarx et 
al., 1998). Genomic template stability is related to 
the level of DNA damage, the efficiency of DNA 
repair and replication. Therefore, a high level of 
DNA damage does not necessarily decrease the 
genomic template stability (in comparison to a 
low level of DNA alterations) because DNA re
pair and replication are inhibited by the high 
frequency of DNA damage. I n addition, since the 
time of exposure was very short (3 h) it is likely 
that extra bands were the results of DNA photo
products (inducing some structural modifications 
and possibly new annealing events) rather than 
mutations. 

In earlier studies, a non-mammalian test system 
for germ-cell mutagenesis was developed for de
tecting DNA alterations in F | progeny descended 
from the y-irradiated male medaka fish using the 
AP-PCll technique. In these studies, DNA alter
ations were detected as changes in patterns, i.e. 
band loss and/or band gain (Kubota et al., 1995) 
and the frequency of band loss was shown to 
increase with increasing radiation doses (Kubota 
et a]., 1992). In an unrelated work, RAPD profiles 
generated from rats exposed to benzo(a)pyrene 
revealed appearing and disappearing bands in 
comparison to control RAPD patterns (Sawa, 
1996). In the present study, the results of UV 
exposure of an algal species are consistent with 
these earlier studies on vertebrates. 

In this study, although the two highest UV 
irrandiances selected (i.e. 12.7 and 9.0 W m~^) 
are not environmentally realistic, they were cho
sen to investigate the entire range of the expo-
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