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Abstract 
 

This thesis developed and validated methodologies using triplefin Forsterygion capito as 

bioindicators of environmental health to assess the impact of marine pollution. A series of 

molecular, histological, and physiological measurements were used to evaluate their health status 

in different sites in Auckland, New Zealand, testing the hypothesis that this species is a good 

indicator of pollution. In addition, a novel alternative to assessing pollution without harming the 

animals was developed. The research presented provides valuable information related to the 

health status of triplefin F. capito inhabiting both contaminated and reference sites around 

Auckland. First, mRNA biomarkers were developed in the laboratory by inducing the expression 

of four target genes: cyp1a (cytochrome P450), mt (metallothionein), vtg (vitellogenin), and 

cyp19b (cytochrome P450 aromatase) in the triplefin fish F. capito. Levels of cyp1a were up-

regulated in the livers of fish exposed to benzo(a)pyrene, and the vtg gene was a significant 

biomarker of oestradiol exposure in male fish. In the field study, the transcriptional responses of 

mt and cyp1a were shown to be strong molecular biomarkers showing high mRNA levels in fish 

from a contaminated site. In addition, vtg mRNA levels were elevated in a male fish from another 

contaminated site. To evaluate the general health of this species, biomarkers of effects at 

intermediate biological level were used. The Fulton’s condition factor provided an initial 

indication of this species’s health, and suggested that some condition factor values were 

associated with metal pollution via synergistic effect between chemicals. Lesions found in livers 

and gills were non-specific to certain stressors, but the high prevalence and intensity of 

telangiectasia and hyperplasia in gills seemed to be associated with metals. Finally, to test the 

hypothesis that the bacterial communities found in fish skin mucus reflect the quality of the 

surrounding water, a novel method was proposed as a non-invasive technique using next 

generation DNA sequencing technology. Our results showed clear differences in the bacterial 

communities from fish mucus collected between contaminated and reference sites. Bacteria in this 

thesis were also commonly found in other fish species, indicating that the methodology was 

successfully developed. The majority of the bacterial community in this study were associated 

with hydrocarbons rather than with metals. All in all, a comprehensive idea of the responses and 

effects of pollution through this fish species was obtained. Therefore, due to the habitual 

characteristics of this species and our findings, it is highly recommended that triplefin fish F. 

capito would be a good sentinel sp. for further monitoring programmes.  
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Ecotoxicology 
 

All over the world water resources are threatened by human activities and poor 

management policies. Over the past three centuries the industrial revolution and its aftermath has 

wrought huge changes on the environment through increased mechanisation. This has brought 

benefits but has also created major environmental degradation. Rivers, estuaries and coastal areas 

have, and continue to be, used as areas for untreated waste, industrial effluents and agricultural 

run-off. Although global efforts have been made to improve the management of waterways and in 

pollution recovery, there is still a need to develop better environmental strategies to monitor 

aquatic pollution (Bouwer, 2000; Halpern et al., 2008; Lotze et al., 2006; Vörösmarty et al., 

2010). The discipline that addresses the environmental impact is known as ecotoxicology. 

Ecotoxicology is a multidisciplinary approach, combining chemistry, toxicology, pharmacology, 

epidemiology and ecology. The main objective of this discipline is to understand the sources, fate 

and mode of action of chemicals in a population, a community, and finally in an ecosystem 

(Carvan et al., 2008; Connell et al., 2009). It also helps to predict the adverse effect of 

contaminants that have been implemented in environmental management decisions (Bourdeau et 

al., 1990). The key tool used to carry out such management decisions is environmental 

monitoring.  

 

Monitoring marine aquatic pollution 
 

Monitoring consists of repetitive observations made over periods of time and in different 

spaces, and contains quantitative information on the quality of the environment (van der Oost et 

al., 2003). Monitoring based on chemicals is expensive, which limits many monitoring 

programmes to analysing only a certain numbers of chemicals. This reduces the possibility of 

obtaining an adequate idea of the complexity of an aquatic system, and yields limited information 

from a biological point of view (Butterworth et al., 1995). By including organisms in monitoring 

programmes, not only is their exposure to chemicals indicated but it also reveals the potential 

effects on them (Connell et al., 2009). Biomonitoring, or biological monitoring, is a method to 

determine the degree of biological exposure and effect between sites (Dafforn et al., 2012; 

Gerhardt, 2000; Lazorchak et al., 2003; Markert et al., 2003; Ravera, 2001). It is so important to 

include organisms in monitoring programmes, as they reflect what is occurring in the 

environment. This information makes it possible to obtain a clear picture of the environment for 
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scientists to develop predictive models of the potential risks to the environment and for 

governmental entities to make better decisions in national and international management 

programmes (Connell et al., 2009; de Kruijf, 1989; Reed et al., 2010). 

 

Several authors have pointed out that to undertake effective biomonitoring some important 

requirements must be completed. First, studies of dose-response should be performed in 

organisms to establish the relationship between them. When the relationship is established (dose-

response), these results need to be validated into higher biological organization levels. The third 

point is that the organism (bioindicator) should be easy to manipulate, sensitive, and have a wide 

distribution to obtain reliable results to clearly interpret potential effects in the environment 

(Gerhardt, 2000; Markert et al., 2003; Summers et al., 1997; Viswanathan et al., 1989). 

 

 Some suggest that before using a bioindicator of pollution, it is necessary to acquire 

enough information in the laboratory to support their potential effectiveness and to later be used in 

field studies (McCarty et al., 2002; Summers et al., 1997). Laboratory studies are therefore 

required to give a basic understanding of the response of any biomarker to specific chemical 

stressors (dose-response) and confirm the relationship between contaminant exposure, biological 

response, and the long-term effects on individuals and populations (McCarty et al., 2002; Peakall 

& Shugart, 1993). In addition, Summers and collaborators (1997) suggested in that when the 

bioindicator is selected, it should have the ability to respond differently when discriminating 

between impacted (stressed) and less impacted (unstressed) areas. Therefore, it is important to 

perform studies in the laboratory and in the field at the same time.  

 

Biomarkers  
 

Adams (1990) explained that organismal responses at lower biological levels (at the 

biochemical and molecular levels) are sensitive enough to give a clear indication of exposure to 

stressors, as they help to give an early warning of health impairment in species such as fish. 

However, bio-molecular changes may lack ecological relevance. While responses at higher 

biological levels can be lacking in sensitivity and/or specificity, they are generally ecologically 

important for environmental regulation and decisions. However, Adams (1990) stated that 

histopathological, bioenergetic, immunological and reproductive studies present intermediate 

levels of response in time and in terms of ecological relevance (Figure 1).  
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Figure 1. The diagram represents biological responses over time and the ecological relevance in fish 
exposed to environmental stress. 
 (Adams, 1990). 

 
The responses at each level of biological organization give information that help 

comprehend and clarify the link between exposure and adverse effects. Effects at a higher level 

(population, community, ecosystem) have a high ecological relevance, but could be less sensitive 

because of their complexity (Adams, 1990; van der Oost et al., 2003). Thus, it is essential to 

evaluate the responses of pollutants at a lower biological level first in order to understand the 

possible pathways and mode of action of a particular pollutant and to then extrapolate the possible 

adverse effect at higher levels (Arapis et al., 2006). Responses measured at lower biological levels 

in organisms are called biomarkers.  

 

Biomarkers are generally defined as a useful measurement of body fluids, cells, or tissues 

that have been exposed to stressors (Bodin et al., 2004). Biomarkers are classified into three 

groups: exposure, susceptibility, and effects. The exposure biomarkers are used to assess the 

amount of chemicals in organisms directly or in their metabolites. The susceptibility indicator is 

able to detect whether an organism is sensitive to a specific contaminant. The biomarkers of 

effects are indicators of any biochemical, physiological or behavioral alteration within an 

organism that affects its health status (Gil & Pla, 2001; Walker et al., 2012).  
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Molecular biomarkers 
 

The development of molecular biology has created gene expression biomarkers that use far 

less tissue than previously required when an enzyme or a protein of interest is evaluated in an 

organism (García-Reyero et al., 2004). Molecular biomarkers can be classified as biomarkers of 

exposure, because they provide an early warning of a more advanced problem of contamination 

by any phenotypic expression in an organism (Brouwer et al., 2005). They also help detect 

mechanisms of action that could trigger possible chemical or other substance toxicity (Fielden & 

Zacharewski, 2001). The first step in gene expression is the transcription, as the transcriptional 

response is a sensitive initial point for any consecutive cellular effect by contaminants (Steinberg 

et al., 2008). Therefore, changes in specific gene expression are excellent indicators when 

evaluating the metabolic pathway in an organism that responds to a particular stimulus (Brouwer 

et al., 2005). 

 

Cytochrome P450 was first discovered in the 1950s but it was not until 1962, 1964 that 

Omura and Sato identified the cytochrome P450 as a hemoprotein in hepatic microsomes in 

different species. This cytochrome, also known as the P450 mono-oxygense system, is the last 

component of the mixed function oxygenase (MFO) system that catalyses a variety of 

monooxygenation reactions (Schenkman, 1993). There are many forms of isoenzymes with 

different functions that metabolize endogenous and xenobiotic compounds in endogenous 

metabolites. These include steroids, fatty acids, and prostaglandins (Zimniak & Waxman, 1993) 

and in xenobiotics they include drugs, carcinogenic chemicals, and chemicals such as PAHs, 

PCDs, PDDs, PCDFs and other chemicals with a similar structure (Livingstone & Goldfarb, 

1998). Several studies have emphasized CYP1A and its activities in teleost. CYP1A induction in 

endothelium can play a protective role but can also contribute to improving the activation of 

foreign materials in the endothelium (Stegeman, 1993).  

 

The CYP1A is a biomarker widely used to assess exposure to organic xenobiotics in an 

aquatic environment. As well as being a member of the superfamily cytochrome P450, CYP1A is 

a monooxygenase enzyme that is induced by xenobiotic compounds binding to the cytosolic 

receptor, which is the aryl hydrocarbon receptor (AhR) that induces the cyp1a gene expression 

(Peters & Livingstone, 2001). The induction of cyp1a has been detected in a wide range of 

organisms, from bacteria to mammals (Somnuek et al., 2012). In fish, the cyp1a gene is a useful 
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and sensitive biomarker for polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyl 

(PCB) and polychlorinated dioxins, furans, drugs, and pesticides (Scott, 1999). However, care 

should be taken when interpreting cyp1a data, as they can be affected by a mix of xenobiotics, 

temperature, diet, reproductive stage, sex, differences between species, physiological condition, or 

hormone levels (Croce et al., 1995; Machala et al., 1997; Navas & Segner, 1998; Zapata-Pérez et 

al., 2002). The cyp1a gene is mainly expressed in the liver (Courtenay et al., 1999; Livingstone & 

Goldfarb, 1998); Ortiz-Delgado et al., 2008) but there has been reported induction of expression 

in the gills and intestines in tilapia (Oreochromis mossambicus) (Wong et al., 2001).  

 

The cyp1a gene expression has also been used to assess the presence of pesticides. 

Pesticides are widely used in the agriculture industry to control pests and include organochlorines, 

organophosphorus and carbamates. Organophosphorus (OP compounds) are the most commonly 

used and include insecticides, herbicides, and petroleum additives (Pereira et al., 2012; Ray et al., 

2010). Measuring the concentration of an OP compound can be difficult since they degrade within 

hours or days in fish, and can also be rapidly absorbed, metabolized and excreted, which means 

OP residues are not found in fish (Fulton et al., 2013). The alternative to monitoring pesticide 

impact on aquatic environments is through monitoring the cyp1a gene expression.  Some studies 

have been successfully used to evaluate CYP1A protein levels in fish livers (Dong et al., 2009; 

Wheelock et al., 2005). cyp1a expression in the livers and gills of fish (Sinha et al., 2010; Xing et 

al., 2014), and in the liver of other organisms such as rats (Verma et al., 2005). 

 

Metallothionein (MT) is a protein widely used to monitor metal contamination. Under 

normal environmental conditions MT exists in small quantities in organisms, but when organisms 

are exposed to sublethal concentrations of metals thionein synthesis is induced, binding the 

apoprotein to a metal, forming metallothionein. This protein is an intracellular protein, which 

plays an integral role in the binding of metals, detoxification, and the homeostasis of organisms. 

MT can be altered by external stress, metals, and water temperature or by internal stressors such 

as glucocorticoids, age and sex (Andrews, 2000; De Boeck et al., 2003; Olsson & Haux, 1986). 

Olsson and collaborators (1990) observed that metallothionein levels in rainbow trout increased at 

the beginning of vitellogenesis, reaching peak levels when spawning begins. Olsson (1993) also 

indicated that during the period of vitellogenin production, there is an increase of hepatocyte size, 

as well as an increase in the zinc content in the liver. At the end of exogenous vitellogenesis and 

before spawning, the liver size decreases and zinc is re-allocated, producing a dramatic increase in 
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the MT levels in the liver. Therefore, it is important to examine the reproductive stage when MT 

levels are measured in organisms. 

 

In fish MT is mainly distributed in the gills, liver, kidney and intestine and in small 

quantities in the blood (Reichert et al., 1979). This protein is present in all organisms, including 

mammals, fish, invertebrates, macroalgae and prokaryotes (Roesijadi, 1992). The mt gene 

transcription in fish has been used as a molecular bioindicator to monitor heavy metal 

contaminations in the aquatic ecosystem (Knapen et al., 2007; Quiros et al., 2007). In fish, two 

isoforms of MT have been reported in flatfish Limanda limanda (Lacorn et al., 2001), in crucian 

carp Carassius cuvieri (Ren et al., 2006), and in mandarin fish Siniperca chuatsi (Gao et al., 

2009). Currently, mt gene expression is widely used to evaluate early warnings of pollution in 

many monitoring studies (Fu et al., 2017; Maes et al., 2013; Marlatt et al., 2016). 

 

Endocrine disrupting chemicals (EDCs) in fish are well-recognized chemicals and include 

phytochemicals, pharmaceuticals, and pesticides. They can mimic or antagonize the actions of 

natural steroid hormones by influencing their interactions with hormone receptors, and by 

modifying hormone synthesis (Shelley et al., 2012). Steroid hormones play an essential role in the 

function and differentiation of the gonads in fish (Burki et al., 2006; Devlin & Nagahama, 2002). 

An important female sex hormone is 17β-oestradiol (E2), an endogenous oestrogen, which in the 

liver of an adult female fish controls the expression of specific genes that code for proteins related 

to early development, reproduction, growth, vitellogenin and oestrogen receptors (ER). The 

ovaries of adult female fish produce E2, which is then released into the bloodstream, initiating 

vitellogenin synthesis (Burki et al., 2006). 

 

Vitellogenin (VTG) is a glycolipophosphoprotein that functions as a nutrient source for 

developing embryos (Denslow et al., 1999). In male fish, the vtg gene is present but is normally 

repressed so the concentration of VTG is low and undetectable (Copeland et al., 1986). However, 

increased levels of VTG in male and immature fish are commonly associated with exogenous 

oestrogens. Therefore, vtg expression in the liver of male and immature fish has been used as a 

biomarker for exogenous oestrogens (Greytak et al., 2010; Sumpter & Jobling, 1995).  

Another potential target of EDCs in fish is aromatase CYP19, a member of the cytochrome 

P450 superfamily. The main function of the aromatase CYP19 enzyme is to catalyse the 

conversion of androgen to oestrogen in order to regulate the ratio of these hormones (Simpson et 
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al., 1994; Wang et al., 2011). Thus, a dramatic alteration of oestrogen production indicates a 

malfunction in the aromatase system CYP19. An evident sign of aromatase CYP19 malfunction is 

feminisation in males (Bizarro et al., 2014). In most teleost fish there are two subtypes of cDNA. 

These are the isoenzyme cyp19a, which is mainly expressed in the gonads, and cyp19b, which is 

expressed in the brain (Piferrer, & Blázquez, 2005). The cyp19b gene plays an important role in 

the development of the nervous system, brain, retina, pituitary gland, and in sexual behaviour 

(Diotel et al., 2010; Huffman et al., 2013). High expression of the cyp19b gene in males results in 

clear signs of feminization (Bizarro et al., 2014; Puy-Azurmendi et al., 2013). Thus, molecular 

biomarkers as gene expression are modern and reliable tools that are used to assess the presence 

of some groups of contaminants through the expression of some target genes as cyp1a, mt, vtg, 

and cyp19b in aquatic environmental monitoring.  

 

Histopathological and physiological biomarkers 
 

Although changes in gene expression provide many advantages, as mentioned above, they 

do not necessarily indicate toxicity. Consequently, those tools need to be combined with others 

endpoint studies from the molecular, cellular, tissue, and physiological levels. For instance, 

histopathology biomarkers and somatic indices can be used as complementary studies to assess 

the adverse effect of exposure to contaminants. 

 

 A histopathologic biomarker is a biomarker of the effect of exposure to environmental 

stressors. In field studies, histopathology has proven to be a fast method for detecting the effects 

in target tissues at both acute and chronic exposure. These types of biomarkers are lesions caused 

by molecular, biochemical and physiological changes due to previous or ongoing exposure from 

one or various stressors (Hinton & Lauren, 1990; Hinton et al., 1992). The advantages of these 

biomarkers are that they permit a visual localization of the damage to the cells or target organs 

and provide basic information about the general biology of an organism under study such as 

nutrition, gonadal stages and infections (Adams, 2002). Thus, the histopathology biomarker is 

undoubtedly a valuable tool for evaluating the effects of exposure of stressors in benthic fish and 

for the purpose of monitoring estuarine contamination (Costa et al., 2010a). There is some 

evidence that the presence of some pollutants could be associated to lesions in fish, for example, 

with PAHs (Gronen et al., 1999; Myers et al., 1998; Vos et al., 2000), and with metallic and 

organic contaminants (Costa et al., 2011). In histopathological studies, the parasitic load within 
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organs presents important measures within monitoring studies to assess environmental pollution 

(Khan et al., 1994; Sures, 2004). 

 

In addition to this biomarker, there are other types of biomarkers, such as the organismic 

indices that indicate the health and condition of fish (Adams, 2002). These biomarkers are widely 

utilized by fish scientists, culturists, and managers to rapidly determine the general status of the 

fish (Adams, 1990). Those physiological responses have three important characteristics when 

assessing the condition or health of an organism. Firstly, they represent a combination of 

numerous cellular and biochemical processes, which could be altered when responding to any 

variation in the environment. Secondly, they can respond to any stimuli from temperature 

variation to pollution. Thirdly, they are able to reflect the harm done to the environment (Bayne, 

1985). Condition factors are widely utilized to assess the health status of pollution, although this 

may vary with intrinsic factors such as the season or reproductive conditions, or with extrinsic 

factors such as temperature or pollution. Therefore, these biomarkers of effect can be used as 

complementary studies in environmental monitoring. This makes the possibility of obtaining a 

more complete picture more likely when understanding the complexity of an aquatic ecosystem. 
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Non-invasive methods to assess pollution: Fish skin mucus 
 

Significant efforts have made to diagnose exposure to pollution using organisms. 

However, non-invasive or minimally invasive methods are still poorly developed because 

although transcriptomic, histological and somatic indices approaches can be complementary and 

can give us a clear idea about the response to and possible effects of pollution, these require 

sampling the internal organs of the fish. Therefore, it was desired to develop an alternative non-

invasive method to assess water pollution using fish mucus.  

 

Body surfaces provide a physical barrier between the internal and the external 

environments. In fish, a surface mucus layer is often on the skin where bacterial communities also 

reside (Esteban, 2012; Larsen & Arias, 2014). Esteban (2012) indicated that mucus composition 

differs between species, and it is influenced by endogenous and exogenous factors such as stress. 

Pollution can cause stress in organisms, Larsen & Arias (2014) added that the normal microbial 

community structure can be potentially altered, consequently it impacts the health of fish. They 

also emphasized the importance of characterizing these communities and the factors that can 

influence their structures to be used for long-term health monitoring. Some studies have used skin 

mucus to assess the health status of fish exposed to pollution. Song et al. (2008) suggested that 

when confronted with oil spill pollution, fish suffered immune suppression, changing the 

microflora of skin mucus in comparison to fish not exposed to this stressor. Therefore, fish mucus 

microbial community studies are proposed because the skin is in direct contact with the marine 

environment.  
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Diversity 
 

Magurran (1988) pointed out the importance of measuring diversity in ecology, given 

that diversity measurements are recognized as an indicator of health in ecological systems. 

Diversity can be measured in a community (alpha), between communities (beta), or even in the 

total diversity in a landscape (gamma). Alpha-diversity measures the diversity within a 

community and is commonly measured by two components, richness and evenness. Richness 

refers to the number of species in the community being studied, and evenness is the equitability 

of the abundance between the species studied (Tuomisto, 2012). Several indices metrics are 

used in microbial communities, the most common being Chao 1 (Chao, 1984), Simpson 

(Simpson, 1949), and Shannon diversity (Shannon, 1948). Chao 1 is a qualitative species-based 

estimator that gives more weight to rare species (singletons and doubletons) (Chao, 1984). 

Simpson and Shannon use quantitative species-based indices (Lozupone & Knight, 2008) to 

quantify and compare taxonomic diversity in bacterial communities (Haegeman et al., 2013). 

The Simpson diversity index is an estimator that considers evenness and species richness but 

gives more weight to evenness, as it considers the abundance of the most dominant species 

(Magurran 1988; Simpson, 1949). The Shannon diversity index takes into account species 

richness and evenness but is more sensitive to richness (Shannon, 1948). According to 

Lozupone and Knight (2008), alpha-diversity is used to compare the total diversity in different 

communities; for instance, investigating whether the microbial diversity in a pristine habitat is 

different to that in an anthropogenic habitat. 

 

In the case of beta-diversity, Lozupone and Knight (2008) provided a detailed explanation 

of the types of beta-diversity measurements. Beta-diversity assesses differences between two or 

more communities. The authors indicated that these can be measured qualitatively or 

quantitatively, also species-based or divergence-based. In species-based all taxa are considered 

equally associated to one another, in divergence-based the distance between each taxa pair is 

considered. The divergence-based diversity approach interprets a more diverse community if the 

organisms in it are considerably different from each other, or are phylogenetically different from 

organisms detected in another area. The authors indicated that methods that consider 16S rRNA 

may be skewed in detecting functions that are more associated with the 16S rRNA similarity, but 

are more powerful than species-based methods where all this information is missing. In addition, 

the authors mentioned that beta-diversity helps to answer important ecological questions. An 
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example of this is where divergence-based diversity helps to assess the spatial distribution of 

phylogenetic lines in bacteria inhabiting areas that are physically separated. If there is a single 

branch length it indicates that little endemic evolution has occurred. Weighted UniFrac, for 

example, is a quantitative metric based on divergence that compares the phylogenetic distances 

between communities. 

 

Nowadays, new technology such as Next Generation Sequencing has become an excellent 

tool in understanding in more depth the bacterial community composition of environments 

(Weinstock, 2011). According to Bourlat et al. (2013), this new tool can be used as a base line or 

as a reference for monitoring environmental pollution. Therefore, the use of this tool in assessing 

fish skin surface (mucus) communities can be an excellent biological tag to monitor pollution in 

New Zealand’s brackish water. 

 

Advantage of using fish 
 

Fish have been found to be suitable and extensively utilized as bioindicators of pollution. 

According to Baldwin and Kramer (1994), fish are seen as the closest to humans in relation to 

their sensitivity to chemical effects. They have also been utilized in bioassays to evaluate 

chemical toxicity. Kroon et al. (2017) pointed out some of the advantages of fish, including that 

they are important ecologically in aquatic environments because they have an impact on the food 

chain, nutrients, and energy transference. The authors added that fish provide protein sources for 

human consumption; thus, this food source requires special attention because of their exposure to 

and the effects of pollutants. Finally, they indicated that fish taxonomy, life history, and 

physiology are in general well known, helping to support studies on contamination in tissues and 

to distinguish early signs of the negative effects of pollution. However, some authors have pointed 

out that different species, fish size and high mobility could affect responses to pollution (van der 

Oost et al., 2003). Gibbons et al. (1998) stated that small fish are suitable as sentinel species, they 

are in general more abundant, and have a shorter life span. Blennioids, for instance, are small, 

benthic territorial fish, relatively non-migratory that have a strong association with their 

microhabitat, spending most of their time close to the substrate (Gibson, 1969; Gonçalves & 

Faria, 2009; Hastings & Springer, 2009). They are distributed worldwide in shallow marine 

waters and are sometimes found in freshwater areas (Hastings & Springer, 2009). Due to 

Blennioid characteristics, they have also been used as a potential bioindicator species for 



13 
 

pollution, including Lipophrys pholis (Ferreira et al., 2009; Ferreira et al., 2013), Labrisomus 

philippii (Montenegro & Gonzalez, 2012) and Salaria pavo (Naïja et al., 2016).  

 

Triplefins 
 

Included in the group of Blennioids is the Tripterygiidae Family, characterized by three 

dorsal fins, which is comprised of 164 species found worldwide in tropical, temperate, and even 

polar Antarctic Peninsula waters (Fricke, 2009). In New Zealand, there are 26 species of 

triplefins, making it one of the most diverse, common, and prevalent fish species in coastal waters 

(Clements, 2003). Clements wrote that they are considered an ideal model system to study 

ecological diversification because they use a wide range of habitats and occupy small territories 

once they settle. The New Zealand triplefins are philopatric and return to sites where they lived if 

they are displaced (Shima et al., 2012; Thompson, 1983). Following settlement, they inhabit a 

small territory (1-2 square metres), which they defend and in which feeding and mating activities 

take place (Handford, 1979; Thompson, 1979). They are demersal and inhabit the area on or just 

above the surface of the sea bed (Paulin & Roberts 1992). 

 

Clements (2003) indicated that in the north of New Zealand, they live between two to 

three years, however, in the colder southern waters they may live up to five years. He also 

mentioned that in the species examined, juveniles grow rapidly, approaching sexual maturity at 

twelve months. In general, most triplefins are very small, growing to only five to eight 

centimetres (Paulin & Roberts, 1992). Sexual dimorphism is evident during the spawning period 

when males change colour to completely or partly black, intensify their colour or turn red on the 

head, body or caudal fin (Paulin & Roberts, 1992; Weinheimer, 2003). Females instead maintain 

their colour during the year, and when males are not in the reproductive phase, their colouration is 

indistinguishable from the females (Thompson, 1979). 
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The triplefin Forsterygion capito 
 

The genus Forsterygion was described by Whitley and Phillipps (1939), but in 2008 Jawad  

revised the genus Forsterygion, meaning Grahamina capito was reassigned to the genus 

Forsterygion capito. Prior to this clarification, several authors mentioned Forsterygion capito as 

being Grahamina capito. Therefore, I will refer to both Forsterygion capito and Grahamina 

capito to acknowledge the publications of the previous authors but they are both the same species 

of triplefin; Forsterygion capito. 

 

In 2000, Clements and his collaborators, due to confusion in the recognition of the genus 

Grahamina species, re-examined and identified proper nomenclature for these species. For 

instance, one of the characteristics that differentiate Grahamina nigripenne from G. gymnota and 

G. capito is that in G. nigripenne the height of the first dorsal fin is the same as the second dorsal 

fin, while the first dorsal fin in G. gymnota and G. capito is shorter than the second dorsal fin. 

Some external features that distinguish between G. gymnota and G. capito are; (1) G. gymnota has 

a steep snout while G. capito possesses a sloping, concave or on rare occasions steep snout; (2) if 

an imaginary line is drawn from the upper lip (tip of the maxilla) through the ventral border of the 

orbit, in G. gymnota the line would touch or go past the dorsal extremity of the preoperculum, 

while in G. capito the line cuts the preoperculum, and (3), G. gymnota contains a visible groove in 

front of the first dorsal fin, which is not present in G. capito.  

 

Among these species, Grahamina capito is found mainly in sheltered bays and harbours 

(Clements, 2003; Francis, 2001; Stewart & Clements, 2015). This small blennioid teleost is 

commonly called a mottled/spotted triplefin (Figure 2). Stewart and Clements (2015) indicated 

that this species presents variable colour patterns ranging from grey and dark brownish-black to 

greenish. The triplefin F. capito is commonly found at 0-12 metres in depth (Fricke, 1994), and 

the maximum size reached is 91 mm (Stewart & Clements, 2015). In New Zealand it is widely 

distributed along the coast from Northland to the Sub Antarctic Islands; including Auckland, 

Snares, the Antipodes, and the Chatham Islands (Stewart & Clements, 2015).  

 

 Feary (2001) observed that this species has a very diverse diet, ranging from isopods, 

chitons, brachyuran crabs, to Errant. The spawning period of the G. capito species runs from July 

to October, with August having the highest percentage of organisms spawning.  Mature males of 
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G. capito turn completely dark during the spawning period (Wellenreuther, 2007; Wellenreuther 

& Clements, 2007). This species, apart from being abundant, is easy to collect and to maintain in 

the laboratory (Montenegro pers. obs.). Thus, these attributes make this a suitable sentinel 

candidate species to be used for assessing responses to pollution in the New Zealand aquatic 

environment.  

 

 
Figure 2. Photo of the triplefin Forsterygion capito. 
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Human impact in New Zealand 
 

New Zealand is well known for its “clean green image”, although this has been adversely 

affected during the last few decades (Biggs, 1989; Coyle & Fairweather, 2005; PCE, 2010; Quinn 

et al., 1997). Since European settlement, water quality has been especially affected, not only by 

deforestation, erosion and flooding, but also by the nutrients and contaminants that are currently 

released into New Zealand waters (PCE, 2012; PCE, 2013). Since 2000, considerable effort has 

been put in monitoring freshwater and marine areas. The main objective is to understand and 

improve the model of water quality by monitoring pollution through asssessing only organic and 

chemical water quality (Davies-Colley, 2013; McBride et al., 2013; Meredith et al., 2003; PCE, 

2013). However, these earlier analyses were not sufficient to make management decisions or to 

guarantee the maintenance or restoration of an aquatic system, because they did not reflect the 

health status of an ecosystem. To complement these analyses, additional work needs to be done by 

utilizing organisms to obtain a clearer understanding of the potential stressors that may affect an 

aquatic ecosystem (Meredith et al., 2003). Adams et al. (2001) supported this need and suggested 

that more effort should be made to develop and validate biomarkers of pollution in New Zealand.  

 

Auckland, which is the most populated city in New Zealand, is located in the North Island. 

The Polynesians migrated to New Zealand in the 14th century, and the Maori people inhabited the 

Auckland isthmus in the Manukau Harbour. Later, the north-east of the Manukau Harbour became 

the habitat of many thousands of Maori. In the early 19th century Europeans arrived, and 

Auckland was demarcated. Auckland City was founded in 1840. Initially the population was 

about 1,500, but soon after it increased near the Mangere inlet at Onehunga and Otahuhu. As the 

population continued to rise the Orakei sewerage system was constructed with an outfall into the 

Waitemata Harbour at 30 metres offshore from Orakei. By 1850 there were many sewerage 

systems that now included the load from industrial activities. This created many spots and streams 

all over the region that overflowed. Thus, from 1850 to the late 1950s untreated domestic and 

industrial effluent was discharged straight into the Waitemata and Manukau Harbours (Glasby, 

1988; Matthews et al., 2005; Williamson & Wilcock, 1994). Mangere Inlet in the Manukau 

Harbour acted as a sink for chemicals, sediments from stormwater, streams, turbid waters from 

meat works, phosphate fertilisers, wool scours, fellmongeries, wood and wood pulp, and woollen 

mills and tanneries (Glasby, 1988; Williamson et al., 1992). Therefore, in the 1960s the Mangere 

treatment plant, known as the Manukau Sewage Purification Works (MSPW) was built, which 
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improved the water quality in the Mangere Inlet as it then released water waste into the outer 

Manukau Harbour, close to Puketutu Island. Although it was an effort to redirect the polluted 

waters, the stormwater runoff from industrial and urban areas remained the major cause of 

pollution in the Manukau Harbour (Glasby, 1988; Matthews et al., 2005). 

 

In 1998, the Auckland Regional Council (ARC) commenced a sediment contaminant 

monitoring programme, known as the Contaminant State of the Environment (SoE) (ARC, 1998), 

to evaluate the distribution and trends of key contaminants in the Auckland region. Then as part of 

the Regional Discharges Project (RDP), the ARC slightly changed the SoE to complete the aims 

of the RDP, whose main interest was to compare concentration measurements using the 

environmental response criteria (ERC) to subsequently assess the environmental quality in coastal 

marine areas. The ERC was categorized according to the following conditions: green represented 

places with a low impact, amber showed signs of degradation, so management actions should be 

taken promptly to avoid further degradation, while red were sites highly impacted, meaning 

significant degradation had occurred, so remediation would be more limited (ARC, 2004). 

 

In 2012, Mills and collaborators reported high contaminant concentrations in 13 sites 

(16%) in the Auckland region (7 sites from Central Waitemata, and 6 from Tamaki Estuary). The 

Central Waitemata Harbour and Tamaki Estuary presented the highest proportions in the amber 

and red ERC range, showing that those are potentially the most biologically impacted 

environments. In relation to the reference sites, Big Muddy Creek in the Manukau Harbour and Te 

Matuku Bay in Waiheke island, for instance, were considered as reference sites in the 11-year 

monitoring programme plan of the Auckland Regional Council. Te Matuku Bay is located near a 

tidal channel that is considered a reference site because it is a moderately undeveloped rural area 

with pasture land and few urban activities. It has been categorized as green in the contaminant 

status, with no major changes over the time (Mills et al., 2012). 

 

In 2015, the ARC reported a summary of the contaminant status monitoring programme 

giving the results from 2009 to 2013 in which 62% (78 sites) were declared green, 26% were  

amber (25.6%), and 12% (15 sites) were flagged as red. Green sites tend to be rural and less 

developed sites with a low load of urban stormwater, whereas those areas that were highly 

contaminated in the region tended to be muddy estuaries and tidal inlets polluted by runoff from 

heavily urbanised and industrialised catchment areas. The most impacted areas reported were 
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Central Waitemata and the Tamaki Estuary (ARC, 2015). The major concerns in marine waters 

have been high levels of heavy metals (copper, lead and zinc) and some organics contaminants 

such as PAHs.  

 

In 2010 it was reported that around one-third of the national population had settled in the 

Auckland region and the city continues to be increasingly urbanised, creating highly impacted 

areas (ARC, 2010). The last census indicated that the population of Auckland was 1.4 million in 

2013 and is expected to reach 2 million in 2033 (Stats NZ: https://www.stats.govt.nz/). As a 

consequence, pollution will probably increase. Therefore, the coastal city of Auckland was an 

appropriate place to assess the impact of pollution on marine waters. The native species F. capito 

was proposed as a potential bioindicator to monitor pollution in New Zealand coastal areas using 

a variety of the biomarkers of pollution.  
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Statement of the research 
 

Thesis Objectives 
 

The overall aim of this thesis is to develop and validate methodologies using native fish as 

bioindicators of environmental health to assess the impacts of marine pollution. This approach 

uses a series of molecular, histological and physiological measurements in the triplefin F. capito 

to evaluate their health status in different sites in Auckland, New Zealand testing the hypothesis 

that this species is a good indicator of pollution. In addition to this, a novel alternative to assess 

pollution without harming the animals through the analysis of bacteria present in the skin mucus 

of this species was developed. The outcomes will create a framework that can be used to assess 

the marine water health of New Zealand.  

 

Thesis structure 
 

This thesis is presented in four data chapters which includes information obtained in 

laboratory (development of molecular biomarkers) and in the field (assessing biomarkers of 

exposure and biomarkers of effects). In addition to this, it was developed a new potential method 

to assess pollution for monitoring without harming the fish. 

 

Chapter one.  
 

General Introduction 

 
Chapter two.   

 

This chapter took place in the laboratory and utilized the induction of cyp1a, mt, vtg and 

cyp19b genes by injecting sub-lethal single doses of four groups of contaminants; organics, 

metals, EDCs, and pesticides into the triplefin F. capito. The main aim was to develop molecular 

biomarkers by obtaining the sequences of target genes and designing specific primers for the gene 

of interest. These genes were then assessed in the animals exposed to sub-lethal doses of four 

groups of contaminants to evaluate their molecular responses. This chapter asks: Were there any 

responses to particular groups of contaminants in the laboratory after the injections? What 

are they? 
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Chapter three.   
 

This chapter assessed the molecular biomarkers of exposure (cyp1a, mt, vtg, and cyp19b) 

developed in chapter 2 and compared the results of metals and PAHs measured in fish tissue 

collected in contaminated sites and reference sites around Auckland. Gonads stage was included 

in order to confirm vtg and cyp19b results. The main aims were: (a) to evaluate the molecular 

markers of cyp1a, mt, vtg, and cyp19b responses in triplefin F. capito living in different sites in 

Auckland and (b) to evaluate the strength of associations between transcriptional responses and 

chemical measurements (metals and PAHs) in this fish species. This chapter asks: Does the 

expression of these genes respond to pollution in the field? 

 
Chapter four.   

 

This chapter assessed the histological and somatic index status (biomarkers of effects) in 

different sites around Auckland. Main aims were: (a) to assess lesions in gills and liver (including 

parasites), and presence of hermaphroditism in gonads of F. capito. (b) to evaluate a somatic 

index in this fish species, and (c) to evaluate the strength of association between these biomarkers 

of effects and values of metals in F. capito to establish any potential relationship. This chapter 

asks: Can the lesions and somatic values be associated with pollution?  

 

Chapter five.   
 

This chapter was an assessment of a non-invasive method using fish skin mucus (bacteria) 

from F. capito in different sites around Auckland. The main aims were: (a) to develop a 

methodology to obtain reliable quantity of DNA from fish skin mucus (bacteria) (b) to compare 

the bacterial community from different sites of Auckland using different indices of microbial 

diversity (c) to determine any dominant bacterial biomarkers differing in relative abundance 

between different sites, and (d) to evaluate any association between these bacterial biomarkers 

and values (metals and PAHs) obtained from the fish species to be used as a potential bioindicator 

of pollution. This chapter asks: Can the bacterial communities from fish skin mucus be used 

as a bioindicator of pollution? 

 

Chapter six.  
 

General Discussion 
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Chapter two: Expression of cyp1a, mt, vtg, and 
cyp19b genes in the triplefin Forsterygion capito: a 
potential tool to assess marine aquatic pollution 
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Introduction 
 

The increasing level of anthropogenic stressors continues to place pressure on receiving 

environments and there remains a need to develop effective methodologies to characterise and 

manage the impacts of pollution particularly on coastal ecosystems (Bodin et al., 2004; Halpern et 

al., 2008; Lotze et al., 2006). Current monitoring programs are mainly based on chemical analysis 

and more biological effects-based approaches are needed to better assess the risk these chemicals 

pose to ecosystem health (Adams et al., 2000; Adams et al., 2001; van der Oost et al., 2003).  

 

The development of useful biomarkers to detect sub-lethal changes in organisms related to 

contaminant toxicity is increasing worldwide (McCarty et al., 2002; Parmar et al., 2016). To 

identify useful biomarker organisms and genes, laboratory studies must be performed to validate 

their specificity to inform on contaminants of interest (McCarty et al., 2002). Summers et al. 

(1997) stated that when using pollution bioindicators, first it is necessary to obtain adequate 

information to support and evaluate their potential effectiveness in laboratory tests prior to their 

use in field studies. Laboratory studies are therefore required to give a basic understanding of the 

response of any biomarker to specific chemical stressors (dose-response) and confirm the 

relationship between contaminant exposure, biomarker response, and the long-term effects on 

individuals and populations (McCarty et al., 2002; Peakall & Shugart, 1993). 

 

Molecular biomarker development first requires the identification of relevant biomarkers 

for testing. Gene-expression biomarkers (e.g. mRNA markers) have advantages, such as a 

significantly reduced quantity of tissue required (less than 50 mg), compared to that required to 

monitor concentrations of specific enzymes or proteins (García-Reyero et al., 2004). In addition, 

since gene-expression biomarkers focus on the step prior to enzyme or protein production (Piña et 

al., 2007), they provide an early warning signal of contamination (Brouwer et al., 2005). Gene 

expression molecular biomarkers are a relatively modern way to assess the responses of 

organisms to specific groups of contaminants through the expression of target genes. 

 

Well-recognised target genes to monitor pollutant biological toxicity include the 

cytochrome P450 (cyp1a), metallothionein (mt), vitellogenin (vtg), and cytochrome P450 

aromatase (cyp19b) genes. The cyp1a gene encodes the cytochrome P450 mixed-function oxidase 

system which is involved in the metabolism of xenobiotics (Josephy & Mannervik, 2006). It is 
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considered a useful and sensitive biomarker to assess organismal exposure to polycyclic aromatic 

hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and polychlorinated dioxins, furans, 

drugs, and pesticides (Scott, 1999). The gills and particularly the liver, due to its role in 

contaminant transformation and metabolism, are target organs frequently used to examine cyp1a 

gene expression (Livingstone & Goldfarb, 1998; Williams & Hubberstey, 2014; Wong et al., 

2001; Yeung et al., 2003). 

 

Metallothionein (MT) is a protein widely used to monitor metal contamination, primarily 

due to its importance for the control of oxidative stress responses (Ruttkay-Nedecky et al., 2013; 

Wu & Chen, 2005). Consequently, metallothionein (mt) gene expression can be used to evaluate 

early warnings of metal pollution (Annabi et al., 2012; Knapen et al., 2007; Siscar et al., 2013; 

Tlili et al., 2010). MT levels have been reported in several organs (Gerpe et al., 2000; Zafarullah 

et al., 1989). but high mt mRNA levels are perhaps most commonly reported in the brain and 

liver, for example in the tissues of winter flounder, Pseudopleuronectes americanus (Chan et al., 

1989) and in Atlantic cod Gadus morhua (Hylland et al., 1994). MT can also be regulated by 

external stressors including water temperature, by internal stressors such as glucocorticoids, or by 

species, age, and sex (Andrews, 2000; De Boeck et al., 2003). The expression of mt has been 

assessed in fish exposed to the female sex hormone 17β-oestradiol (E2) since MT induction in the 

liver might be involved in the sexual maturation of fish; this is by altering the levels of MT as a 

consequence of homeostasis of internal zinc levels (Andrews, 2000; De Boeck et al., 2003; Olsson 

et al., 1989). To confirm the reliability of mt gene expression as an indicator of metal pollution, 

more needs to be understood regarding the impacts of additional factors such as the prevalence of 

xenoestrogens in the environment, to minimise the false reporting of metal toxicity using this 

biomarker. 

 

Vitellogenin (VTG) is a glycophospholipoprotein that is involved in egg-yolk production 

in females. The vitellogenin gene (vtg) is expressed in the liver of adult female fish (Burki et al., 

2006; Denslow et al., 1999). However, levels of VTG in male and immature fish are commonly 

associated with exogenous oestrogens that mimic 17β-oestradiol to induce VTG synthesis. 

Therefore, vtg expression in the liver of male and immature fish has been used as a biomarker for 

endocrine disrupting chemicals, or EDCs (Greytak et al., 2010; Sumpter & Jobling, 1995). 

Another potential target of EDCs in fish is the aromatase CYP19 enzyme in brain. Solé et al. 

(2003), stated that some xeno-oestrogens can alter the activity of the cytochrome P450 aromatase 
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in both sexes, up-regulating this activity whereas other xeno-oestrogens can modify the hormone 

metabolism. Some authors have indicated that in sites with high EDC loads the expression of 

aromatase was up-regulated in males (cyp19b) (Bizarro et al., 2014). For these reasons, vtg and 

cyp19b genes have been commonly used for this group of contaminants. 

 

 Fish are extensively utilised as bioindicators (Gibbons et al., 1998; Gibson, 1969; van der 

Oost et al., 2003), but to date most studies have focused on freshwater species (Oh et al., 2009) or 

migratory species (Scott, 2001). Triplefins in contrast are blennioid fishes, displaying common 

behaviour amongst blennioids of sedentary or territorial behaviour and a strong association with 

their microhabitat (Gibson, 1969; Gonçalves & Faria, 2009). 

 

The Family Tripterygiidae includes 164 species found worldwide in tropical and temperate 

marine waters, with their distribution even extending into the Antarctic Peninsula (Fricke, 2009). 

We chose to study Forsterygion capito as a biological indicator of marine pollution since this 

species exhibits very sedentary territorial behaviour and is abundant in harbours, and sheltered 

bays throughout New Zealand (Clements, 2003; Francis, 2001; Stewart & Clements, 2015). Due 

to the limited movement of individual fish, it is believed that their health status will reflect the 

health of their local environment more so than migratory fish. Thus, it is hypothesized that F. 

capito could serve as a bioindicator for monitoring pollution in coastal areas.  

 

To identify if F. capito could be used as a model organism for marine biomarkers, the first 

objective of this study was to identify appropriate mRNA markers to report on the biological 

response in laboratory experiments; this was done by intraperitoneal (IP) injections of four groups 

of contaminants (PAHs, metals, pesticides and EDCs). Subsequently, we then designed reliable 

primers targeting these genes in F. capito. We chose to expose F. capito to sub-lethal doses of 

benzo[a]pyrene (BaP), zinc sulphate, chloropyrifos (CPF) and E2 to confirm the change in 

expression of cyp1a, mt, vtg, and cyp19b genes. With this knowledge, we sought to evaluate the 

potential utilisation of these biomarkers in future environmental monitoring studies of aquatic 

pollution. 
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Materials and Methods 
 

Fish maintenance 
 

In March 2015, adult Forsterygion capito were collected at low tides at 3-5 m deep 

on the shore of Nelson Port, New Zealand (41°15'S; 173°17'E). Fish were caught using 

Anglers Mate® fish traps (Fishing and Leisure Group, New Zealand), baited with live 

mussel, Perna canaliculus. Traps were retrieved after 10-20 mins. Fish were identified 

according to Clements et al. (2000) and non-target species released. After collection, fish 

were transported to the Cawthron Institute (Nelson, NZ) and immediately treated with 25 

mg/L H2O2 for 1 hour to reduce the risk of disease transfer to the facilities, as requested by 

our Animal Ethics Approval (Cawthron AEC2014 - CAW-03). Fish were placed in two 

large 100 L tanks with rocks and PVC pipes for shelter to simulate their natural habitat. 

Specimens were maintained in fully aerated seawater at 16.9 ± 0.2 °C with a photoperiod of 

12 h light and 12 h dark. Fish were not fed the first day of the collection to let them rest, 

then from the second day, they were fed twice daily on P. canaliculus, white worms 

Enchytraeus albidus and Artemia nauplii. They were acclimated for three weeks in a 

flowthrough system. 

Chemicals  

Benzo[a]pyrene (BaP) (98% purity), 17β -oestradiol (E2) (purity 98%), and corn oil 

were obtained from Sigma-Aldrich, USA. Chlorpyrifos (CPF; O,O-diethyl-O-(3,5,6-

trichloro-2-pyridyl) phosphorothionate (CPF) was obtained commercially from Dursban 

50W, New Zealand. Zinc sulphate (ZnSO47H2O) AnalaR grade, BDH, New Zealand.  

Experimental Design  

In total, 36 fish were used to evaluate cyp1a, mt, vtg, and cyp19b gene expressions 

in F. capito. For control treatment, corn oil was injected at a concentration of 10 mg/kg 

body weight (bw) (Control treatment, Figure 3A). BaP is a PAH that has been widely used 

to study the induction of cyp1a gene expression (Sinha et al., 2010; Williams & 

Hubberstey, 2014). Additionally, the pesticide CPF has been used to evaluate cyp1a 

expression (Xing et al., 2014). Fish were exposed to sub-lethal doses of BaP or CPF at two 
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different concentrations (1 and 5 mg/kg body weight (bw) (Experiment 1, Figure 3B) and 1 

and 2 mg/kg bw (Experiment 2, Figure 3C), respectively These doses were chosen 

according to previous published studies where cyp1a and other genes were expressed by 

using this pesticide (Bugiak & Weber, 2009; Ferreira et al., 2012; Moreira et al., 2010; Oh 

et al., 2009; Ray et al., 2010; Tripathi & Shasmal, 2010). Zinc was chosen because it is 

well-known as a potent metal inductor of mt mRNA (Cho et al., 2005; Olsson & Haux, 

1986; Zafarullah et al., 1989). In the EDCs group, E2 was chosen as this modifies the 

expression of vtg and cyp19b genes (Davis et al., 2007; Marlatt et al., 2008). 

As multiple genes may have altered expression levels due to the same class of 

chemical (Caballero-Gallardo et al., 2016; Juberg et al., 2013), in this study additional 

expression levels were assessed in fish exposed to E2, and CPF. For example, it was 

demonstrated that mt mRNA levels can be modified in presence of E2 (Thompson et al., 

2001); therefore, mt expression was assessed in fish exposed to E2. It has also been reported 

that some pesticides such as CPF are estrogenic (EPA, 2007) and hence it was evaluated 

whether this pesticide may up-regulate vtg gene expression.  

 

Zinc sulphate and E2 were injected at concentrations of 10 mg/kg bw (Tremblay 

unpublished data) (Experiment 3, see in Figure 3D and Experiment 4 in Figure 3E), 

respectively. Each fish was injected with only one dose of a single contaminant; a 

minimum of five fish were injected with each contaminant at each concentration. 
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Figure 3.Treatments to study the induction of cyp1a, mt, vtg, and cyp19b genes in brain, gills, and 
liver of triplefin Forsterygion capito.  
Sub-lethal single doses injected into triplefin F. capito were calculated by mg/kg body weight (bw) 
to the desired concentrations. (A) Control treatment (corn oil). (B) Experiment 1: Exposure to 
benzo[a]pyrene (BaP). (C) Experiment 2: exposure to chlorpyrifos (CPF). (D) Experiment 3: 
exposure to ZnSO4 (zinc sulphate). (E) Experiment 4: exposure to 17β-oestradiol (E2). Cytochrome 
P450 gene = cyp1a; Metallothionein gene = mt; Vitellogenin gene = vtg; Cytochrome AromP450 
gene = cyp19b. Number of fish used = 36. 
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A stock solution of BaP was diluted in ethanol, CPF and zinc sulphate were diluted 

dissolved in ultrapure water, and a stock solution of E2 was dissolved in corn oil. Prior to 

use, all the stock solutions were adjusted to the desired concentrations by 20-fold dilution 

in corn oil, which was used as the carrier solution for injection.  

 

Prior to the injection, the fish were transferred to a small glass vessel of seawater 

containing the anaesthetic AQUI-S® solution (10 mg/L). Each fish was weighed under 

anaesthesia and the total length measured; weight was used to calculate the volume of 

injection.  

 

Treatments were injected intraperitoneally with a 1 ml sterile syringe and 25 gauge 

needle. The time for each injection was 3-4 seconds. After the injection, specimens were 

submerged in a clean seawater dish to rinse the anaesthetic, and then placed in an oxygen-

rich tank to recover, following the method of Ross and Ross (2009). As soon as the 

specimens showed signs of recovery (fin movement, maintaining neutral buoyancy, fast 

operculum movement approximately 1-2 minutes), they were distributed into seven 

different 40 L tanks in a static system. Each tank had the same oxygen conditions, 

temperature, habitat shelter (rocks and pipes), and a photoperiod of 12 h light and 12 h 

dark. 

 

Sample collection 
 

Fish were not fed for 48 hours after injection to maintain water quality. The fish 

were then caught individually with a small net and immersed in AQUI-S® solution (10 

mg/L) to be sedated; they were humanely dispatched by cutting the spinal nerve cord at the 

junction of the skull and the first vertebra. Fish were measured, weighed, and sexed. The 

liver, gills, and brain were dissected immediately and placed into separate 1.8 ml cryovials 

with 1 ml RNAlaterTM (Qiagen), incubated overnight at 4
o
C and stored frozen at -20

 o
C 

until analysis.  
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 Sample processing  
 

Samples of liver, gills and brain tissue (10-40 mg) were transferred to 1.5 ml 

centrifuge tubes with 0.5 ml of TRIzol® Reagent (Ambion®, Life Technologies, Auckland, 

New Zealand) and were kept for 15 min at -20
 o
C. An additional 0.5 ml of TRIzol was then 

added with three glass beads (2 mm diameter) before samples were individually 

homogenised with a Qiagen TissueLyser II (Germany) for 2 min at a frequency of 30 

agitations per second. Total RNA was extracted using TRIzol according to the 

manufacturer’s instructions and concentrations quantified at A260/A280nm with a 

Nanophotometer (model NP60; Implen, Germany) and stored at -80°C until analysis.  

 

Total RNA solutions were purified from contaminants, including residual DNA, 

using a TURBO DNA-freeTM Kit (Ambion®, Life Technologies, Auckland, New Zealand) 

to eliminate contaminant DNA. For each sample, total concentrations of RNA were 

quantified at A260/A280nm to calculate the quantity needed to prepare copy DNA 

(cDNA). The ratio of absorbance of RNA obtained was between 1.8 and 2.0. cDNA was 

then synthesized with High Capacity cDNA Reverse Transcription kits (Applied 

Technologies, Auckland, New Zealand) using random primers according to the 

manufacturer´s protocol. Thermal cycler conditions were 25°C for 10 min, 37°C for 120 

min, and 85°C for 5 min. The samples were then stored at -20°C. 

 

Primer design and sequences  
 

Primers previously designed for the amplification of cyp1a, mt, and cyp19b gene 

fragments, as well as for the amplification of 18S rRNA and β-actin genes from the 

congeneric triplefin Forsterygion nigripenne (Tremblay unpublished data), were tested for 

their ability to amplify DNA from F. capito. Primers for the amplification of vtg gene 

fragments were designed with Primer3 Software (Untergasser et al., 2012) using the vtg 

nucleotide sequence of F. nigripenne (Tremblay unpublished data) (Table 1). To test the 

ability of these primers to amplify F. capito DNA, we used MyTaqTM Red PCR taq 

polymerase Mix (Bioline) to amplify the cDNA by combining 5 µl taq polymerase, 2 µl of 
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each primer pair (each at 10 µmol concentration), and 1.5 µl cDNA template. PCR 

conditions were 95
o
C for 2 min, followed by 40 amplification cycles of (i) 95

o
C for 30 sec, 

(ii) annealing temperature for 1 min (annealing temperatures for cyp1a and mt gene 

fragments were 55
o
C, 60

o
C for 18S rRNA gene fragments, and 59

o
C for β-actin and vtg 

gene fragments), (iii) 72
o
C for 1 min, and finally 72

o
C for 5 min. Successful amplification 

was confirmed electrophoretically by running the PCR products in 1% agarose gels at 90 V 

for 40 min. PCR products were stained with Sybr® Safe DNA gel (Invitrogen, New 

Zealand) and visualised using a Gel DocTM XR System (Bio-Rad Laboratories USA). PCR 

products were purified with DNA Clean & ConcentratorTM-5 kits (Zymo Research; Ngiao 

Diagnostics Ltd., NZ) and then sent for Sanger Sequencing to the Genomics Centre, 

Auckland Science Analytical Services, at the University of Auckland, New Zealand. 

 

Nucleotide sequences obtained from F. capito were aligned with Geneious Software 

8.05 (Biomatters Ltd., New Zealand), and compared to other genes from ray-finned fish 

using BLASTx (https://ncbi.nlm.nih.gov/blast.cgi). The similarities between the sequences 

obtained from the species studied and of those in the database varied from between 75 to 

99% (Appendix 1). The lengths of the two housekeeping gene fragments were confirmed as 

656 bp and 504 bp, for the 18S rRNA and β-actin genes, respectively. In the case of cyp1a, 

425 bp fragments were obtained; 105 bp for mt; 338 bp for vtg; and 820 bp for cyp19b 

genes (Appendix 2). All the qRT-PCR primers were designed with Primer3 Software 

(Untergasser et al., 2012). Only mt primers were obtained from Tremblay (unpublished 

data) (Table 1). The OligoCalc website (Kibbe, 2007) was used to confirm whether primers 

had no self-dimerization or hairpin structures.  

 

The same cycle protocol mentioned above was used to obtain the PCR products of 

all genes of interest and the housekeeping genes. The annealing temperature for vtg and 

cyp19b was 58°C and the rest of the genes were annealed at 60°C. Each PCR product was 

purified and sent for sequencing to confirm amplification of the genes. Once the sequences 

were confirmed, the cDNA template was used to construct standard curves.  
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For each primer pair, I constructed standard curves from seven dilutions of a cDNA 

template solution to assess PCR efficiency. These were used to calculate the relative 

expression via the method of Vandesompele et al. (2002). An online calculator was used to 

quantify the efficiency of each primer pair (https://www.thermofisher.com/nz) based on the 

slope of the standard curves. Housekeeping genes were used to normalise the quantitative 

PCR cycle threshold (i.e., as a reference value to compare to the numbers of all other 

genes). All qPCR analyses were performed and reported according to guidelines for 

minimum information for publication of quantitative real-time PCR experiments (Bustin et 

al., 2009).  
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Table 1. Primer pairs used to obtain sequences of specific genes of triplefin F. capito and specific primer pairs used in qRT-PCR. 
  

     qRT-PCR    

Gene name Primer (5´- 3´) 
PS 
(bp) AnTº Gene name Primer (5´- 3´) 

PS 
(bp) AnTº E 

GOI    GOI     
Cytochrome P450 
1A Forward: GGACCAAAGCCCCTGCC 425 55 

Cytochrome 
P450 1A 

Forward: 
GACTTCATCCCTCTGCTTCG 184 60 1.82 

 (cyp1a) 
Reverse: 
CYTTGGGAATGAAGTAGCC      (cyp1a) 

Reverse: 
TCCAGCTTCCTGTCTTCACA       

Metallothionein 
Forward: 
ATGGATCCCTGTGACTGCTC  105 60 Metallothionein 

Forward: 
ATGGATCCCTGTGACTGCTC 105 60 1.92 

 (mt) 
Reverse: 
GCAGCCGGAAGCACACTT      (mt) 

Reverse: 
GCAGCCGGAAGCACACTT       

Vitellogenin 
Forward: 
AGCTCATCCAGATGCTTCGT 338 60 Vitellogenin 

Forward: 
CCGTACTCATGTGGCTCTGA 210 58 2.01 

 (vtg) 
Reverse:  
TCAGGGGTTTTTCTTTGCAG    (vtg) 

Reverse: 
AGGGTACCGTAGCCCAGTCT       

Cytochrome P450 
19B  

Forward: 
ATGGAAGATGAAATCGCCGC 820 59 

Cytochrome 
P450 19B  

Forward: 
TGAGCTCATCTTTGCCCAGA 235 58 1.88 

(cyp19b) 
Reverse:  
GCTGTGGTGGTGAAGGAGTA   (cyp19b) 

Reverse: 
ACTCTCCAGCACCTTCAGAC       

HKG      HKG         

18S rRNA 
Forward: 
CACTCCCGACTCGGGGAGG 656 55 18S rRNA 

Forward: 
CCCCTCGATGCTCTTAACTG  208 60 1.88 

 
Reverse: 
 GGCATCAGACCTGTTATTGC   

Reverse: 
ACCTCTAGCGGCACAATACG    

β-actin 
Forward: 
ATGGAAGATGAAATCGCCGC 504 55 β-actin 

Forward: 
GGGAATGGGTCAGAAGGACT 250 60 1.99 

 
Reverse:  
GCTGTGGTGGTGAAGGAGTA   

Reverse: 
GGGGTGTTGAAGGTCTCAAA    

        
GOI=Gene of interest; HKG = Housekeeping genes; PS = Product size; AnTº = Annealing temperature; E = Efficiency



33 
 

Real time quantitative polymerase chain reaction of biomarker gene expression 
 

Quantitative real-time Polymerase Chain Reaction (qRT-PCR) was performed using 

an ABI 7900 HT Real Time thermocycler (Applied Biosystems, USA). Each reaction 

contained 10 µl SYBR®Green PCR Master Mix (Applied Biosystems), 0.5 µl each of the 

forward and reverse primers (10 µmol), 8 µl of MQ water, and 1 µl of template cDNA 

(previously diluted 1:10) following the manufacturers protocol (1 cycle at 95°C for 10 min, 

and 40 amplification cycles at 95°C for 15 s, and 60°C for 1 min). Amplifications were 

carried out in triplicate in 384-well plates using an Eppendorf epMotion 5073 liquid 

handling robot (New South Wales, Australia). The same amplification conditions were used 

to amplify cDNA from each of the four gene regions and the two housekeeping genes 

studied. Two negative controls were included for each gene amplified to confirm no DNA 

cross-contamination: one water control and the other an RNA control (i.e., where the 

DNAase-treated RNA were added as the template to ensure no residual DNA 

contamination), all previously diluted 1:10.  

 

Statistical Analyses 
 

To determine the relative quantity of cyp1a, mt, vtg, and cyp19b genes, cycle 

threshold (ct) values for these were compared to results generated from the 18S rRNA and 

β-actin housekeeping genes. We then calculated geometric average ct values for both 

housekeeping genes before generating normalised relative expression values for each 

biomarker gene, which were calculated according to the method of Vandesompele et al. 

(2002). To calculate relative expression, the values of each comparison for all controls in 

this study were defined as 1. In experiments 3 and 4, fish control females were defined as 1 

in each comparison. Normalised relative quantification (NRQ) results were expressed as the 

mean ± S.E.M. 
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NRQ data were transformed (log base 2) to fulfil the requirements of normal 

distribution and the homogeneity of variances for parametric tests. If the requirements were 

not met non-parametric analyses were performed. For comparison between the two groups, 

Student’s t test or Mann-Whitney analysis were performed. One-way ANOVA or Kruskal–

Wallis tests were used to compare differences between treatments. The Dunnett test 

(parametric) or Dunn’s pairwise test (non-parametric) were performed a posteriori test 

(p<0.01).  
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Results   
 

Treatments 
 

No animals perished during the exposure to the contaminants. Adult F. capito 

(mean body length ± standard deviation, 7.56 ± 0.34 cm; mean body weight ± standard 

deviation, 7.18 ± 0.29 g, n= 36). 

 

Responses of cyp1a gene expression to BaP exposure and CPF exposure 
 

To determine whether the relative expression of cyp1a differed between treatments 

in both organs, non-parametric analyses were carried out. The Kruskal-Wallis test showed 

statistically significant differences between treatments in the liver (Figure 4A; H2,15 =6.74; 

p=0.03) and in gills (H2,15 =8.30; p=0.02). The expression of cyp1a in the liver in fish 

exposed to 1 mg/kg bw BaP was four times higher compared to that in the controls (a 

posteriori test, p<0.01), and in gills was one fold down-regulated in fish exposed to 5 

mg/kg bw BaP compared to the controls (a posteriori test, p<0.01). In general, it can be 

seen that the expression of cyp1a was down-regulated in the gills by these concentrations, 

and the liver was the most sensitive organ for detecting sub-lethal doses of BaP in F. 

capito. 

The level of cyp1a mRNA in the liver of fish exposed to CPF at two concentrations 

of 1 mg/kg bw and 2 mg/kg bw showed no apparent changes between treatments in this 

species (Figure 4B; F2,12=2.24; p=0.15). 

 

Responses of mt gene expression to zinc sulphate exposure and E2 exposure 
 

No significant difference in mt mRNA was detected in the brain or the liver of fish 

exposed to zinc sulphate at 10 mg/kg bw (t(8)=0.40, p=0.69), and (t(8)=0.48, p=0.65) 

respectively (Figure 4C). 

The concentration of E2 (10 mg/kg bw) injected into F. capito modified levels of mt 

mRNA in male fish (Figure 4D; t(3)=3.44, p=0.04). Thus, levels of mt mRNA in males 

exposed to E2 were five-fold greater when compared to male controls. 
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Responses of vtg gene expression to E2 exposure and CPF exposure 
 

The relative expression of vtg increased significantly in male fish exposed to E2 

(Figure 4E; t(3)=7.03, p=0.01), the vtg mRNA levels in males exposed to E2 were more 

than nine-fold higher compared to males in the control group. In females, the expression of 

vtg was two fold higher compared to females in the control group but no significant 

difference was detected. 

  

The relative expression of vtg in fish exposed to different concentrations of CPF 

revealed not significant increase in expression in females nor in males exposed to this 

pesticide (F2,3=1.20; p=0.42), (F2,6=2.24; p=0.19); however, the expression of vtg in 

females was three-fold higher compared to the males (Figure 4F). Thus, it can be seen that 

the expression in females was in general higher than in males. 

 

Responses of cyp19b exposed to E2 in the brains of F. capito 
 

The relative expression of cyp19b in fish after exposure of E2 showed significant 

differences between treatments in females (t(4)=3.02, p=0.04). Female fish exposed to E2 

showed a four-fold increase of cyp19b mRNA levels in the brain compared to controls, but 

males had only slightly increased cyp19b mRNA levels in the brain compared to controls 

(t(3)=0.36, p=0.74).  
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Figure 4. Normalised relative gene expression in response to four classes of chemicals in triplefin 
Forsterygion capito.  
(A) Expression of cyp1a in liver exposed to benzo[a]pyrene (BaP) at doses of 1 and 5 mg/kg body weight 
(bw). (B) Expression of cyp1a in liver exposed to chlorpyrifos (CPF) at doses of 1 and 2 mg/kg bw. (C) 
Expression of mt in liver and brain exposed to ZnSO4 (zinc sulphate) at a dose of 10 mg/kg bw. (D) 
Expression of mt in liver of female and male exposed to 17β-oestradiol (E2) at a dose of 10 mg/kg bw. (E) 
Expression of vtg in liver of female and male exposed to CPF at doses of 1 and 2 mg/kg bw. (F) Expression of 
vtg in liver of female and male exposed to E2 at a dose of 10 mg/kg bw. (G) Expression of cyp19b liver of 
female and male exposed to E2 at a dose of 10 mg/kg bw. Control treatment = corn oil. Values represent the 
mean ± S.E.M. (A) Cytochrome P450 gene = cyp1a; Metallothionein gene = mt; Vitellogenin gene = vtg; 
Cytochrome AromP450 gene = cyp19b. Means that do share the letter a are significantly different (p<0.05). 
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Discussion 
 

In the present study, four mRNA biomarkers were successfully developed for use in F. 

capito: cyp1a, mt, vtg, and cyp19b; using four major groups of contaminants (PAHs, metals, 

EDCs and pesticides). Those biomarkers were then tested in several short laboratory experiments 

to assess the responses of fish to the chemicals, and clarify the possibility of each being used in 

field studies. In general, promising results were generated, especially relating to cyp1a and vtg 

gene expression in F. capito. As previously demonstrated by Piña et al. (2007), we confirm the 

analysis of molecular biomarkers using methods such as qRT-PCR methods as being sensitive and 

reliable tools that can be used as an early indication of pollution.  

 

  In this study, the cyp1a biomarker in F. capito was up-regulated in the liver after the 

injection of BaP into the fish. The present results are concordant with other studies, which state 

that the liver is the target organ for cyp1a expression in response to PAHs (Courtenay et al., 1999; 

Oh et al., 2009; Zapata-Pérez et al., 2002). It is important to consider that gills are the first organ 

in contact with potentially contaminated water. Our results need to be interpreted cautiously when 

we perform studies in the field, and when we compare toxicological effects administered via 

different routes as in here by IP; this was pointed out by Hamilton and Mehrle (1986). 

Nevertheless, we can confirm that the liver of this species showed differences by up regulating the 

cyp1a mRNA levels. 

 

In the case of CPF, the relative expression of the cyp1a gene was not significant at the 

doses tested. This is in contrast to results of Somnuek et al. (2012), where catfish Clarias 

gariepinus exposed to CPF demonstrated a dose-dependant response of cyp1a induction at the 

transcriptional level after 24 and 48 h of exposure.  We propose an increased dose of this pesticide 

may be required to elicit a response of cyp1a in this species, as this gene is known to be expressed 

in response to the detoxification of organic pollutants such as pesticides (Somnuek et al., 2012), 

and F. capito inhabits areas that are likely to encounter pesticides in water run-off. 

 

Since the relative mRNA levels of mt did not differ between organs in fish subjected to a 

sub-lethal dose of zinc sulphate, it is suggested that liver tissue be used in future studies of aquatic 

monitoring, due to the relative ease in removing and manipulating this organ from F. capito 

compared to brain tissue. MT mRNA can be affected by metals, temperature, glucocorticoids, 
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oxidative stress, and reproductive stage (Andrews, 2000; Hermesz et al., 2001; Kelly et al., 

1997;Van Cleef et al., 2000; Wang et al., 2014; Werner, 2006). Olsson et al. (1987) suggested that 

induction of MT in the liver is involved during sexual maturation in fish. Specifically, these 

authors observed an increase of hepatic MT levels during vitellogenesis in rainbow trout 

(Oncorhynchus mykiss). In addition, they reported that zinc levels increased in association with 

the rise of MT in the females. The sex hormone E2 is an important endogenous oestrogen in the 

liver of adult female fish, and controls the expression of specific genes such as vtg (Burki et al., 

2006). When vtg mRNA is induced, the production of vitellogenin requires zinc as a cofactor. 

Thus, zinc is important for many enzymes and is re-distributed within the liver. During the 

vitellogenesis process, MT synthesis occurs by increasing MT levels because of the zinc 

homeostasis (Olsson et al., 1989). In our study, female fish injected with E2 showed a similar 

relative expression as the female control, but not in the case of males, in which the hepatic 

expression of mt was up-regulated compared to control males. Our results are similar to those of 

Thompson et al. (2002), who reported that fish treated with E2 did not increase hepatic mt mRNA 

levels in mature female squirrelfish. Similarly, in another study, Thompson et al. (1999) injected 5 

mg/kg of E2 into squirrelfish and reported that E2 did not cause a significant increase in mt mRNA 

levels in the females. Werner et al. (2003) found that levels of mt were reduced in both sexes of 

lake trout, Salvelinus namaycush, that had been exposed to E2. In the case of male F. capito, 

which showed the highest mt mRNA levels compared to controls, we found no evidence to 

support this finding.  However, it is suggested that males from this species are sensitive to E2 and 

might alter their endocrine system to up-regulate mt mRNA levels in response to zinc 

homeostasis. Thus, it is proposed that more studies should be carried out to understand the full 

progression and details of this physiological process. Thompson et al. (1999) found in a field 

study that an increase in mt mRNA levels in the livers of squirrelfish during sexual maturation 

was followed by a drastic drop in mt mRNA levels in the ovaries at the onset of ovarian 

development. It is therefore also important to consider the sexual stage of F. capito when mt 

mRNA levels are evaluated in field studies.  

 

The vtg mRNA marker in our study increased by two-fold in females exposed to 10 mg/kg 

bw E2, compared to controls. However, in males, vtg mRNA levels were expressed more than 

nine-fold compared to controls. These results are consistent with those from Costa et al. (2010b), 

who used the freshwater catfish Rhamdia quelen. They observed varying vtg expression at 

different concentrations of E2 in females and a higher expression in males with the same injection 
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dose as our study. It was proposed by Costa et al. (2010b) that the expression of vtg may be dose-

dependant, and so a limitation of our study was that only a single dose of E2 was assessed. In this 

study, E2 influenced the induction of vtg in both sexes of F capito. Male fish in particular were 

highly sensitive, as indicated by an up-regulation of this gene. These results led us to inquire 

further about the responses of this fish when in contact with chronic exposure to oestradiol, 

xenoestrogens or to stronger oestrogens such as ethynylestradiol, as shown in work by Folmar et 

al. (2002) with the fish species Cyprinodon variegatus. Therefore, for F. capito it is suggested that 

vtg is a sensitive molecular biomarker, especially in males, and could be a useful tool to assess 

responses to EDCs in F. capito, although, for future studies including different concentrations of 

E2 as well as to including xenoextrogens to support this finding is recommended.  

 

The response of vtg to exposure to CPF was different to that observed for E2. The vtg in 

females was up-regulated, but it was not the case in males where they presented no significant 

changes in the expression of this gene at either of the two doses chosen. We propose looking at 

the potential impact of the hormonal changes in a long-term exposure of this CPF in female F. 

capito. Our results in males are partially in agreement with Juberg et al. (2013), where they 

demonstrated that CPF did not alter the endocrine system in fathead minnow (Pimephales 

promelas). We suggest that more studies should be conducted in organisms inhabiting areas 

where they are likely to be exposed to pesticides, such as those inhabited by this species of 

triplefin. As we found high expression levels of vtg in females exposed to CPF in this study, we 

cannot disregard the idea that other pesticides could have similar molecular responses in females 

only or in both sexes. 

 

In our study, female fish exposed to E2 responded with a four-fold increase in cyp19b 

mRNA levels in the brain compared to controls. Males exposed to the same dose did not show a 

response of the same magnitude, and instead only had slightly increased cyp19b mRNA levels in 

the brain compared to controls. Similar results were found by Shanthanagouda et al. (2013), 

where they reported an increase of cyp19b expression in the brains of female fish at different 

doses up to 24 hours after exposure; however, they found reduced cyp19b expression in the male 

brain, which implied the activation of a negative feedback mechanism following exposure to E2. 

According to these authors, the different responses of cyp19b in the brain tissues of both sexes 

would be a more valuable biomarker of exposure to oestrogenic compounds, compared to the vtg 

biomarker that can detect exposure to EDCs only as an expression in males. In our study, the 
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expression of this gene only increased marginally in response to E2 in males 24 hours from 

injection (acute exposure). These results indicate that more studies need to be conducted to fully 

understand the mechanism acting on this gene in males of this species. We suggest assessing this 

gene in fish subjected to chronic exposure of EDCs such as in the field, and comparing our 

findings to those results. 

 

IP is a fast technique to induce the expression of target genes but may not necessarily 

simulate the same biological response as direct exposure to contaminants in the field (Banni et al., 

2011). Nevertheless, this was our first approach in evaluating the dose-response of these 

biomarkers experimentally using a qRT-PCR method. This qRT-PCR technique was highly 

sensitive; we were able to evaluate the expression levels of different genes with the same 

contaminant such as pesticides, knowing that in the natural environment mixtures of contaminants 

are common, making interpretation in the field more complex. Thus, our results give a general 

idea how the expression of this gene in this species could be different in field studies. 

 

In recent years, attention has been called to blennioid fish as having good potential to be 

used to assess worldwide aquatic pollution (Barhoumi et al., 2012; Ferreira et al., 2009; Santos & 

Monteiro, 2017). Triplefin fishes are found in tropical and temperate areas in marine waters.  This 

wide range of habitat diversity makes triplefins in general an interesting group to be used in 

monitoring studies. F. capito in particular is a small blenniod fish, easy to collect, has highly 

settled behaviour, and inhabits highly impacted areas such as ports, bays, and harbours.  These 

characteristics make this species a good sentinel candidate. 

 

In our study, we were able to develop molecular biomarkers for organic pollutants (PAHs 

and pesticides), metals, and EDCs. In the cyp1a gene, the liver was identified as a sensitive organ; 

liver is also suggested to be used for mt gene assessment as it is easy to obtain the organ. In 

addition, for mt analyses in the field, we recommend considering the reproductive stage of this 

species. The vtg gene in male F. capito was shown to be a strong marker for the presence of E2. In 

the case of the cyp19b gene, more studies need to be performed but we suggest evaluating this 

gene in the field (chronic exposure) and comparing results from this study (acute exposure) in 

both sexes. 
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Thus, due to the sedentary habits of this species, our development of four mRNA 

biomarkers from this species, and our series of preliminary experiments, we suggest F. capito 

would be a good bioindicator of pollution in field studies where the molecular biomarkers cyp1a, 

vtg, mt, and cyp19b could be assessed in response to different groups of contaminants. 

 

Conclusions 
 

The results of this experimental study contributed to validating the use of the triplefin fish 

F. capito as a sensitive species in response to different groups of chemicals in which liver tissue 

was a reliable organ, especially in the expression of cyp1a and vtg in males. Therefore, these 

preliminary results suggest that F. capito could be used to assess responses of pollution in field 

studies where cyp1a, vtg, mt, and cyp19b could indicate the likely levels of different groups of 

contaminants. Since triplefins are found worldwide in coastal waters, these fish may have the 

potential to be used in biomonitoring studies assessing near shore pollution across a large 

geographic range. 
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Chapter three: Evaluation mRNA levels in 
triplefin F. capito inhabiting contaminated sites in 
Auckland, New Zealand 
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Introduction 

 

Marine coastal pollution is caused both directly and indirectly by human activities, 

affecting marine life (Vikas & Dwarakish, 2015). Considerable efforts have been made to devise 

appropriate monitoring programmes to assess the potential risk of marine contaminants and to 

create effective pollution management plans (Gonçalves et al., 2013). Monitoring programmes are 

mainly based on the chemical analysis of sediments, water, and marine organisms, but these 

measurements do not reflect the health status of organisms in their habitats (Yevich & Yevich, 

1994). This has increased interest in incorporating biological monitoring into assessment 

programmes (Goodwin et al., 2017; Reed et al., 2010; van der Oost et al., 2003). Reed et al. 

(2010) indicated that the incorporation of biological assessment tools in these programmes could 

identify the presence and impact of specific contaminants, or groups of them, in the aquatic 

environment. This information may be used to improve national and international marine 

pollution management programmes. 

 

Biomarkers are body fluids, cells, or tissues from an organism that respond in some 

predictable way when exposed to certain environmental conditions (Bodin et al., 2004; Huggett et 

al., 1992). Changes in the structure or function of molecular biomarkers (i.e. DNA or RNA) can 

be utilised as a sign of chemical exposure and give an insight into the effects of or susceptibility 

to diseases (Wirgin & Theodorakis, 2002). Recent developments in molecular biomarkers include 

the creation of gene expression biomarkers, in which the up- or down-regulation of gene 

expression in response to certain environmental conditions can inform on the exposure of the 

organism to certain environmental conditions. They have several advantages, such as the 

significantly reduced quantity of tissue required to analyse an enzyme or protein of interest, 

compared to that typically required for the chemical analysis of trace-levels of contaminants 

(García-Reyero et al., 2004; Quirós et al., 2007). They also provide an early warning of more 

advanced problems of contamination because mediation of gene transcription is rapid, occurring 

before other physiological and biological changes may be observed (Fent & Sumpter, 2011). Gene 

expression molecular biomarkers are modern tools that can be used to assess the effects of 

specific groups of contaminants through the expression of target genes (Cocci et al., 2018; Gold-

Bouchot et al., 2017; Maes et al., 2013). 
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Perhaps the most serious contaminants found in marine waters are metals, organic 

contaminants [pesticides, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyl 

(PCB)], and endocrine disrupting chemicals (EDCs) such as xenoestrogens, which can mimic the 

role of natural oestrogens to alter endocrine systems (Amiard-Triquet et al., 2012; Sumpter & 

Jobling, 1995). Well-known genes that are associated with these groups of contaminants include 

metallothionein (mt), cytochrome P450 (cyp1a and cyp19b), and vitellogenin (vtg). 

Metallothioneins are a group of proteins widely used to monitor metal contamination since they 

have the ability to bind both metals via their thiol group of cysteine residues. Consequently, mt 

gene expression has been widely used to generate early warnings of pollution (Annabi et al., 

2012; Knapen et al., 2007; Siscar et al., 2013; Tlili et al., 2010). Similarly, the expression of 

cyp1a genes, which encode the principle cytochromes P450 for the bioactivation of PAHs and 

other chemicals is a useful and sensitive biomarker for PAHs, PCB, polychlorinated dioxins, 

furans, drugs, and pesticides (Scott, 1999). The cyp1a gene is mainly expressed in the liver 

(Courtenay et al., 1999; Ortiz-Delgado et al., 2008), including in the triplefin Forsterygion capito 

(Chapter 2). However, similar to the mt gene, the expression of cyp1a is associated with external 

factors water temperature, and with internal factors such as glucocorticoid levels, species, age, 

and reproductive stage (Addison & Willis, 1982; De Boeck et al., 2003; Olsson et al., 1990; 

Sarasquete & Segner, 2000). In the specific case of EDCs, vtg expression in male and immature 

organisms has been used as a biomarker for the presence and toxicity of exogenous oestrogens 

(Greytak et al., 2010; Sumpter & Jobling, 1995). Another potential target of EDCs is the 

aromatase CYP19, a member of the cytochrome P450 superfamily of hemoproteins. When these 

types of contaminants are present, they can enhance or suppress the expression of this gene, 

altering the normal ratios of androgen:oestrogen; subsequently, this steroid imbalance could 

produce reproductive abnormalities in organisms (Contractor et al., 2004). 

 

Fish have long been regarded as suitable bioindicator organisms for study of aquatic 

pollution (Gibbons et al., 1998; van der Oost et al., 2003). Fish are considered good sentinels 

because they are at the top of the food chain and hence are prone to the impacts of 

bioaccumulating toxicants (Adams et al., 1993; Sedeño-Díaz & López-López, 2012). Several 

authors have suggested the use of small fish as a sentinel species in biomonitoring studies. Small, 

non-migratory fish species increase the possibility that their responses will reflect the conditions 

of the local environment (Gibbons et al., 1998) One group of fish of particular interest are the 

blennioids, territorial fish that typically have a strong association with their microhabitat 
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(Gonçalves & Faria, 2009). Blennioids of the Family Tripterygiidae include 164 species and are 

found worldwide in tropical and warm temperate marine water, even extending into the Antarctic 

Peninsula (Fricke, 2009). F. capito is a small territorial triplefin species endemic to sheltered 

bays, and harbours of New Zealand (Clements, 2003; Francis, 2001; Stewart & Clements, 2015). 

These attributes make this a suitable sentinel species to be used to assess their responses to 

pollution in the New Zealand aquatic environment.  

 

In the Auckland region, levels of PAHs and heavy metals in the marine environment are of 

particular concern (ARC, 2010; ARC, 2015; Kelly, 2008; Kelly & McMurtry, 2004; Mills, 2014; 

Stewart et al., 2013). Auckland Regional Council (2010) reported that in 2006 around one-third of 

the national population had settled in the Auckland region and the city continues to become 

increasingly urbanised, creating contaminated areas such as the Waitemata Harbour (ARC, 2010; 

ARC, 2015). This harbour is widely used for commercial transport and leisure boating (ARC, 

2015; Stewart, 2006). Another impacted area is the Manukau Harbour, the second largest harbour 

in New Zealand. To the north of this harbour is the Mangere Inlet, which has high levels of heavy 

metals, PAHs, and organochlorines; this sector is considered the most industrialised part of New 

Zealand (Kelly, 2008; Mills, 2014; Mills et al., 2012; Williamson et al., 1992; Williamson & 

Wilcock, 1994). In the eastern part of Auckland is the Tamaki Estuary, the third largest body of 

water located around Auckland City, which is in a severely polluted and highly populated area 

(Abrahim & Parker, 2002; Abrahim et al., 2007; Abrahim & Parker, 2008; ARC, 2015; Mills, 

2014).  

 

Based on this information, I hypothesise that F. capito inhabiting contaminated sites 

around Auckland are more susceptible to a mixture of contaminants at subcellular levels. Thus, 

the main objective of this study was to evaluate the molecular markers of cyp1a, mt, vtg, and 

cyp19b responses in F. capito living in different areas of Auckland. The second objective was to 

evaluate the strength of associations between transcriptional responses and chemical 

measurements (metals and PAHs) in F. capito. With these data, we consider the potential 

utilisation of these molecular biomarkers in F. capito for use in future aquatic environment 

monitoring programmes.  
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Materials and Methods 

 

Study area and sampling 

 

Fifteen adult F. capito were collected in April 2016 from each of eight sites in Auckland, 

New Zealand (Figure 5). Four sites were selected as contaminated, and four as reference sites. 

The impacted sites were categorised according to the elevated concentration of metals and PAHs 

reported (ARC, 2010; ARC, 2015; Kelly, 2008; Kelly & McMurtry, 2004; Mills, 2014; Stewart, 

2006; Stewart et al., 2013). Two sites were selected in the Waitemata Harbour: Birkenhead Wharf 

(36°49′S, 174°43′E) and Westhaven Marina (36°50′S, 174°44′E). Two further sites were in the 

north of the Manukau Harbour at the Mangere Inlet in Onehunga Harbour (36°55′S, 174°47′E) 

because of historical heavy industrial activities, and in the south in Tamaki Estuary at Panmure 

Wharf (36°54'S; 174°52'E), which was chosen because of the high levels of metals reported, 

especially zinc (Abrahim & Parker, 2002; Abrahim et al., 2007; Abrahim & Parker, 2008; ARC, 

2015; Mills, 2014).  

 

 

 
Figure 5. Location of sampling sites in Auckland, New Zealand. 
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Two reference sites were selected far from concentrated human settlement and factories. 

These were Maraetai Beach (36°52'S; 175°02'E), located east of Auckland in the Tamaki Strait, 

and Orapiu Wharf (36°50′S, 175°08′E), located at the eastern part of Waiheke Island. The other 

two reference sites were from the south of the Manukau Harbour (in the Panhurehure Inlet) which 

is less impacted, having mixed land use including rural areas, some housing, commercial areas, 

and low industrial activity (Dupree & Ahrens, 2007; Kelly, 2008; Stewart, 2006). Those are at 

Bottle Top Bay Jetty (Papakura) (37°2′S, 174°53′E), and at Weymouth Jetty (37°03'S; 174°51'E). 

Although the water quality of this site was considered poor by Kelly (2008) and Auckland 

Regional Council (2010) due to high nitrate-nitrogen levels, it was selected as a reference site due 

to the low levels of metals in molluscs reported both in this area and in Papakura ( Stewart et al., 

2013).  

Fish (mean body length ± standard deviation, 6.55 ± 0.15 cm; mean body weight ± 

standard deviation, 2.66 ± 1.07 g) were caught using a trap (Sea Harvester, Discount Fishing 

Supplies, Gisborne, New Zealand) baited with the mussel Perna canaliculus. To ensure the 

correct species were collected, they were identified according to Clements et al. (2000). After 

collection, fish were humanely dispatched by pithing (Animal Ethics approval ref. number 

001679, Appendix 3), weighed, and measured. Livers and brains were used for gene expression 

analysis, the gonads for histology, and the rest of the animal body was stored at 20ºC for metal 

and PAH analyses. 

 

Sample processing  

 

Samples of liver and brain tissue (10-40 mg) were removed immediately, stored in 1.5 ml 

cryovials with 700 µl of RNAlater™ stabilisation solution (Invitrogen™), and placed in a 

chilly bin with ice until the completion of sample collection. Samples of gonads were stored in 

small 35 ml containers with 10% neutral formalin solution at room temperature. The bodies of the 

animals were kept in small plastic bags in the dark. After collection, the samples were transferred 

to the Marine Laboratory at The University of Auckland, where samples for gene expression, 

metals, and PAHs were stored at -20ºC, while samples for histology were kept at room 

temperature.  
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Gonadal histology 

 

Fish gonads (n=15) were fixed with 10% neutral formalin solution for 24 hours, then 

stored in 70% ethanol until analysis. Samples were dehydrated with an automatic tissue processor, 

Tissue-Tek VIP (Sakura, USA), embedded in paraffin using a Leica EG1150H (USA), and 

sectioned at 3-5 µm with a Microtome MicroM HM 330 (Heidelberg, Germany). Slides were 

stained with haematoxylin and eosin (H&E). Histological sections were examined under light 

microscopy (Leica DC 500), and Analysis LS Research Software was used to obtain the photos. 

From these fifteen fish, only five fish per site were selected for gene expression analysis. The vtg 

and cyp19b genes are commonly used to assess response of endocrine disrupting chemicals in 

males (EDCs) (Bizarro et al., 2014; Larkin et al., 2003). However, due to the low frequency of 

males in the sampling, I decided to use both sexes to assess these genes. To maintain consistency 

of the results, the selected fish were used to assess cyp1a and mt as well. 

 

Real time quantitative polymerase chain reaction (qRT-PCR) of biomarker gene expression  

 

Samples of liver and brain tissues (10-40 mg) were homogenised in 1 ml of TRIzol reagent 

(Ambion®, Life Technologies, Auckland, New Zealand) with three glass beads for 2 min, 30 

agitations per second, using a TissueLyser II (Qiagen, Germany). Total RNA of homogenised 

samples was extracted by TRIzol method according to the manufacturer’s instruction. RNA 

quality and quantity were determined using a Nanophotometer (model NP60; Implen, Germany) 

and run on 1% agarose gel.  

 

After removing any remaining DNA from RNA samples using a TURBO DNA-free TM Kit 

(Ambion, Life Technologies, Auckland, New Zealand), complementary DNA (cDNA) were 

synthesized by High Capacity cDNA Reverse Transcription kit (Applied Technologies, Auckland, 

New Zealand) according to the manufacture’s instruction.  

In order to assess the PCR efficiency for each primer pair, standard curves were constructed using 

seven dilutions of each cDNA template solution according to Vandesompele et al. (2002) and 

calculated using https://www.thermofisher.com/nz.  

 

Quantitative real-time Polymerase Chain Reaction (qRT-PCR) was performed using 

SYBR®Green PCR Master Mix (Applied Biosystems) with 1 µl of cDNA in a ABI 7900 HT Real 
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Time thermocycler (Applied Biosystems, USA) using primers for biomarker genes (cyp1a, mt, 

vtg, and cyp19b) and two housekeeping genes (18S rRNA, β-actin) that were previously designed 

in Chapter 2 (Table 1).  

 

All amplifications were carried out in triplicate beside two negative controls, water and 

RNA only, in 384-well plates prepared by an Eppendorf epMotion 5073 liquid handling robot 

(Australia, New South Wales). The thermal cycler conditions were 25°C for 10 minutes, 37°C for 

120 minutes, and 85°C for 5 minutes. 

 

To determine the relative quantity of mt, cyp1a, vtg, and cyp19b genes, the cycle threshold 

(ct) values for these were compared to results generated from the 18S rRNA and β-actin 

housekeeping genes. The geometric average ct values for both two housekeeping genes were 

calculated before generating normalised relative expression values (NRQ) for each biomarker 

gene, according to the method of Vandesompele et al. (2002). To calculate the relative expression, 

the highest ct value in each gene comparison was defined as 1. NRQ results were expressed as the 

mean ± S.E.M. 

 

Metal analysis 

 

Of the fifteen fish from each site, five were randomly chosen for metal analysis. The fish 

body was dried overnight in a freeze dryer (Martin Christ, Alpha 2-4 plus, Germany). Only 

muscle tissue was used for the analyses, samples were then ground using a mortar and a pestle. 

Samples were labeled and stored in -20°C in 15 ml centrifuge tubes until analysis. 200 mg of each 

sample was weighed and transferred into an 80mL Teflon tube, 5 mL of 69% Trace pure HNO3 

(Merck) was added, then each tube was placed in a Maxi-44 rotor for digestion in an Ethos-Up 

Microwave reaction system (Milestone SRL, Italy) at 200°C for 20 minutes. Each digested sample 

was diluted in 50 mL of ultra-pure water and the tube and contents were weighed to obtain the 

final weight. Samples from each fish were quantitatively analyzed for Al, Ni, As, Hg, Cd, Zn, Pb, 

Ti, Mn, Co, Cr, Fe and Cu using an Agilent 7700 ICP-MS (Inductively Coupled Plasma Mass 

Spectrometry) in He mode to reduce the polyatomic interferences. For standard calibration, 5% 

HNO3 from 1000 ppm was used. A single element standard was used (Peak Performance, CPI 

International). To monitor and correct the instrument drift and matrix effects an online internal 

standard (5 ppb Tb) was used. Results were expressed in ppm (mg/kg wet weight). 
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Polycyclic aromatic hydrocarbons 

 

Sample pre-treatment 

 

Another five fish of the fifteen per site were selected to assess PAHs. Flesh (~2 g of wet 

muscle tissue for each fish) were weighed then ground with liquid nitrogen in a porcelain mortar 

and pestle and stored in amber glass jars at -20ºC in the dark until analysis (Levengood & 

Schaeffer, 2011; Ramalhosa et al., 2009). Prior to extraction, the glassware was washed with 

Decon 90 into a 5% solution (Thermo Fisher Scientific, New Zealand) and rinsed with Milli-Q 

water, followed by acetone, then dried at 38ºC for 30 minutes.  

 
Extraction and clean up 

 

The fish samples were transferred into 15 ml centrifuge tubes. To each sample 20 µl 

(1µg/ml) of internal standard naphthalene-d8 (Sigma-Aldrich, Australia) and one ceramic bar 

(from the kit Agilent Bond Elut QuEChERS) was added. Samples were vortexed for 1 minute. 

Next, 2 ml of Milli-Q water and 4 ml of solution mixture (ethyl acetate: acetone: iso-octane) 

(2:2:1) were added into the centrifuge tube. These were thoroughly vortexed for 5 minutes 

following the protocol of Forsberg et al. (2011). The following step was to add 2.1 g of 

magnesium sulphate and 0.5 g of sodium acetate to the sample and vortex for 5 minutes. Samples 

then were centrifuged at 3,800 x g at 6ºC for 5 minutes to separate the organic and inorganic 

layers.  

 

The upper organic layer (4 ml approx.) was transferred to a 15 ml dispersive SPE tube 

Agilent Bond Elut QuEChERS (containing a pre-weighed 1 g of sorbent) (Agilent, New Zealand), 

vortexed for 5 minutes and centrifuged again for 5 minutes at 3,800x g at 6ºC (Smith & Lynam, 

2012). It was then transferred to Supelclean™EZ-POP NP (Supelco, Australia) cartridges to 

ensure a complete recovery of the PAHs. Before using the cartridges, they were set in a vacuum 

manifold, conditioned with 10 ml of acetone under vacuum, and dried at 10 psi for 5 minutes; the 

waste acetone was discarded. Once the cartridges were dried, the upper organic layer was then 

transferred to the cartridges, allowing the samples to pass through into 5 ml glass tubes at the rate 

of 1 drop per second, according to the manufacturer’s protocol. After the samples were collected, 
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10 ml of solution mixture (ethyl acetate: acetone: iso-octane) (2:2:1) was added into the cartridges 

to ensure the complete collection of samples.  

 

Concentration and Chromatographic identification 

 

The samples collected (15 ml approx.) were concentrated using nitrogen gas until 

approximately 200 µl was obtained. Finally, samples were transferred into inserts of 300 µl of 

Gas Chromatography (GC) vials to analyse the PAHs. Two controls were included: one positive 

control sample (fish tissue) was spiked with 20 µl of PAH standard of 1 µg/ml and 20 µl of the 

internal standard naphthalene-d8 (Sigma-Aldrich, New Zealand). In the negative control (blank); 

Milli-Q water was used to replace the fish tissue, in addition to internal standard naphthalene-d8. 

16 component PAHs were assessed; naphthalene (Naph), 2-methyl naphthalene (2-MeNap), 

acenaphthylene (Ace), acenaphthene (Ant), fluorene (Fl), anthracene (An), phenanthrene (Phe), 

fluoranthene (Fa), pyrene (Pyr), chrysene (Chr), benzo[a]anthracene (BaA), benzo[b]fluoranthene 

(BbF), benzo[k]fluoranthene (BkF), dibenzo[a,h]anthracene (DBahA), indeno[1,2,3-cd]pyrene 

(IncdP), and benzo[ghi]perylene (Appendix 4, PAHs protocol). 

 

Gas Chromatography-Mass Spectrometry (GC-MS) was used to identify PAHs. An 

Agilent 7890B gas chromatograph coupled to a 5977A inert mass spectrometer with a 

split/splitless inlet was used. One microliter of sample was injected using an Agilent autosampler 

into a glass split/splitless 4mm ID straight inlet liner packed with deactivated glass wool. The 

inlet was set to 290°C and splitless, and the column flow was 1.0 mL/min, giving a calculated 

average initial linear velocity of 33.7 cm/sec. The column was a 30 cm/mm long fused silica ZB-

1701 with a 0.25mm i.d. and a 0.15 µm stationary phase (86% dimethylpolysiloxane, 14% 

cyanopropylphenyl, Phenomenex). The carrier gas was instrument grade helium (99.99%, BOC). 

 

GC oven temperature programming was started isothermally at 45°C for 2 minutes, 

increased to 9°C/min at 180°C, and held for 5 minutes; increased 40°C/min to 220°C, held for 

5 minutes; increased 40°C/min to 240°C, held for 14 minutes; increased 40°C/min to 280°C, and 

held for 12 minutes. The total run time was 55 minutes. PAHs were identified and quantified with 

GC-MS in selected ion monitoring mode (SIM). 
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Determination 

 

Data processing was automated. The raw data output from the GC-MS was converted to 

AIA format (.cdf) and analysed using AMDIS software (Automated Mass Spectral Deconvolution 

and Identification System) against an in-house library of 16 compounds. Next, R software was 

used to run the data (Metabolomics software), and ChemStation software was used to identify the 

peaks of the samples compared and the maximum height of the reference ion of the identified 

PAHs standard at 10 µg/ml, and to process the final report. Each peak was identified, along with 

the ion and the retention time. The relative abundance was calculated in relation to the peaks in 

ChemStation per ion normalised to the internal standard naphtalene-d8 for the PAH data. The 

normalised values are not a concentration, but ratios of the GC-MS response of compound peaks 

relative to the internal standard. 

 

Statistical analysis 

 

To meet the requirements of parametric analyses, data distribution and the homogeneity of 

variances were assessed in the values of the NRQ of all the genes of interest, and relative 

abundance of polycyclic aromatic hydrocarbons. NRQ values and the PAH data were transformed 

into logarithms. One-way ANOVA was performed to compare the differences in the transcrip 

levels of mt and cyp1a between sites. Two-way ANOVA was used to compare differences in 

transcription between sites and sex in vtg and cyp19b genes. Sites with both sexes present were 

considered for these analyses. Additionally, a one-way ANOVA test was performed to compare 

differences between sites and the relative abundance of PAHs. As a post hoc test, a posteriori 

Tukey tests were used to evaluate multiple comparisons. Differences where p<0.05 and were 

considered significant. Pearson correlation was carried out to assess the association between each 

gene NRQ, between metals and each gene NRQ, and between PAHs and each gene NRQ. All the 

analyses were performed with the software MINITAB 16. Differences at α<0.05 were considered 

significant. 

 

To assess the association between environmental variables (metals and PAHs) and NRQ in 

fish, data for multivariate analyses were log transformed as recommended by Lepš and Šmilauer 

(2003). Multivariate analyses were performed using STATISTICA Software 6.0 for Windows and 

Software CANOCO 4.5 and CanoDraw 4.12 were also used to construct graphs. 



54 
 

Results 
 
Gonadal histology 

 

The majority of the five fish chosen for gene expression analysis were females as males 

were found only in the Weymouth, Birkenhead, Onehunga and Chelsea sites. Males were found in 

stage 1, 2 and 3 (Figure 6A, B) but a male from the Onehunga site was at a more advanced stage 3 

(Figure 6C, D). No sign of hermaphroditism was found. 

 
Figure 6. Micrographs of the testicular histology of the triplefin F. capito sampled in Auckland, New 
Zealand. 
(A) Shows the testicular gland and spermatocytic cysts. (B) Higher magnification showed the presence of 
spermatogonia, spermatocytes and spermatids. (C) Male fish from Onehunga showing spermatozoa. (D) 
Male from Onehunga, at higher magnification showing also spermatocytes, spermatogonia and spermatids 
stained with H&E. Tg = Testicular gland; Sc = Spermatocystes; Sg = Spermatogonia; St = Spermatids, Sz 
= Spermatozoa. 
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Normalised relative gene expression of mt, cyp1a, vtg, and cyp19b between sites 

 

The hepatic mt mRNA levels were statistically different between sites (F7,32=3.46; 

p=0.01). Fish from Panmure had mt mRNA levels more than eight times higher than the fish from 

Maraetai, Onehunga, and Weymouth (a posteriori Tuckey’s test, p<0.05), and more than ten 

times higher than in fish from Westhaven Marina (p=0.003) (Figure 7A). In addition, cyp1a 

mRNA levels differed significantly between sites (F7,32=2.48; p=0.04), where the highest mRNA 

values in fish from Panmure showed levels four fold higher than the fish from Weymouth 

(Tuckey’s test, p<0.05) (Figure 7B).  

 

For vtg and cyp19b gene expression, only sites with both sexes present were selected for 

the two-way ANOVA analyses. Fish samples from contaminated sites were - Onehunga, 

Birkenhead, Panmure, and Westhaven - and fish samples from one reference site were - 

Weymouth.  

 

The vtg mRNA levels showed no statistically significant differences between sites and sex 

(F4,16=0.72; p=0.59), neither between sites (F4,16=1.32; p=0.30), nor between sex (F1,16=3.60; 

p=0.075). Then, the two-way ANOVA was re-assessed where Onehunga site data was removed 

from the analysis because the vtg mRNA levels in the male from this site were expressed at a 

greater frequency than in females from the same site (see Figure 7C). There were no statistically 

significant differences in the vtg mRNA levels at the interaction of sites and sex (F4,16=0.72; 

p=0.59), nor between sites (F4,16=1.32; p=0.30). Only the sex factor showed significant 

differences (F1,13=4.56; p=0.03). The model was refitted without interactions where the mean 

relative expression levels of vtg in females was almost ten times higher than in males (Tuckey’s 

test, p<0.01).  

 

In addition, cyp19b mRNA levels showed no significant differences in the interaction 

between sites and sex (F4,10=0.29; p=0.877), nor between sites (F4,10 = 0.97; p=0.467), or sex 

(F1,10=0.29; p=0.601) (Figure 7D). 
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Figure 7. Normalized relative expression of four target genes in triplefin F. capito collected in eight sites 
of Auckland, New Zealand.  
(A) Metallothionein gene (mt); (B) Cytochrome P450 (cyp1a); (C) Vitellogenin gene (vtg); (D) Aromatase 
cytochrome P450 (cyp19b). Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = 
Panmure Wharf, Wt = Westhaven Marina. Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = 
Papakura (Bottle Top Bay), Wy = Weymouth. Values shown are mean + S.E.M. Different letters show 
significant differences among sites (Tuckey’s test, p<0.05). 
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Metal analysis 

 

Results of metal analysis in tissue muscles were expressed in ppm (mg/kg wet weight). 

Values are provided in Chapter 4 (see Table 6 for more details). 

 

Relative abundance of polycyclic aromatic hydrocarbons 

 

Peaks were compared to that obtained from a 0.01 µg/ml PAH standard using 

ChemStation software. Only naphthalene, 2-Methyl naphthalene, fluorene, fluoranthene, and 

pyrene compounds were over the 0.01 µg/ml PAH detection limit; the rest of the compounds were 

under this value.  

 

The relative abundance of sixteen PAHs was used to evaluate differences between sites, 

where 2-methyl naphthalene showed statistically significant differences between sites (F7,32=3.01; 

p=0.015). Fish from one impacted site (Onehunga) presented the highest relative abundance, 

while fish from Maraetai had the lowest (Tukey test, p<0.01). Moreover, benzo[b]fluoranthene 

(F7,32=2.71; p=0.025) and benzo[k]fluoranthene (F7,32 =2.71; p=0.025) showed significant 

differences between sites, with fish from Onehunga presenting the highest values and fish from 

Orapiu the lowest (Tukey test, p<0.01). The relative abundance of indeno[1,2,3-cd]pyrene 

(F7,32=2.62; p=0.03) and benzo[ghi]perylene (F7,32=2.61; p=0.03) presented significant 

differences where the highest values were found in fish from Panmure, and the lowest relative 

abundance values were found in fish from Orapiu Bay (Table 2). 
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Table 2. Mean normalized relative abundance of polycyclic aromatic hydrocarbons (PAHs) in muscles of triplefin F. capito among sites Auckland, 
New Zealand. n=5 per site 

               Sites      
  Impacted     Reference              ANOVA       p=value 
PAHs Bh Pn On Wt  Ma Or Pa Wy  
Naph  1.97E-02 1.91E-02 1.73E-02 1.69E-02  1.95E-02 2.19E-02 2.05E-02 1.60E-02 F7,39 = 0.65        0.71 

2-MeNap 2.15E-03ab 2.49E-03 ab 3.51E-03 a 2.14E-03 ab  1.39E-03b 2.58E-03 ab 3.25E-03 ab 2.52E-03ab F7,39 = 2.50        0.04 

Ace 3.42E-03 4.61E-03 5.25E-03 3.87E-03  3.70E-03 3.48E-03 5.59E-03 2.85E-03 F7,39 = 0.70        0.67 

Acen 5.58E-03 5.94E-03 6.35E-03 5.25E-03  5.75E-03 4.05E-03 6.16E-03 3.46E-03 F7,39 = 0.81        0.59 

Fl 1.35E-03 1.35E-03 1.40E-03 1.13E-03  1.25E-03 1.40E-03 1.22E-03 1.29E-03 F7,39 = 0.57        0.77 

Ant 3.07E-03 5.95E-03 2.86E-03 2.33E-03  3.15E-03 3.21E-03 3.17E-03 2.94E-03 F7,39 = 1.50        0.20 
Phe 3.07E-03 5.95E-03 2.86E-03 2.33E-03  3.15E-03 3.21E-03 3.17E-03 2.94E-03 F7,39 = 0.15        0.20 

Fa 9.86E-04 2.93E-03 1.32E-03 8.95E-04  1.22E-03 1.05E-03 1.08E-03 1.20E-03 F7,39 = 1.78        0.13 
Pyr 9.86E-04 2.93E-03 1.32E-03 8.95E-04  1.22E-03 1.05E-03 1.08E-03 1.20E-03 F7,39 = 1.78        0.13 
Chr 1.63E-03 3.50E-03 1.74E-03 4.49E-04  1.94E-03 3.50E-03 1.75E-03 4.79E-03 F7,39 = 0.96        0.48 

BaA 4.52E-04 6.13E-04 4.45E-04 4.28E-04  5.39E-04 5.47E-04 4.79E-04 6.67E-04 F7,39 = 1.35        0.26 

BbF 1.04E-03 ab 1.43E-03 ab 1.53E-02 a 8.83E-04 ab  1.05E-03 ab 6.94E-04 ab 1.57E-03b 1.05E-03 ab F7,39 = 2.71         0.03 

BkF 1.04E-03 ab 1.43E-03 ab 1.53E-02 a 8.83E-04 ab  1.05E-03 ab 6.94E-04 ab 1.57E-03 b 1.05E-03 ab F7,39 = 2.71         0.03 

DBahA 4.21E-03 5.83E-03 6.18E-03 4.61E-03  5.87E-03 4.03E-03 6.83E-03 3.43E-03 F7,39 = 0.87         0.54 

IncdP 2.43E-03 ab 4.08E-03 a 3.67E-03 ab 2.25E-03 ab  2.55E-03 ab 2.24E-03 b 3.83E-03 ab 2.94E-03 ab F7,39 = 2.62         0.03 

BghiP 
 

2.45E-03ab 4.10E-03a 3.70E-03ab 2.25E-03ab  2.55E-03ab 2.24E-03b 3.83E-03ab 2.94E-03ab F7,39 = 2.61         0.03 

Naphthalene (Naph), 2-methyl naphthalene (2-MeNap), acenaphthylene (Ace), acenaphthene (Ant), fluorene (Fl), anthracene (An), phenanthrene (Phe), 
fluoranthene (Fa), pyrene (Pyr), chrysene (Chr), benzo[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), dibenzo[a,h]anthracene 
(DBahA), indeno[1,2,3-cd]pyrene (IncdP), and benzo[ghi]perylene (BghiP). Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = 
Panmure Wharf, Wt = Westhaven Marina. Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = Papakura (Bottle Top Bay), Wy = Weymouth. Values 
shown are mean + SEM. Different letters show significant differences (Tuckey’s test, p< 0.05). 
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Correlation between gene expression, metals, and polycyclic aromatic hydrocarbons 

 

Pearson correlation tests were performed to determine the relationship between relative 

gene expressions, metals, and PAH values. First, correlations between genes showed that cyp1a 

was positively correlated with hepatic mt mRNA levels (r=0.86, p<0.01); cyp1a and vtg mRNA 

levels also showed a positive correlation (r=0.34, p=0.03). Aromatase cyp19b mRNA levels did 

not show significant relationships with mt (r=-0.01, p=0.55), cyp1a (r=-0.21, p=0.9), nor vtg 

(r=0.11, p=0.52).  

 

In relation to metals, hepatic mt mRNA levels showed a positive correlation with nickel 

(r=0.31, p=0.04) and with zinc (r=0.32, p=0.04), as well with some PAHs such as acenaphthene 

(r=0.34, p=0.03), phenanthrene (r=0.34, p=0.03), fluoranthene (r=0.33, p=0.03) and pyrene 

(r=0.33, p=0.04). Only one PAH showed an association with cyp1a, which had a positive 

correlation with acenaphthene (r=0.33, p=0.04). The vtg gene showed no relationship between 

metals and PAH values. In addition, cyp19b showed positive associations with some PAHs: 

cyp19b with acenaphthene (r=0.34, p=0.03), and cyp19b with dibenzo[a,h]anthracene (r=0.43, 

p=0.01) respectively.  

 

Relationship between gene expression, metals, and PAH values in F. capito 

 

For the multivariate analyses, firstly a series of RDA analyses were performed using a 

forward-selection option until no-collinearity variables were observed, and the variance inflation 

factors were < 5 (Montgomery et al., 2012). Finally, seven chemical variables were used: zinc, 

aluminium, 2-methyl naphthalene, benz[a]anthracene, anthracene, acenaphthene, and 

dibenzo[a,h]anthracene. The RDA triplot showed that the first axis explained 35.5% and the 

second axis 8.3% of the variance; this was statistically supported by the Monte-Carlo permutation 

test (499 permutations) (F=3.56, p=0.01).  

 

The triplot shows the variation between metal concentrations, relative abundance of PAHs, 

and relative expressions of mt, cyp1a, vtg, and cyp19b genes. On axis 1, mt showed a strong 

association with anthracene (An) and to a lesser degree with zinc. Besides that, cyp1a showed a 

positive association with acenaphthene (Ant) in which in fish samples from two contaminated 

site,  
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Panmure (Pn) and Birkenhead (Bh) were present. On the negative side of axis 1, aluminium was a 

strong variable in which samples from an impacted site, Onehunga (On) and Weymouth (Wy) 

were present. On axis 2, dibenzo[a,h]anthracene (DBahA), levels, and cyp19b were strongly 

correlated (Figure 8). 

 
Figure 8. Redundancy analysis (RDA) ordination triplot of forty samples of triplefin F. capito from 
Auckland, New Zealand. 
Biological variables (blue arrows); Metallothionein gene (mt), cytochrome P450 (cyp1a), vitellogenin gene 
(vtg), aromatase cytochrome P450 (cyp19b). Environmental variables (red arrows); Al = Aluminium; Zn = 
zinc; DBahA = Dibenzo[a,h]anthracene; Ant = Acenaphthene; An = Anthracene; 2 MetNap = 2-methyl 
naphthalene, BaA = benz[a]anthracene. Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga 
Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina. Reference sites; Ma = Maraetai Jetty, Or = 
Orapiu Wharf, Pa = Papakura (Bottle Top Bay), Wy = Weymouth. 
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Discussion 

 

The behavioural characteristics of blennioid fishes make this group interesting and suitable 

for monitoring studies; hence our use of the triplefin F. capito. To analyse the usefulness of four 

transcriptional biomarkers, eight sites around Auckland were selected. Gene expression 

biomarkers are an excellent tool to capture the early warning responses of anthropogenic 

stressors. In the present study, mRNA biomarkers in F. capito were shown to be a reliable tool for 

potential future monitoring studies in New Zealand marine waters. However, several authors have 

pointed out that careful consideration must be given to associate the up-regulation/down-

regulation of some target genes with pollution. In some cases, cyp1a and mt expressions have 

been associated with fish size, gonadal stage, or season (Addison & Willis, 1982; Andrews, 2000; 

De Boeck et al., 2003). In this study, fish were selected according to size, presented the same 

reproductive stage (developing), and season (spring) to avoid these confounding factors. In 

general, transcriptional responses of the genes studied here showed associations with chemical 

stressors.  

 

Metallothionein is a well-known biomarker of metal pollution. In this study, 

metallothionein mRNA levels showed significantly high values in fish from a contaminated site 

(Panmure). In addition, mt mRNA levels were positively correlated with nickel and zinc, our 

RDA analysis demonstrates an association with mt and zinc in which fish samples from that 

contaminated site, Panmure, were also found in the axis of this plot. These results are concordant 

with the highest values of zinc reported in sediments (ARC, 2010; ARC, 2015; Mills et al, 2012; 

Mills, 2014) and in this species from this site (Chapter 4). Zinc metal has been reported as a 

potent inducer of mt (Schlenk et al., 1997). In Chapter 2, it was demonstrated experimentally that 

zinc was an inducer in the liver of F. capito but not strong enough to show significant differences 

between treatments. From this, we can suggest that nickel (not included in our RDA) may also be 

influencing the induction of mt mRNA levels where fish samples from Panmure also showed the 

highest values. Therefore, it can be confirmed that the mt gene was a reliable molecular biomarker 

in the field where zinc and nickel could be influencing together in the expression of this gene, 

compared to all the metals looked at in this field study.  

 

In addition, associations with mt mRNA levels and some PAHs were found in the present 

study. Metallothionein induction could be modulated not only by metals but also by organic 



62 
 

contaminants (Costa et al., 2009; Costa et al., 2011). Roméo et al. (1997) demonstrated that fish 

treated with a mixture of pollutants show different responses and proved that animals increase 

levels of metallothionein when they are exposed to copper and benzo[a]pyrene. They also 

suggested that in the environment, metallic and organic contaminants might interact, thereby 

changing the responses to metallothionein and ethoxyresorufin-O-deethylase activity 

(measurement of the induction of cytochrome P4501A). However, these two biomarkers 

individually detect two types of pollution. Furthermore, (Gold-Bouchot et al., 2017) mentioned 

that in field studies there is a complex mixture of contaminants where the synergism or 

antagonism could be influenced in the response genes. Thus, these associations can be associated 

with the impact of the complex mix of contaminants in this study. 

 

 The cyp1a is known as a biomarker for organic contaminants such as PAHs, PCBs, and 

pesticides. This gene was significantly expressed in fish from an impacted site (Panmure), and our 

RDA analysis also showed an association with acenaphthene, suggesting that the expression of 

this gene is related. Although we only assessed the relative abundance of the PAHs, it is proposed 

to determine the quantification of these compounds, in addition to other common organic 

contaminants such as organoclorine and PCBs (Mills et al., 2012, Mills, 2014; Stewart et al., 

2013) detected in Auckland’s marine waters to understand more in deep the transcriptional 

responses of this gene. By doing this and utilising these molecular biomarkers in the field for 

monitoring programmes, it could be possible to obtain a better idea of the potential risk to marine 

biota and therefore to make better management decisions. 

 

In relation to EDCs, the vtg and cyp19b genes were assessed. Both sexes were used due to 

the low number of males collected in a previous sampling in Chapter 4. The vtg showed no 

significant differences between sexes when the Onehunga site was included. However, this site 

had a male with vtg expression, and histological analysis showed that this fish presented male 

tissues. This is concordant with the experimental results reported in Chapter 2, in which it was 

shown that this species of triplefin is susceptible to the exposure of oestradiol, which increases the 

mRNA levels of vitellogenin in males. Additionally, Naciff and Daston (2011) stated that gene 

expression analysis has the potential to report possible responses at low dose levels of a 

xenoestrogen that the effect of those can be detected only in a long-term (e.g. phenotypic) 

alterations to their exposure. According to this, although there was no phenotype evidence of the 

effects of EDCs (such as hermaphroditism), we can come up with some suggestions firstly the vtg 
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gene was a sensitive early warning biomarker in this species in this field study, especially in fish 

from a contaminated site, (Onehunga), secondly, more studies need to be conducted where the 

number of male fish samples from this site need to be increased. Thirdly, a thorough evaluation of 

the types of xenoestrogens in this site could help to understand which xenoestrogens are involved 

in these results, and could help to understand the potential effect on the reproduction of the fish 

population from this site. 

 

The environmental effects of PAHs are extremely complex. PAHs at a low molecular 

weight (with two to three fused benzene rings) can be found in biological matrices (Collier et al., 

2013). Isolating PAHs from biological matrices usually includes time-consuming methods to 

extract and clean them for an accurate measurement (Bartle, 1991). Bile and liver are the usual 

organs utilised to determine PAH levels because they are soluble in fatty tissue (Meador et al., 

1995; Neves et al., 2007). In this study, due to the small size of the fish, muscles were used to 

develop a protocol to assess PAHs with the maximum amount of tissue available (2 grams 

approx.). The protocol developed in this study followed Forsberg et al. (2011) with some 

modifications, and a series of experiments was performed in order to obtain clear peaks in the 

chromatograph. One of the major difficulties experienced during the extraction and then 

measurement of PAHs was completely removing the fatty acid interference prior to analysis, 

which is why two different kits were used. Knowing that organic contaminants have an affinity to 

fatty tissue, and due to the high content of fatty acids that this fish has, utilising muscle for this 

analysis is suggested for future studies. 

 

Several authors have demonstrated that PAHs can accumulate in teleost tissue (Hellou & 

Leonard, 2004; Johnson-Restrepo et al., 2008; Storelli et al., 2013). Others instead have pointed 

out that fish rapidly eliminate and metabolise PAHs, making these compounds insignificant in 

tissues (Collier et al., 2013; van der Oost et al., 2003). Logan (2007) stated that the accumulation 

of PAHs in fish is influenced by metabolism in a degree that differs between fish species. In spite 

of these differences, an enzyme that is certainly involved in metabolising PAHs and other organic 

contaminants is CYP1A, which is used as a biomarker for this group of contaminants. Thus, 

cyp1a in this fish could be an alternative option. In this study, the objective of developing a 

method to obtain the relative abundance of PAHs was to establish any association between 

transcriptional responses and these compounds. For future studies, we suggest quantifying these 

compounds and other potential organic compounds based on this methodology to identify any 
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level that could be potentially be a risk for fish or the biota. Undoubtedly the cyp1a transcriptional 

response is a reliable alternative for monitoring studies. 

 

In this study, the molecular biomarkers in this species were proven to be strong in 

detecting responses to a complex mixture of contaminants, however, because of this mixture, I 

cannot completely ensure that the expression of a gene is only related to a particular group of 

contaminants, thus, these results are interpreted with caution. Snape et al. (2004) pointed out that 

genomic responses in short-term periods could impact negatively on organism fitness if the 

severity or duration of the pollutant exposure continues. Therefore, as also suggested by Schmitt 

et al. (2007), it is important that these results should be interpreted along with other biomarkers of 

effects, such as histopathology studies in this species (e.g. Chapter 4), to establish a link between 

expression responses and responses at a tissue or cellular level (Fent & Sumpter, 2011). 

 

In summary, the transcriptional responses of these target genes provide a tool to signal the 

presence of specific biological responses to specific substances within complex mixtures of 

contaminants. The mt and cyp1a were shown to be strong molecular biomarkers that indicated that 

the most impacted site in this study was Panmure, which contained zinc, a good inducer of mt 

mRNA levels. In relation to EDC biomarkers, vtg mRNA levels were expressed in a male fish 

from Onehunga, indicating that more studies need to be conducted to evaluate potential 

xenoestrogen stressors. Muscle tissue was successfully utilised for PAH analysis due to the high 

levels of fatty acids found in this tissue. Based on these results, we support the hypothesis that this 

species appears to be a good indicator of pollution and utilising these gene expression biomarkers 

in F. capito could act as an early warning of pollution for future monitoring programmes in New 

Zealand marine waters. Finally, due to the global distribution of blennioids, we suggest promoting 

the use of this family as a potential bioindicator of pollution, even in areas where the species F. 

capito does not occur. 
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Chapter four: Assessing the health status of 
triplefin Forsterygion capito inhabiting 
contaminated areas of Auckland, New Zealand 
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Introduction 

 
Since European settlement, the quality of both marine and freshwater environments has 

been affected by deforestation, erosion, flooding, and the release of nutrients and other 

contaminants (PCE, 2012). As in many other parts of the world, coastal regions are under stress 

from habitat modification and multiple stressors, leading to substantial degradation (Lotze et al., 

2006). Chemical contaminants commonly found in harbours, estuaries, and coastal areas include 

endocrine disrupting chemicals (EDCs), polycyclic aromatic hydrocarbons (PAHs), and metals 

(Al-Jandal et al., 2018; Kennedy & Sutherland, 2008; Vikas & Dwarakish, 2015). Thus, it is 

important to develop robust methodologies to monitor coastal areas, which will better inform the 

decisions that need to be made for sustainable management. 

 

Monitoring programmes are generally based on monitoring the effects of pollution, 

including the chemical analysis of marine organisms and sediments, but do not usually reflect the 

health status of organisms in their habitats (Yevich & Yevich, 1994). Heath (1998) stated that 

indicators of pollution or bioindicators are organisms that reflect the quality of the environment 

they live in. By measuring the physiological responses of the organisms it is possible to obtain 

indirect measures of the ecosystem’s health and quality, which can give an early warning before 

the population declines or the ecosystem is further degraded. Therefore, it is crucial to select a 

suitable bioindicator that responds to the effects of pollution. 

 

 Adams (1990) noted organismal responses at lower biological levels (at the biochemical 

and molecular levels) are sensitive enough to give a clear indicator of exposure to stressors, as 

they help to give an early warning of health impairment in species such as fish. However, bio-

molecular changes may lack ecological relevance. While responses at higher biological levels can 

lack sensitivity and/or specificity, they are generally ecologically important for environmental 

regulation and decisions. However, Adams (1990) stated that histopathological, bioenergetic, 

immunological and reproductive studies present intermediate levels of response, both in time and 

in terms of ecological relevance. Therefore, these measures could provide an early warning signal 

about potential environmental effects.  

 

Histopathology is a useful tool to assess pollution, and the lesions found in cells, tissues or 

organs indicate a combination of the cumulative effects of physiological and biochemical 
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stressors, and, can be associated with organismal health and fitness that can be further 

extrapolated to predict effects on populations or communities (Au, 2004; Myers & Fournie, 

2002). Two important target organs for assessing the effects of pollution are the gills and the liver 

of fish. The gills exchange gases, regulate ions, excrete ammonia and manage acid-base balance, 

and are an essential interface with the environment. Thus, when fish are in contact with water 

contaminants, gills are the first organs affected (Evans, 1987; Ferguson et al., 2006; Jagoe, 1996). 

The liver is an important organ for detoxification and is involved in several other processes such 

as monitoring pollution because it is involved in the synthesis and storage of nutrients, the 

synthesis of enzymes, bile salt formation and the secretion and metabolism of endogenous 

hormones, metabolites and xenobiotic compounds (Wolf & Wolfe, 2005). In histopathological 

studies, the parasite load in organs presents an important measure in monitoring studies to assess 

environmental pollution (Kim et al., 1998; Kim & Powell, 2007; Overstreet, 1988). Several 

authors have reported relationships between the effects of pollution and parasitic load (Khan et 

al., 1994; Lafferty & Kuris, 1999; Sures, 2004).  

 

Three physiological response characteristics are important when assessing the condition or 

health of an organism. Firstly, they represent a combination of numerous cellular and biochemical 

processes, which could be altered when responding to any variation in the environment. Secondly, 

they can respond to any stimuli, from temperature variation to pollution. Thirdly, they can reflect 

the harm inflicted upon a habitat (Bayne, 1985). For example, condition factors are widely 

utilized to assess pollution. This may vary however with intrinsic factors such as age, 

development and reproductive state, and/or with extrinsic factors such as temperature or the type 

and intensity of pollution (Bayne, 1985; Lawrence et al., 2003). Thus, histological and condition 

factors can be used as complementary studies in environmental monitoring. This makes it possible 

to obtain a more complete picture by understanding the complexity within aquatic ecosystems.  

 

Fish are useful sentinels as they are at the top of the food chain, and they have been 

extensively utilized as bioindicators (Fausch et al., 1990; Gibbons et al., 1998; van der Oost et al., 

2003). Small, settled non-migratory fish species are particularly useful as bioindicators as they 

increase the possibility that their responses will reflect their local environment (Gibbons et al., 

1998). In addition, small fish are easy to handle and maintain, and for histological studies multiple 

organs can be stored and examined (Moore & Myers, 1994; Pacheco & Santos, 2002). Those with 
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short lifespans may also be useful, as they can manifest rapid visible changes in reproduction and 

gowth in comparison with long lifespans fish (Gibbons et al., 1998).  
 

 Blennioid fishes present an interesting group as they are relatively non-migratory, 

sedentary, territorial fish that have a strong association with their microhabitat (Gibson, 1969; 

Gonçalves & Faria, 2009). Within blennies sits the Family Tripterygiidae, which includes 164 

species found worldwide in tropical, temperate, and even polar Antarctic Peninsula waters 

(Fricke, 2009). The triplefin Forsterygion capito is a small marine territorial endemic species that 

lives in sheltered bays and harbours in New Zealand (Clements, 2003; Francis, 2001). These 

attributes make this species a suitable sentinel species to be used to assess responses to pollution 

in the New Zealand aquatic environment. 

 

In New Zealand, the major concerns in marine environments are high levels of PAHs and 

heavy metals (ARC, 2010; ARC, 2015; Kelly, 2008; Kelly & McMurtry, 2004; Mills, 2014; 

Stewart et al., 2013). Auckland is the most populated city in New Zealand and has two major 

harbours with both highly contaminated areas (Kelly, 2008). The Waitemata Harbour is 

commonly used for commercial transport and leisure boating (Stewart, 2006). The other water 

body is the Manukau Harbour, the second largest harbour in New Zealand. In the north of the 

harbour lies the Mangere Inlet, which has high levels of heavy metals, partially associated with 

industrial contamination. Finally, there is the large Tamaki Estuary located to the east of 

Auckland, which is also a severely polluted and highly populated area (Abrahim & Parker, 2002; 

Abrahim et al., 2007; Abrahim & Parker, 2008; ARC, 2015; Mills, 2014).  

 

It is hypothesized that the F. capito inhabiting Auckland polluted sites will have impaired 

health relative to those fish from less impacted sites. Thus, the aim of this study was to evaluate 

the health status of F. capito at the cellular and organismal biological levels, through a baseline 

histological survey (gills and liver), and to compare lesions, parasites, condition factors, and metal 

concentration between sites. By evaluating relationships between condition factors, lesions, 

parasites and metal concentrations in F. capito tissue from different Auckland sites we can better 

understand interactions between fish health status and environmental health in a complex aquatic 

system. 
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Materials and Methods 
 

Study area and sampling 
 

In April 2016, adult F. capito were collected from eight sites (n = 15/ sites) around 

Auckland, New Zealand. Four sites were selected as contaminated sites according to site 

evaluations of metal concentrations and PAHs (ARC, 2015; Kelly, 2008; Mills et al., 2012; Mills, 

2014; Stewart, 2006). Two of these contaminated sites were in the Waitemata Harbour, 

specifically Birkenhead Wharf (36°49′S, 174°43′E) (Bh) and Westhaven Marina (36°50′S, 

174°44′E) (Wt). Other samples were sourced from the north of the Manukau Harbour at the 

Mangere Inlet, Onehunga Harbour (36°55′S, 174°47′E) (On), as this site has a history of heavy 

industry, as does the Tamaki Estuary at the Panmure Wharf (36°54'S; 174°52'E) (Pn). Two sites 

were selected as references as these were far from concentrated human settlements and factories. 

These were Maraetai Beach (36°52'S; 175°02'E) (Ma) located in the east of Auckland in the 

Tamaki Strait, and Orapiu Wharf (36°50′S, 175°08′E), located in the eastern part of Waiheke 

Island. Two more reference sites were selected in the Panhurehure Inlet in the south of the 

Manukau Harbour, which has been reported as being less impacted compared to the north of this 

harbour as it has country areas with some housing and commercial areas and low commercial 

activity (Dupree & Ahrens, 2007; Kelly, 2008; Stewart, 2006). These were the Top Bottle Bay 

Jetty in Papakura (37°2′S, 174°53′E) (Pa), and the Weymouth Jetty (37°03'S; 174°51'E) (Wy). 

Although Weymouth was categorized as a low water quality due to high nitrate-nitrogen levels 

(ARC, 2010; Kelly, 2008) low levels of metals in mollucs were found in this area and in Papakura 

(Stewart et al., 2013) (Figure 9). 

 

 



70 
 

 
Figure 9. Sampling collection of triplefin F. capito in Auckland, New Zealand. 
Contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); Panmure Wharf (Pn); Westhaven 
Marina (Wt). Reference sites; Maraetai Beach (Ma); Bottle Top Bay Jetty, Papakura (Pa); Orapiu Wharf 
(Or); Wy = Weymouth Jetty (Wy).  

 
 

Fish were caught using a Sea Harvester (Discount Fishing Supplies, Gisborne, New 

Zealand) in traps baited with the mussel Perna canaliculus. To ensure the correct fish species had 

been collected, F. capito were identified according to Clements et al. (2000). After collection, fish 

were humanely dispatched by pithing (Animal Ethics approval ref. number 001679), then 

weighed, and measured. The liver and gills were used to evaluate lesions and parasites and the 

gonads to determine the sex and gonadal stage of fish. These samples were stored in 10% neutral 

formalin solution at room temperature for histological analysis. The rest of the fish bodies were 

stored individually in plastic bags at -20°C in darkness for further chemical analysis. 
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Histology survey and somatic index 
 

Fish (n=15) gills, livers, and gonads were fixed with 10% neutral formalin solution for 24 

hours, then stored in 70% ethanol until analysis. Samples were dehydrated with an automatic 

tissue processor, Tissue-Tek VIP (Sakura, USA), embedded in paraffin using a Leica EG1150H 

(USA), and sectioned at 3-5 µm with a Microtome MicroM HM 330 (Heidelberg, Germany). 

Slides were stained with haematoxylin and eosin (H&E). Histological sections were examined by 

light microscopy (Leica DC 500), and Analysis LS Research Software was used to obtain the 

photos.  

 

The liver and gills were used to diagnose lesions and parasites, and gonads were used to 

determine the sex and gonadal stage, and to observe any presence of hermaphroditism. To 

standardize histopathological evaluation, we followed methodologies developed by several 

authors for processing the samples and to interpret histopathological results (Bernet et al., 1999; 

Boorman et al., 1997; Mallatt, 1985; Wolf & Wolfe, 2005). The degree of intensity of any 

histopathological lesion was considered important to determine the health status of F. capito in 

Auckland. Therefore, the degree of intensity was defined as the degree of lesion present in an 

organ (gills/liver) per slide in a fish. This was categorized by observing each slide at the lowest 

magnification first under the microscope, then at the highest magnification (400x or 1000x). A 

score was given according to all the samples studied. This semi-quantitative scoring method for 

gills and liver was recorded as follows: 0 = no lesions present; 1 = focal and/or low changes; 2 = 

moderate histopathological changes, and 3 = severe histopathological alterations per slide 

(examples of scoring can be seen in Appendix 6). The same person scored all slides and they were 

blinded to specimen locations to minimize bias. Diagrammes of the intensity and incidence of 

lesions were performed as in Montenegro et al. (2012). 

 

Lesions and parasites were identified according to specialized literature (Boorman et al., 

1997; Burkitt et al., 1996; Mallatt, 1985; Takashima & Hibiya, 1995; Wolf & Wolfe, 2005). 

Parasites loads and the prevalence of lesion/parasite per slide were calculated according to Bush 

et al. (1997) as follow. 

! Mean intensity  
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! Prevalence 

 
 

! The gonadal stage was classified according to Selman and Wallace (1986). 

 

! Fulton’s condition factor was calculated according to Froese (2006). 

 

 
 

Metal analysis 
 

Of the fifteen fish from each site, five were randomly chosen for metal analysis. 

Metodology is provided in Chapter 3. Samples of flesh tissue (muscles) were quantitatively 

analysed for aluminium, nickel, arsenic, mercury, cadmium, zinc, lead, titanium, manganese, 

cobalt, chromium, iron, and copper. Results were expressed in ppm (mg/kg wet weight). 

 

Statistical analysis 
 

Prior to performing one-way ANOVAs, the assumption of normality (Anderson-Darling) 

and the homogeneity of variances were checked (Bartlett's Test) for length, weight, the condition 

factor (CF) of fish, parasite intensities and a metals data set. To meet the requirements for 

parametric analyses, the data were log transformed base 10. In the case of parasite loads, values 

were transformed into natural log (n +1) due to some values being zero. When the data requirements 

were not met, the Kruskal-Wallis test was performed to assess differences between the sites 

studied. The Tukey test was used as a posteriori test (α=0.05).  

 

The frequency occurrence of histopathology lesions (prevalence) and intensity of lesions 

(no lesions, low/focal, moderate and severe) among sites, fish size classes, and gonadal stages 

were analyzed using contingency tables. For these analyses, fish size was arbitrarily grouped into 

three size classes: Group 1 (4.5-5.8 cm); Group 2 (5.9-7.1 cm) and Group 3 (7.2-8.6 cm). To 

assess the association between fish condition factors and metal concentration, Spearman´s rank-
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order correlation was carried out using STATISTICA 6.0 and MINITAB 16. Finally, to assess the 

association between environmental variables (metals) and categories of lesions in fish, 

multivariate (RDA) analyses were performed using CANOCO 4.5, CanoDraw 4.12 was used to 

construct graphs. Before the multivariate analyses, data were log transformed. A series of RDA 

analyses were performed in order to explain the variations between metal concentrations, sites and 

lesions in F. capito. Serials of RDA were performed using the forward selection option in order to 

avoid a strong redundancy multicollinearity. Chemical variables (metals) were reduced until the 

variance inflation factors (VIF) were < 5 (Montgomery et al., 2012).  

 

Results 
 

Characteristics of the sampled fish: Body measurement, somatic index, and gonadal stages 
 

The fish mean body length (± standard deviation) was 6.15 (± 0.92) cm, and fish mean 

body weight (± standard deviation) was 2.25 (± 1.14) g. The length and weight of F. capito 

showed significant differences between sites (Table 3). Fish from one reference site, Orapiu Bay, 

and one contaminated site, Birkenhead Wharf (Bh), presented the highest values of length and 

weight respectively (a posteriori Tukey´s test, p<0.05). On the other hand, condition factors 

showed no significant differences between sites (Table 3). Considering the whole data set, the CF 

was correlated with fish size (rs=0.19, p=0.04, n=120). However, the CF was not correlated with 

fish size when analyses were done independently for each site (all p>0.05). 
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Table 3. Mean + standard deviation for length, weight and condition factor in triplefin F. capito from 
contaminated sites and reference sites. n = 15 per site. 

    
Sites Length Weight Condition Factor 
Bh 6.86 ± 0.53ab 3.08 ± 0.82ab 0.94± 0.29ab 
On 5.49 ± 0.61d 1.54 ± 0.53cd 0.90 ± 0.08ab 
Pn 5.62 ± 0.51cd 1.49 ± 0.49d 0.81 ± 0.13b 
Wt 5.65± 0.54cd 2.16 ± 0.62cd 0.89 ± 0.19ab 
Ma 6.15 ± 0.91bcd 2.46 ± 1.25bc 0.99 ± 0.10a  
Or 7.33 ± 0.87a 3.76 ± 1.18a 0.92 ± 0.07ab 
Pa 5.72 ± 0.92cd 1.87 ± 1.02cd 0.91 ± 0.90ab 
Wy 6.26 ± 0.53bc 1.71 ± 0.80bcd 0.87 ± 0.18ab 
ANOVA F7, 112 =12.78 F7, 112 =12.27 F7, 112 =2.88 

 p<0.01 p<0.01 p=0.05 
 

Contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); Panmure Wharf (Pn); Westhaven 
Marina (Wt). Reference sites; Maraetai Beach (Ma); Bottle Top Bay Jetty, Papakura (Pa); Orapiu Wharf 
(Or); Wy = Weymouth Jetty (Wy). CF = Fulton’s condition factor. Means that do not share a letter are 
significantly different. Bold values indicate the highest mean values per status; contaminated vs reference 
sites (Tuckey’s test, p<0.05). 
 

In this study, 59.2% of the fish were females, 10% males, and 30.8% were classified as 

undetermined due to small gonad size and the difficulty in removing the gonads from smaller fish. 

No hermaphrodite organisms were found in this study. The stages of spermatogenesis and oocyte 

development were identified according to Selman and Wallace (1986). In males, stage 1 

(spermatocytogenesis), 2 (meiosis) and 3 (spermiogenesis) were found (Figure 6), while in females only 

stage 1 (primary growth stage), 2 (cortical alveolus), and 3 (vitelllogenesis) were present. For more 

details about the female gonadal stage see Appendix 5). All the fish were adults in the developing 

stage (except for one male found in the spawning stage).  
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Histology survey: Liver and gills 
 

General Survey  
 

In total, seven types of lesions and digenea infections were found in the livers of F. capito 

(Table 4 and Table 5). Normal fish livers were found in some of the Auckland sites (Figure 10A), 

besides, steatosis (fatty degeneration) (Figure 10B), fibrosis (Figure 10C), and vacuolar 

degeneration (hydropic degeneration) (Figure 10D) were found. In addition, other lesions 

classified as circulatory disturbances (Bernet et al., 1999), such as melano-macrophage aggregates 

(MMC), granulomas (Figure 10E), lymphocytic infiltration - named in this study as BCI (blood 

cell infiltration) - were found. In the case of digenea, it was identified due to the visible 

acetabulum (ventral sucker) in the mid-body (Figure 10F). Additional photomicrographs can be 

seen in Appendix 7. 
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Figure 10. Lesions and parasites observed in liver of triplefin F. capito stained with H&E. 
(A) Normal liver with normal hepatocytes (h) (black arrow); (B) Severe steatosis in liver, nucleus 
displaced (black arrow) at the border of the hepatocytes (h); (C) Liver with fibrotic spaces (black arrow); 
(D) Vacuolar degeneration, liver with swell hepatocytes stained weakly and with atrophy of the nucleus 
(black arrow); (E) Liver with presence of granuloma (black arrow); (F) Endoparasites digenea on the 
surface of the liver; with a visible acetabulum (black arrow) at the mid-body. S = Sinusoids; CV = Central 
vein; h= Hepatocytes. 
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In relation to gills, four different lesions (Table 4) and three types of parasite infections 

were found in this study (Table 5). There were fish with normal gills in all sites studied (Figure 

11A), while the gill lesions recorded were hyperplasia (Figure 11B), telangiectasia (Figure 11C), 

congestion, and oedema. Parasites found between the secondary lamellae were classified as cyst-

like xenoma possibly belonging to the Microsporidia unicellular parasite (Figure 11D). One 

unidentified metazoan parasite (Figure 11E) as well as ectoparasite ciliates, most likely from the 

Family Trichodinidae due to the round ciliates in a disc-shape were found (see Figure 11F). 
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Figure 11. Lesions and parasites observed in gills of triplefin F. capito stained with H&E.  
(A) Normal gills with normal lamellae (primary (PL) and secondary (SL); (B) Branchial filaments with an 
increased number of cells with clumped appearance of the filaments (hyperplasia); (C) secondary lamellas 
with presence of telangiectasia (black arrows); (D) Cyst-like xenoma (black arrow) at the base of the 
secondary lamellae; (E) Metazoan parasite (black arrow) covered by the cyst wall; (F) Group of ciliates 
(black arrows) between the secondary lamellas. BL = Branchial filaments; PL = Primary lamella; SL = 
Secondary lamella.  
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Prevalence and intensity of lesions and parasites 

 

Fish with normal livers were recorded in Orapiu (13.3%), Papakura (6.6%) and Onehunga 

(6.6%). The most prevalent lesion in this study was hepatosteatosis (fatty liver disease), which 

was found in 83.3% of the fish examined. The second most prevalent lesion was fibrosis (58.3%), 

followed by white blood cell infiltration (BCI) and lymphocytic infiltration (25%; Table 4).  
 
Table 4. Prevalence of lesion in F. capito in Auckland, New Zealand. 
n = 5 per site.  
 

Lesion   Prevalence  %     
  Cont   Sites  Ref    
Liver Bh On Pn Wt  Ma Or Pa  Wy 
No lesion 0 6.6 0 0  0 13.3 6.6  0 
Steatosis 86.6 66.6 66.6 73.3  100 86.6 93.3  93.3 
Fibrosis 73.3 33.3 40 46.6  93.3 33.3 66.6  80 
Congestion 0 6.6 6.6 26  6.6 0 0  6.6 
MMC 40 13.3 13.3 20  0 0 13.3  0 
Granuloma 6.6 13.3 0 33.3  0 0 20  0 
BCI 20 6.6 6.6 6.6  26.6 26.6 53.3  53.3 
VD 6.6 26.6 33.3 0  0 0 0  6.6 

           
Gills Bh On Pn Wt  Ma Or Pa  Wy 
Hyperplasia 66.6 73.3 40 33.3   26.6 40 13.3  13.3 
Telangiectasia 86.6 6.6 66.6 60  73.3 73.3 40  73.3 
Oedema 6.6 0 0 6.6  13.3 0 0  0 
Congestion 13.3 20 0 0  13.3 0 0  0 
           

MMC = Melano-macrophages aggregates; BCI =Blood cell infiltration (lymphocytic infiltration); VD = 
Vacuolar degeneration. Cont = Contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); 
Panmure Wharf (Pn); Westhaven Marina (Wt). Ref = Reference sites; Maraetai Beach (Ma); Bottle Top 
Bay Jetty, Papakura (Pa); Orapiu Wharf (Or); Wy = Weymouth Jetty (Wy).  

 

Steatosis lesion was found in fish from all sites studied where fish from the reference sites 

(Maraetai) presented 100% prevalence in comparison to fish from contaminated sites such as 

Panmure and Onehunga which recorded 66.7% prevalence of steatosis (Table 4). However, the 

prevalence of steatosis was not statistically different among sites (G=13.26; df=7; p=0.06). When 

we compared only the category moderate, this varied among sites (G=9.94; df=3; p<0.01), where 

more than half of the fish from Maraetai had the highest intensities when compared with fish from 

two contaminated sites Onehunga and Panmure (Figure 12A).  
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The intensity of fatty liver in both sexes did not depend on fish size (G=2.52; df=2; 

p=0.28). In addition, to study the relationship between the intensity of steatosis and gonadal stage 

in detail, I classified them in two groups; (1) Early developing (ED) with 77.52% (stage 1, and 2 

in males, and previtellogenic follicles (stage 1 and 2) in females); (2) Late developing (LD) with 

22.47% (vitellogenic follicles) (Figure 13). Test of independence X2 showed that the intensity of 

steatosis in both sexes was not dependent on the gonadal stage (X2=5.09; df=3; p=0.08) (Figure 

13) (the only male in spawning stage was excluded from the figure and the analysis). Additional 

analyses are included in Appendix 8, 9, and 10). 

 

Fibrosis was found in all the fish from this study showing significant differences among 

sites (G=24.16; df=7; p<0.05). Fish from Maraetai showed the highest values (93.3%) (Table 4). 

The majority of fish from Maraetai were in the category moderate (Figure 12B) that varied 

significantly between sites (G=28.66; df=18; p<0.05). 

 

The prevalence of lymphocytic infiltration (BCI) showed significant differences between 

sites (G =24.54; df=7; p<0.05) in which fish from reference sites such as Papakura and 

Weymouth presented a higher prevalence (53.3%) in comparison with fish from contaminated 

sites (Table 5). However, there were no statistically significant differences of BCI intensity 

between sites (G=8.86; df=9; p=0.45) (Figure 12C).  

 

Neither the prevalence (G=4.93; df=3; p=0.18) nor intensity (G=1.09; df=2; p=0.58) of 

vacuolar degeneration showed significant differences between sites (Table 5) (Figure 12D). In the 

case of circulatory disturbances lesions, fish from contaminated sites had higher prevalence of 

macrophage aggregates (MMC), and granulomas comparing to the reference sites (Table 4).  
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Figure 12. Intensity and incidence of lesion in liver and gills triplefin in F. capito in Auckland, New Zealand. 
Contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); Panmure Wharf (Pn); Westhaven Marina (Wt). Reference sites; Maraetai Beach (Ma); Bottle Top 
Bay Jetty, Papakura (Pa); Orapiu Wharf (Or); Wy = Weymouth Jetty (Wy). (A) Steatosis; (B) Fibrosis; (C) BCI (blood cell infiltration); (D) Vacuolar degeneration; (E) 
Hyperplasia, (F) Telangiectasia. Lesion score; 0 = No present (white); 1 = Low (light grey); 2 = Moderate (grey); 3 = Severe (black). 
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Figure 13. Relationship between the intensity of steatosis in liver and gonadal stage in triplefin F. 
capito.  
ED = Early developing (stage 1 and 2 in females and males); LD = Late developing (Stage 3 in 
females). Lesion score; Low = Light grey; Moderate = Grey; Severe= Black. 
 

 

In gills, hyperplasia was found in 45% of all fish and showed significant differences 

between sites (G=18.65; df=7; p<0.01), where fish from contaminated sites presented a 

higher prevalence of this lesion compared with fish from reference sites (Figure 12E). For 

instance, fish from two contaminated sites, Onehunga (73.3%) and Birkenhead (66.6%), 

presented the highest prevalence of this lesion; and two reference sites, Weymouth and 

Papakura, the lowest (Table 4). The category moderate was significantly different among, 

sites, where three contaminated sites, Birkenhead, Panmure and Westhaven Marina, 

showed the highest values of this category and fish from Onehunga presented the highest 

values of the category severe (G=13.33; df=5; p<0.01) (Figure 12E). 

 

In the case of telangiectasia, significant differences were apparent between sites 

(G=24.68; df=7; p<0.01), where fish from Birkenhead had the highest prevalence (86.6%) 

(Table 4). In addition, the category moderate in fish from Panmure, followed by fish from 

Birkenhead, presented the highest values. In the severe intensity category, fish from 
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Birkenhead presented the highest values (G=25.49; df=12; p<0.01) (Figure 12F). Fish from 

Onehunga presented the highest prevalence of congestion (20%) (Table 4). 

 

Unidentified digenea in the liver was most prevalent in fish from one contaminated 

site, Panmure (26.6%) (Table 5), but the intensity of digenea showed no significant 

differences between sites (H3,7=1.78; p=0.619). The highest prevalence of parasites in gills 

was found in two contaminated sites; Westhaven Marina and Onehunga. Ciliates were 

found only in fish from Westhaven Marina (13.3%), while cyst-like xenoma showed the 

highest prevalence in fish from Onehunga (33.3%), although the infection intensity showed 

no significant differences among sites (H2,10=2.89; p=0.236) (Table 5).  
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Table 5. Prevalence (P) and mean intensity (I) of parasites in liver and gills in triplefin F. capito.  
 

 
K-W      H3, 7=1.78               H2, 10 =2.89 

p=0.619                p=0.236 
  

 
Contaminated sites: Birkenhead Wharf (Bh); Onehunga Harbour (On); Panmure Wharf (Pn); 
Westhaven Marina (Wt). Reference sites: Maraetai Beach (Ma); Bottle Top Bay Jetty, Papakura 
(Pa); Orapiu Wharf (Or); Wy = Weymouth Jetty (Wy). K-W = Kruskal-Wallis test.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Digenea Ciliates Cyst-like xenoma Metazoan parasites 
  Liver Gills Gills Gills 

Sites P % (I) P % (I) P % (I) P % (I) 
Ch 0 0 0 0 
On 0 0 33.3 (1.4) 0 
Pn 26.6 (1.25) 0 0 0 
Wt 0 13.3 (28.5) 0 0 
Ma 6.6 (1) 0 0 0 
Or 0 0 0 0 
Pa 6.6 (2) 0 13.3 (2.5) 6.6 (1) 
Wy 0 0 13.3 (1) 0 
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Metal analysis 
 

Thirteen metals were used to evaluate differences between sites. All the metals 

studied showed significant differences between sites (Table 6). Fish from contaminated 

sites (Birkenhead) presented the highest values of cadmium and mercury, and fish from 

Westhaven Marina recorded the highest levels of lead, titanium, manganese, and cobalt. 

Fish from another contaminated site, Panmure, presented the highest values of zinc and 

nickel. In the case of aluminum, iron and copper, fish from one reference site, Weymouth, 

presented the highest values (Table 6).  
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Table 6. Mean + standard deviation metal concentration (mg/kg wet weight) in muscle of triplefin F. capito among sites Auckland, New Zealand.  
n=5 per site. 

 Sites    Sites      
  Impacted      Reference   

Metal Bh On Pn Wt Ma Or Pa Wy ANOVA   p value 
Al   6.46 ± 8.65c 29.21 ± 11.5a 5.71 ± 2.15bc 29.03 ± 19.2a 20.27 ± 11.5ab 5.80 ± 1.36bc 5.94 ± 1.83bc 57.44 ± 19.5a F7,32 =10.40 < 0.01 

Ti  6.29 ± 1.57d 10.12 ± 1.99abc 10.50 ± 1.53ab 11.71 ± 2.48a 8.92 ± 1.05abcd 7.39 ± 2.37bc 6.53 ± 0.56c 10.60 ± 1.58ab F7,32 =6.00 < 0.01 

Cr  0.45 ± 020ab 0.56 ± 0.36ab 0.43 ± 1.48ab 0.53 ± 0.37ab 0.44 ± 0.16ab 3.07 ± 3.66a 0.22 ± 0.06b 0.29 ± 0.06b F7,32 =3.82  < 0.01 

Mn 7.92 ± 1.06d 23.57 ± 6.89ab 20.99 ± 6.03ab 30.04 ± 7.55a 13.36 ± 4.89bcd 10.57 ± 5.15cd 17.11 ± 3.91abc 19.71 ± 3.29bc F7,32 =8.59  < 0.01 

Fe   35.15 ± 14.4ab 58.33 ± 13.5ab 43.7 ± 14.10ab 57.99 ± 21.6ab 35.11 ± 9.21ab 65.51 ±40.8ab 29.61 ± 7.30b 74.9 ± 30.5a F7,32 =3.39   0.01 

Co 0.09 ± 0.04c 0.15 ± 0.06abc 0.18 ± 0.04ab 0.25 ± 0.04a 0.12 ± 0.02bc 0.12 ± 0.04bc 0.11 ± 0.02bc 0.15 ± 0.006abc F7,32 =6.47  < 0.01 

Ni 0.15 ± 0.10ab 0.18 ± 0.01ab 0.22 ± 0.03a 0.20 ± 0.04a 0.15 ± 0.04ab 0.16 ± 0.07ab 0.09 ± 0.004b 0.159 ± 0.02ab F7,32 =6.47  < 0.01 

Cu 1.15 ± 0.28abc 1.45 ± 0.64abc 1.58 ± 0.26abc 1.88 ± 0.41ab 1.25 ± 0.36abc 1.01 ± 0.32bc 0.95 ± 0.30c 2.24 ± 1.19a F7,32 =4.97  < 0.01 

Zn 101.5 ± 24.6c 127.5 ± 33.43abc 173.2 ± 22.9a 164.9 ± 33.06ab 134.5 ± 21.13abc 118.0 ± 36.44bc 103.6 ±16.03c 132.9 ± 1.21ab F7,32 =5.08  < 0.01 

As 7.57 ± 1.74a 3.22 ± 0.58c 4.80 ± 0.50bc 4.27 ± 0.99bc 6.05 ± 1.91ab 7.84 ± 1.30a 4.75 ± 1.33bc 6.23 ± 1.21ab F7,32 =8.46  < 0.01 

Cd 0.07 ± 0.04a 0.01 ± 0.01ab 0.02 ± 0.01ab 0.01 ± 0.002b 0.03 ± 0.01ab 0.03 ± 0.01ab 0.02 ± 0.01ab 0.01 ±0.003ab F7,32 =3.03  < 0.01 

Hg 0.50 ± 0.28a 0.07 ± 0.06c 0.25 ± 0.02a 0.17 ± 0.01ab 0.17 ± 0.01ab 0.28 ± 0.02a 0.32 ± 0.18a 0.06 ± 0.03bc F7, 32 =10.46  < 0.01 

Pb 0.09 ± 0.03ab 0.29 ± 0.37ab 0.15 ± 0.05ab 0.57 ± 0.24a 0.06 ± 0.02b 0.28 ± 0.49ab 0.04 ± 0.02b 0.09 ± 0.06b F7,32 =2.88     0.02 
           
Aluminium (Al), titanium (Ti), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium 
(Cd), mercury (Hg), lead (Pb). Contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); Panmure Wharf (Pn); Westhaven Marina 
(Wt). Reference sites; Maraetai Beach (Ma); Bottle Top Bay Jetty, Papakura (Pa); Orapiu Wharf (Or); Wy = Weymouth Jetty (Wy). Means that do 
not share a letter are significantly different (Tuckey;s test, p<0.01). Bold values indicate the highest mean values.
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The correlation between condition factor, and metal concentrations in triplefin F. capito.  
 

Condition factor (CF) was positively correlated with mercury (rs(40)=0.52, p<0.05), and 

arsenic (rs(40)=0.45, p<0.05). In addition, CF was negatively correlated with copper (rs(40)=-

0.42, p< 0.05), zinc (rs(40)=-0.47, p<0.05) and aluminum (rs (40)=-0.40, p<0.05), respectively.  

 

Relationships between lesions/parasites and metal concentrations in triplefin F. capito 
 

In RDA analysis, five environmental variables were used (VIF < 5); zinc, aluminum, 

mercury, cadmium and lead. The RDA showed that the first axis explained 44.6% of the variance 

and the second axis 30.2% that was statistically supported by the Monte-Carlo permutation test 

(499 permutations) (F=3.64, p=0.01). The biplot shows the variation between lesions and metal 

concentrations in F. capito from different sites around Auckland, New Zealand (Figure 14).  

 

The RDA showed that three pathologies, telangiectasia, steatosis, and BCI, were positively 

correlated. The Pakapura (Pa) site was related, besides, telangiectasia showed a correlation with 

cadmium (Cd) and, to a lesser degree, with mercury (Hg). It can also be seen that the increase in 

mercury (Hg) and cadmium (Cd) levels in fish were positively correlated with one contaminated 

site, Birkenhead wharf (Bh). In addition, a positive correlation was detected between the 

prevalence of liver lesion congestion and high zinc and aluminium levels in fish from another 

contaminated site, Westhaven Marina (Wt). Fibrosis lesion was associated with fish from a 

reference sites, Maraetai (Ma), and hyperplasia was mostly associated with the contaminated site 

at Onehunga and the metal Pb. From this graph, it can be seen that fish showed higher levels of 

zinc and lead at the contaminated sites of Onehunga, Panmure, and Westhaven Marina. Fish from 

Birkenhead (Bh) recorded high levels of mercury and cadmium. These results are concordant with 

high levels found in fish muscle from those sites (See Table 6). 
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Figure 14. Redundancy analysis test (RDA) of lesions and metals selected in triplefin F. capito. 
Biological variables (blue arrows); lesions. Chemical variables (red arrows) metals. St = Prevalence of 
steatosis in liver; Fib = Prevalence of fibrosis in liver; ConLiv = Prevalence of congestion in liver; BCI = 
Prevalence of blood cell infiltration in liver; Hyp = Prevalence of hyperplasia in gills; Tel = Prevalence of 
telangiectasia in gills. Hg = Mercury; Zn = Zinc; Al = Aluminium; Pb = Lead; Cd = Cadmium.  
Circles in black color represent the contaminated sites; Birkenhead Wharf (Bh); Onehunga Harbour (On); 
Panmure Wharf (Pn); Westhaven Marina (Wt). Circles in grey color represent the reference sites; Maraetai 
Beach (Ma); Bottle Top Bay Jetty, Papakura (Pa); Orapiu Wharf (Or); Wy = Weymouth Jetty (Wy).  
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Discussion 
 

In the present study, it was assessed the health status of triplefin F. capito inhabiting four 

sites considered contaminated by pollution and four sites considered as references in Auckland. 

We evaluated these sites through different biomarkers at an intermediate biological level. 

Condition factor values in this study showed no general rule but seem likely to be influenced by a 

mixture of metal concentrations acting as a synergistic effect. Although, lesions in livers and gills 

found in F. capito were non–specific to a particular pollutant, some of them such as telangiectasia 

and hyperplasia in gills could be associated with metal contamination. Histological lesions in this 

fish species were mainly present in fish from contaminated sites, results that were supported by 

the highest values of some metals found in this species. Therefore, histopathology was a suitable 

tool to understand and assess the preliminary idea of health status of this fish. Our results support 

the hypothesis that F. capito is a good indicator of environmental pollution. 

 

 Smolders et al. (2003) stated that pollutants could cause a decrease in the condition factor; 

although according to Goede & Barton (1990), condition factors could be influenced by different 

factors such as age, sex, food availability, and season and those could interact together to cause a 

decline in condition factors . In the present study, CF showed no significant differences between 

sites, but did show correlations with some metals such as zinc, aluminium, and copper. Here, the 

lowest CF values were recorded in fish from Panmure (a contaminated site) where the fish 

recorded the highest values for zinc. The second lowest CF values were reported in fish from 

Weymouth (a reference site), where surprisingly the highest values for aluminium, iron, and 

copper were found. These results were concordant with the negative associations found between 

condition factors and zinc, aluminium, and copper. The low values of CF in fish from Panmure 

could reflect an impairment of the health of this fish due to zinc concentration, and the same could 

be the case for fish from Weymouth where fish were more impacted with other metals that had 

not been previously reported. Therefore, although the condition factor values did not differ 

between sites, the associations with chemicals may suggest that the condition factors in this fish 

species could partially reflect the influence of some metals, not discarding the interaction of other 

factors in the complexity of this aquatic ecosystem.  

 

The most prevalent lesions found in triplefin F. capito were steatosis and fibrosis, 

followed by lymphocytic infiltration (BCI). Fatty liver was considered to be a universal condition 
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in this fish species, with an 83.3% prevalence in all fish studied. The steatosis found in this fish 

was the macrovesicular type, which is characterized by the presence of large fat vacuoles 

displacing the nucleus to the periphery of the cytoplasm (Mukai et al., 2012). This type of 

steatosis is due an imbalance between fatty acid ingress and the production of lipoproteins, or to 

nutrient deficiencies (Ramaiah & Banerjee, 2015). Wolf and Wolfe (2005) suggested that this 

imbalance is apparent in livers from fish in captivity due to artificial feeding. In addition, Spisni et 

al. (1998) agreed that fatty liver could be associated with diet. Craig et al. (2000) indicated that 

the high levels of lipids found in summer in wild red drum, Sciaenops ocellatus could be 

associated with the maximum feeding period of the available prey, and also suggested that the 

high lipid content could be used for growing periods and in the spawning season. In the present 

study, despite the majority of the fish presenting this condition, fish from the reference sites at 

Maraetai presented 100% of prevalence. Triplefin F. capito are opportunistic feeders and depend 

on prey available in their habitat (harbours and bays), but in general, their diet is based on 

crustaceans and some errant polychaetes (Feary, 2001; Feary et al., 2009). Crustaceans are known 

to have a high lipid content (O'Connor & Gilbert, 1968). Therefore, it is suggested that this liver 

condition could depend on the availability of food and is probably more prevalent in those sites 

where more prey is available. 

 

Fatty liver has been also associated with reproduction. Santos (1995) observed that the 

fatty livers of Parablennius sanguinolentus parvicornis (Blenniidae) returned to normal condition 

with the onset of spawning. In our study, we collected only adults in their early reproductive 

stages and therefore the association between fatty liver and the reproductive stage of the fish was 

not observed. Unfortunately, the complete information about how this fish species reproduces is 

not known (annual reproductive cycle and association with hepatic changes). Therefore, we 

suggest that annual reproductive studies should be carried out in order to understand the basic 

biology of this species. In addition, we need to highlight that other types of analyses of this 

species found high levels of fatty acids in their muscles (Chapter 3). Demersal fish store lipids in 

their livers while pelagic fish store it in their muscles, which help them with buoyancy (Sargent, 

1997; Sheridan, 1988). Although it seems likely that this lesion is related to diet, it seems 

important to fully understand why this species stores that amount of fat in their bodies. 

 

The second most common lesion found in the livers of F. capito was fibrosis. Liver 

fibrosis is a metaplastic change that it is present in response to wound healing due to liver 
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damage, and is typically observed as a disproportionate accumulation of an extracellular matrix of 

proteins, including collagen, in chronic liver disease (Albanis & Friedman, 2001; Bataller & 

Brenner, 2005; Friedman, 2008). According to Mukai et al. (2012), fibrosis is a non-specific 

lesion and is usually present as a chronic inflammatory response. Bataller & Brenner (2005) stated 

that an advanced liver fibrosis can result in cirrhosis, or liver failure. In addition, fibrosis in the 

liver is usually considered an irreversible lesion because collagen has a permanent impact on 

hepatocytes (Ortiz-Ordoñez et al., 2011). Based on this, RDA results showed that steatosis is 

related to fibrosis, and the presence of lymphocytic infiltration (BCI) acts as a defence signal. If 

fish are continually exposed to the stressor or stressors this can later damage the liver. It is 

important to emphasize this in future studies to find the exact causes of these lesions.  

 

In this study, one of the most prevalent lesion in gills was hyperplasia. Fish from two 

contaminated sites, Onehunga and Birkenhead, showed the highest prevalence and intensity of 

hyperplasia. This lesion is a progressive but reversible change that depends on the duration of 

exposure and the severity of the stressor agent (Bernet et al., 1999). This type of lesion is a result 

of defence mechanisms against pollutant uptake where the distance between the toxicant and the 

circulatory system increases by decreasing the respiratory surface of the gills (Cengiz, 2006; 

Mallatt, 1985). Based on our results in the RDA, we did observe an association with between lead 

and hyperplasia. Javed and Usmani (2013) stated that a long period of exposure to heavy metals 

could degenerate the epithelium of the gills, causing hyperplasia. Au (2004), however, suggested 

that changes in gill morphology are responsive but non-specific to a particular contaminant 

hyperplasia and telangiectasia are present in response to a wide variety of contaminants. 

Hassaninezhad et al. (2014) showed that after three weeks exposure of mercury to yellowfin 

seabream Acanthopagrus latus, the fish presented not only hyperplasia but also other lesions such 

as oedema and telangiectasia. Thus, since this lesion is a long-term response, it is suggested that 

fish gill could be acting as protectors against possibly this metal. Whatever the cause, the severe 

intensity of this lesion, particularly in fish from Birkenhead and Onehunga, may interfere in the 

respiration and health of these fish. 

 

 In this study, telangiectasia was found in 40% to 86.6% of the samples and was the 

second most prevalent lesion observed in the gills of F. capito. Fish from Birkenhead presented 

the highest prevalence and intensity of lesion following by fish from Panmure. Telangiectasia is 

an acute response that causes gill damage, and is associated with chemicals or physical trauma as 
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a consequence of a failure of vascular integrity when the pillar cells break (Ferguson et al., 2006). 

This lesion is usually associated with parasites, metabolic waste or chemical pollution, and when 

there are many lamellae with this lesion, it could cause injury to the respiratory function (Roberts 

& Rodger, 2012). In the present study, RDA analysis showed that telangiectasia showed some 

associations with cadmium and in lesser degree with mercuy in Birkenhead (Bh) and also in 

Papakura (Pa). Our finding are concordant with results reported by Oliva et al. (2013), who found 

an association between aneurysms (telangiectasia), and metals in sediments. Also, Samanta et al. 

(2018) found this lesion in the gills of three species, the crucian carp (Carassius auratus), the pale 

chub (Zacco platypus), and the Korean chub (Zacco koreanus) that had been collected from 

contaminated streams (subject to domestic and industrial effluents). Therefore, it is possible that 

fish from Birkenhead and Papakura are responding to metals (and perhaps others stressors) as a 

method of defence. 

 

In general, in this study the prevalence of parasites was low in both the liver and gills, and 

the highest prevalence or presence of parasites was mainly in fish from three of the sites selected 

as contaminated (Panmure, Westhaven Marina, and Onehunga). Fish from Panmure and 

Westhaven Marina presented the highest presence of parasites of unidentified digenea in livers 

(26.6%), and ciliates in gills (13.3%) respectively. Ribeiro and Narciso (2013) have suggested that 

the presence of parasites in the liver reveals a disorder in the immune system. Ciliates from the 

Trichodinidae Family were only present in fish from Westhaven Marina. Several authors have 

reported the presence of Trichodinid gill ciliates when pollutants are evident (Khan, 1990; Khan 

et al., 1994; Khan, 2012). In this study, the prevalence of this ciliate was low; therefore, we 

cannot link the presence of parasites to chemical pollution. To analyse in depth any association 

between parasites and pollution, it is suggested that further studies should be carried out, 

increasing the number of hosts examined to assess an association between pollution and the 

prevalence and intensity of parasites. 

 

In the present study, high levels of zinc in this species are concordant with high levels of 

zinc found in sediments in some sites of Auckland (Abrahim & Parker, 2002; Abrahim et al., 

2007; Abrahim & Parker, 2008; ARC, 2015; Mills, 2014). such as in Panmure and a site in the 

Tamaki Estuary that is highly impacted by this metal. In this study we mainly used city council 

reports of sediments as a reference, which reported mainly zinc, lead, copper, PAHs, and some 

other organic contaminants. We also evaluated other metals in order to understand other potential 
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stressors that could affect this fish species. For instance, we found high levels of cadmium and 

lead in this species at Birkenhead. The Panmure site, apart from showing the highest levels of 

zinc, also presented the highest levels of nickel, while Westhaven Marina presented high values of 

lead, cobalt, manganese, and titanium. Fish from Weymouth revealed high levels of aluminum 

and, iron. These novel results help us to better understand the quality of the environment that this 

species lives in and to better predict the causes of the effects of pollution in organisms inhabiting 

these sites. In addition, the liver is one of the target organs to study the bioaccumulation of metals, 

as has been proven by Javed and Usmani (2013). In the present study, due to the small size of the 

fish, it was not possible to obtain a sufficient quantity of the tissue required for metal analysis so 

fish muscle was used instead. The high values of some metals found in the muscles of this species 

from the sites studied suggest that muscle can be used as a chemical indicator of pollution in 

future monitoring studies. 

 

In summary, this study has provided a clear picture about the health status of the species 

triplefin F. capito that inhabits different sites in Auckland, New Zealand. The condition factor in 

general and the histopathology survey of livers and gills in particular were valuable tools in 

assessing the health status of this species, and this has contributed to a better understanding of the 

general physiology of this fish. All the lesions found in this study were non-specific to certain 

stressors but the high prevalence of steatosis in the livers of this species was notable, and seems 

likely to be related to diet. However, we cannot discard a priori an association with growth and 

reproduction. In addition, there are concerns about fish with fibrosis, as this lesion is considered 

to be chronic and irreversible. The prevalence of parasites in this fish was in general low and not 

informative (probably due small size of these fishes). The fish from sites selected as contaminated 

(Westhaven Marina, Panmure and Birkenhead) presented the highest values of metals, lesions and 

parasites (although there was a low prevalence). In relation to our reference sites, we also found 

lesions and the highest levels of aluminium, iron, and copper in fish from Weymouth, and high 

levels of mercury in fish from Papakura, but this is not an unusual finding as pristine places are 

difficult to locate nowadays. Thus, in general, we detected that this fish species showed a greater 

degree of impaired health in some known contaminated sites around Auckland. As a result, it is 

suggested that this species can be considered a good indicator of pollution, and could be used as a 

good sentinel for further monitoring programmes. 
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Conclusions 
 

This study has provided a general idea about the health status of the specie triplefin F. 

capito that inhabits different sites in Auckland, New Zealand. The condition factor has given us 

an initial answer about how healthy this species is and the possible synergistic effects between 

chemicals that may occur. In addition, the histopathology survey of livers and gills was a valuable 

tool to assess the health status and contributed to our understanding of the general physiology of 

this fish. All the lesions found in this study were non-specific to certain stressors but the high 

prevalence and intensity of telangiectasia and hyperplasia in gills seems to be associated with 

metal contamination. Metal analyses in muscles reflected similar tendencies to those reported in 

sediments from these sites studied. Therefore, we confirm that muscle was a useful tissue to 

obtain reliable chemical information. This was a preliminary study where we detected that in 

general, this fish species was more impaired in the contaminated sites studied than fish from 

reference sites. Therefore, due to the habit characteristic of this species and our findings, it 

suggested that this species could be a good sentinel for further monitoring programmes. 
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Chapter five: A non-invasive method to monitor 
pollution in New Zealand’s marine waters using 
DNA in fish skin mucus 
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Introduction 
 

Marine coastal contamination caused by human activity is a huge issue worldwide. The 

implementation of effective marine monitoring programmes, especially in coastal areas, is 

important and urgent. Monitoring yields information on the identity and quantities of chemicals 

found in the organisms themselves or in their environment (Peakall & Shugart, 1993) but does not 

allow us to directly evaluate their impact on organisms, populations, and communities. Biological, 

physiological, or biochemical measurements must be used to reveal the responses of organisms to 

pollutants (Kaiser, 2001). Using these measurements, often referred to as biomarkers, as a tool for 

monitoring the impacts of pollution has garnered increasing interest, particularly for the 

development of new non-invasive tools to assess water pollution. Utilizing fish scales (Quiros et 

al., 2007), blood, or fish skin (Larsen et al., 2015; Seriani et al., 2015; Song et al., 2008) are ideas 

that have been investigated. 

 

Fish skin is in direct contact with the environment, and functions as a natural, physical, 

biochemical, and semipermeable barrier that facilitates the exchange of nutrients, water, gases, 

hormones and gametes (Esteban, 2012). Some authors have stated that fish skin mucus plays a 

role as a biofilm, making it a favourable microenvironment for the formation of bacterial 

communities (Benhamed et al., 2014; Wilson et al., 2008). Larsen et al. (2013) provided some 

evidence that fish skin microbiota is species specific; in addition, Benhamed (2014) indicated that 

this depends on the fish’s environment and its health status. The diversity and structure of normal 

skin microbial communities can be assessed at three diversity levels; alpha (within a host); beta 

(between hosts of the same population), and gamma diversity (within a population) (Larsen et al., 

2013). Lozupone and Knight (2008) suggested that alpha-diversity is important when 

investigating whether the microbial diversity in a pristine habitat is different to that in an 

anthropogenic one. In the case of beta-diversity, it can help to answer the question of whether 

similar environments are comprised of the same species despite the physical distance.  

 

Larsen and Arias (2014) stated that microbial communities normally present on the 

mucosal surfaces of fish act as a protective barrier against potential pathogens, but this microbiota 

can be affected when exposed to pollutants. Pollution can potentially affect the fish through direct 

interaction with the skin bacteria, or indirectly through suppression of the immune system. The 

authors therefore emphasized that it is important to characterize bacterial communities and factors 
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that affect their structure. Shewan (1961) stated that bacterial flora in fish mucus is a reflection of 

the environment they inhabit, and Cahill (1990) explained that bacteria that inhabit the fish 

surface reflect the bacterial diversity in the surrounding water. Some studies have reported 

associations between microbial communities in soil and impacted environments with metals and 

organic contaminants (Alonso-Gutiérrez et al., 2009; Gillan & Pernet, 2007; Nogales et al., 2001; 

Paissé et al., 2008). Only a few studies have focused on using skin mucus to characterize the 

bacterial communities in fish in impacted areas (Alikunhi et al., 2017; Larsen et al., 2015; Song et 

al., 2008).  

 

Advances in technology allow us to develop new molecular biomarkers of pollution, 

which can determine the abundances of thousands of genes at the same time. Next-generation 

DNA sequencing technologies provide a new means to assess changes in bacterial community 

diversity (Mehinto et al., 2012). Goodwin et al. (2017) added that DNA sequencing and analysis 

support a variety of usages in marine monitoring; similarly Bourlat et al. (2013) stated that the 

utilization of nucleotides (DNA or RNA) to assess biological systems is probably one of the most 

innovative techniques in marine monitoring studies. 

 

Some authors have used next generation DNA sequencing methods to assess bacterial 

communities in impacted soils (Ding et al., 2017; Hermans et al., 2017; Staley et al., 2017). Using 

efficient universal primers for these types of environmental studies such as the DNA sequence of 

the small ribosomal subunit RNA (16S rRNA) has been of significant value to determine the 

taxonomy of, bacteria and communities (Greer et al., 2001). There have been some studies using 

such methods to examine the microbiology of fish guts in impacted sites (e.g. Sanghera, 2015). 

However, those still require killing the animals. Instead, as fish skin is the primary external organ 

exposed to the water, it seems that assessing bacterial communities in the skin mucus of a non-

migratory fish with next generation sequencing technology could be a novel non-invasive 

alternative to complement chemical monitoring studies. 

 

Blennioids are an interesting group for monitoring pollution. In general, they are 

territorial, non-migratory, sedentary, and have a loyal association with the microhabitat in which 

they live (Gonçalves & Faria, 2009). The triplefin Forsterygion capito is a small territorial marine 

blennioid species that lives in sheltered bays and harbours, and is endemic in New Zealand 

(Clements, 2003; Francis, 2001; Stewart & Clements, 2015) These attributes make this species a 
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suitable sentinel species for assessing responses to pollution in the New Zealand aquatic 

environment. 

 

Auckland City is a very appropriate place to assess the relationship between bacterial 

communities and the water quality in marine fish. Since 2006, around one-third of the national 

population was settled in the Auckland region and the city continues to be increasingly urbanised, 

creating highly contaminated areas (ARC, 2010; ARC, 2015). The city has two main harbours on 

each side of a narrow isthmus, and one estuary. These are the Waitemata Harbour, the Manukau 

Harbour and the Tamaki Estuary, and all three are impacted by pollution. The Waitemata Harbour 

is widely used for commercial transport and leisure boating (ARC, 2015; Stewart, 2006). The 

Manukau Harbour is the second largest harbour in New Zealand and to the north of this harbour is 

the Mangere Inlet, which has high levels of heavy metals, polycyclic aromatic hydrocarbons 

(PAHs), and organochlorines. This area is considered the most industrialized part of New Zealand 

(Kelly, 2008; Williamson et al., 1992; Williamson & Wilcock, 1994). The Tamaki Estuary is 

located to the east of Auckland City. This is the third largest water body close to the city and is a 

severely polluted and highly populated area (Abrahim & Parker, 2002; Abrahim et al., 2007; 

Abrahim & Parker, 2008; ARC, 2015; Mills, 2014).  

 

The hypothesis that the bacterial communities associated with F. capito would reflect the 

conditions of the marine environment in which the fish reside was tested. The first objective was 

to develop a reliable method to obtain a large enough quantity of DNA from fish mucus. To 

understand the normal skin microbial community, we described and compared the bacterial 

communities present in fish inhabiting both contaminated and less contaminated sites (reference 

sites). To do so, we first described the bacterial communities present in each site and then we 

calculated and compared different alpha-and-beta-diversity metrics for each quality status (i.e. 

contaminated vs. reference sites), and for each site. The next objective was to identify bacterial 

clades present in fish mucus as potential biomarkers for the quality status of the sites 

(contaminated vs. reference) and for each site, including the potential relationships with chemical 

parameters (e.g., metal and PAH values). Finally, the methodology developed was discussed for 

its potential to be used in field studies as a non-invasive method to monitor seawater pollution. 
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Materials and methods 

Sample collection 
 

Fifteen triplefin Forsterygion capito per site were collected in April 2016, but only five 

from each site were chosen for microbial analysis. They were collected from eight sites in 

Auckland, New Zealand. Four sites were designated as contaminated and four as reference sites; 

for further bioinformatics and statistical analyses these sites were categorized by status 

(contaminated versus reference). The contaminated sites were categorized according to metal and 

polycyclic aromatic hydrocarbons (PAHs) compounds reported by several authors (ARC, 2015; 

Kelly, 2008; Mills et al., 2012; Mills, 2014; Stewart, 2006). Two sites were selected in the 

Waitemata Harbour: Birkenhead Wharf (36°49′S, 174°43′E) and Westhaven Marina (36°50′S, 

174°44′E). Mangere Inlet in the north of the Manukau Harbour at Onehunga Harbour (36°55′S, 

174°47′E) was chosen due to historical heavy industrial activities. In the Tamaki Estuary, 

Panmure Wharf (36°54'S; 174°52'E) was chosen because of the high levels of metals reported, 

especially zinc (Abrahim & Parker, 2002; Abrahim et al., 2007; Abrahim & Parker, 2008; ARC, 

2015; Mills, 2014). The two reference sites chosen were Maraetai Beach (36°52'S; 175°02'E) 

located in the east of Auckland in the Tamaki Strait, and Orapiu Wharf (36°50′S, 175°08′E), 

located in the eastern part of Waiheke Island. The other two references sites were in the south of 

the Manukau Harbour. Although the north of this harbour is considered highly polluted, in the 

south the Panhurehure Inlet is less contaminated as it is a rural area with some houses, some 

commercial areas and low industrial activity (Dupree & Ahrens, 2007; Kelly, 2008; Stewart, 

2006). In that area, the Bottle Top Bay Jetty, Papakura (37°2′S, 174°53′E) and the Weymouth 

Jetty (37°03'S; 174°51'E) were chosen (Figure 15). 
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Figure 15. Map showing site of triplefin F. capito collection from Auckland, New Zealand. 
 

Fish were caught with traps baited with mussels Perna canaliculus, and immediately 

placed in a vessel with the same water from the site of collection. Fish were then identified 

according to Clements et al. 2000, and only F. capito > 4.5 cm length were used; the rest were 

released. Selected animals were individually placed on a small bench (previously sterilized with 

70% ethanol), and the fish head was carefully held to dispatch the animals by pithing as they 

needed to be dispatched for other studies including chemical analyses. (Auckland University, 

Animal Ethics approval ref. number 001679). Mucus was immediately collected using a sterile 

150 mm collection swab (Interlab, New Zealand), gently rubbing the fish from the operculum to 

the base of the tail with gloved hands; see details in Figure 16. Mucus samples were placed into a 

collection tube then kept on ice until they arrived at the laboratory to be stored at -20ºC until 

analysis. After the collection of mucus samples, the fish were weighed and measured. All the 

samples were analysed in the Marine Laboratory at the School of Biological Science at the 

University of Auckland. 
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Figure 16. Mucus collection from F. capito. 
(A) After using the baited trap, fish were placed in a small bucket with water from their habitat, before 
being collected and placed on a bench previously sterilized with ethanol 70%. (B) Before using the swab, 
gently hold the head of the animal with two fingers to avoid any movement. (C) Proceed to take the 
collection swab and gently rub into the fish from the operculum until the base of the tail, repeat this two to 
three times in the same direction as arrows are indicating in the figure, gloves are changed after placing the 
animal on the bench. Gloves are worn at all times. 
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DNA extraction and amplification of 16S rRNA genes 
 

Prior to the final DNA extraction method used, several protocols were performed to 

obtain the highest DNA concentration with the trial samples. The best protocol applied used 

the phenol-chloroform (Sambrook et al., 1989) extraction method, with the modifications 

detailed below. Before DNA extraction, swabs were snapped to leave only the head then 

placed into separate 2.0 ml microcentrifuge tubes (Safelock tubes Eppendorf, Germany). Two 

hundred microliters TNES buffer (10 mM Tris base pH 7.5, 10 mM NaCl, 25 mM EDTA, 

0.5% SDS) and 11 µl proteinase K (1 mg/ml) were added into each 2.0 ml microcentrifuge 

tube. These were then vortexed thoroughly before incubation at 37ºC overnight. The swab 

head was then gently squeezed against the walls of the tubes before being discarded. Next, 

PCI buffer (200 µl) was added into each tube, vortexed for 30 s and centrifuged for 3 mins at 

13,000x g. The PCI buffer was comprised of 1.5 ml phenol, 1.44 ml chloroform, and 0.06 µl 

isoamyl alcohol. After centrifugation, two phases were obtained. The upper phase was 

transferred into 1.5 ml microcentrifuge tubes (Eppendorf, Germany) to precipitate the DNA. 

10 µl of sodium acetate 3M (pH 5.2) and 250 µl 100% ethanol were then added, and the tubes 

were left for 2 h at 20 ºC. After 2 h, the tubes were centrifuged for 20 mins at 13,000x g. The 

supernatant was removed, and 900 µl 70% ethanol was added to the precipitated DNA 

(pellet). The tubes were again centrifuged for 6 min at 13,000x g. The supernatants were then 

removed from the pellet, which was dried at 37 ºC for 5 minutes. Finally, 25 µl of TE buffer 

(0.16g Tris HCl, 0.03g EDTA pH 8.0) was added to resuspend each DNA pellet. The tubes 

were left overnight at 4 ºC, then stored at - 20ºC until analysis. 

 

DNA template concentration was quantified at A260/A280nm with a Nanophotometer 

model NP60 (Implen, Germany). The hypervariable V3/V4 region of 16S rRNA genes was 

amplified using modifications of the primers 341F (5´-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-

3´) and 785R (5´-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA

TCC-3´). These primers were used because it has been demonstrated that they provide a good 

coverage of bacteria (Klindworth et al., 2013). In addition, these primers include the Illumina 

MiSeq overhang adapter sequences (bold) required to downstream the DNA sequences. PCR 

conditions were as follows: 95ºC for 3 min; annealing temperature 55º C for 30 sec followed 
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by 25 amplification cycles; 95ºC for 30 sec; 72ºC for 30 sec, and final extension at 72ºC for 5 

min. A PCR master mix was used, which contained 10 µl MQ water, 1 µl DNA template, 

0.75 µl each primer 10 µmol, and 12.5 µl Taq polymerase KAPA HiFi HotStart PCR (KAPA 

Biosystems, New Zealand). Amplification of the correct size DNA band (~390 bp) was 

confirmed electrophoretically by running the PCR products on a 1% agarose gel at 90 volts 

for 40 min after staining with Sybr® Safe DNA gel (Invitrogen) and visualised using a Gel 

Doc XR System (Bio-Rad Laboratories, USA). Each PCR product was purified with DNA 

Clean & ConcentratorTM-5 Zymo Research kits (USA) according to the manufacturer’s 

protocol. All the PCR products were then quantified with Qubit fluorometer double-stranded 

DNA (dsDNA) High Sensitivity assay kit (Life Technologies, Carlsbad, CA, USA). 

Additionally, ten samples were randomly chosen to verify the DNA quality by using a 

Bioanalyzer 2100 high sensitivity DNA kit (Agilent Technologies, Santa Clara, USA).  

 

All the amplified products were standardised to 7nM according to the 16S 

Metagenomic Library Preparation Guide (https://support.illumina.com) and were sent for 

sequencing to New Zealand Genomics Ltd. on an Ilumina MiSeq instrument (Ilumina Inc., 

San Jose, CA, USA). 

 

Sequence data processing 
 

Raw sequences were initially processed with the UPARSE pipeline (Edgar, 2013). Briefly, 

demultiplexed paired-end reads were joined and subsequently quality filtered using 

USEARCH_64 (Edgar, 2010). These processed sequences were checked for quimera sequences 

and then used for de novo OTU picking, with a threshold of 97% similarity. To include abundance 

data, usearch_global command was used for mapping the joined sequences against the 

representative OUT sequences. An OTU table was then constructed and converted to biom 

format, then imported to QIIME v. 1.8 (Caporaso et al., 2010) to conduct further statistical 

analyses (see below). Additionally, the remaining sequences were then taxonomically classified 

using RDP (Ribosomal Database Project) classifier in QIIME with the Greengenes database as 

reference (version 13.5) (DeSantis et al., 2006).  
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Chemical data 
 

Of the fifteen fish collected, five fish bodies were used to measure metal concentrations 

(13 elements) and another five were used to measure the relative abundance of polycyclic 

aromatic hydrocarbons (16 compounds). The results that relate to the triplefin F. capito collected 

in the eight sites of this study are provided in Chapter 3 (Table 2) and Chapter 4 (Table 6). 

 

Statistical analysis 
 

QIIME 1.8 was used to conduct different statistical analyses on the bacterial 

communities from the fish skin with the aim of comparing their composition and/or the 

abundance between status (contaminated vs. reference sites), and among individual sites. 

Prior to analysing alpha and beta-diversity, samples were normalised at the lowest 

sequencing depth in the database. For alpha-diversity, the Chao 1 index was evaluated to 

identify community richness (Chao, 1984), and both Shannon (Shannon, 1948) and Simpson 

(Simpson, 1949) diversity metrics were used to assess community richness and evenness. 

 

Weighted UniFrac (Lozupone & Knight, 2005) distance metric was used to assess beta-

diversity. To compare differences between bacterial relative taxon abundance based on the 

phylogenetic tree among site status and then among individual sites, PERMANOVA as well as 

non-metric multidimensional scaling ordinations (nMDS) were conducted using PRIMER 6 and 

PERMANOVA+ software (Plymouth Marine Laboratory, UK). Additionally, and to evaluate the 

homogeneity of multivariate dispersions, permutational analysis of multivariate data dispersion 

(PERMDISP, Anderson, 2006) was conducted. To identify putative bacterial biomarkers, linear 

discriminant analysis (LDA) coupled and effect size (LEfSe) was performed (Segata et al., 2011). 

LEfSe analysis was based on the pairwise Wilcoxon rank sum test, where a threshold of >2.0 was 

set for the logarithmic LDA score to consider discriminant features. These analyses were 

conducted using the online Huttenhower Galaxy server (hutternhower.sph.harvard.edu/galaxy). 

For alpha-diversity, Student’s t-test was conducted to determine significant differences among 

status (contaminated vs reference) and one-way ANOVA was used to compare differences 

between sites. Tukey tests were performed a posteriori (p<0.01). All these analyses were 

performed with the software MINITAB 16. Finally, to analyse the relationship between the most 

abundant bacterial communities (abundance bacterial genera) and chemical variables, RDA 
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analysis was performed using CANOCO (4.5 for Windows) and CanoDraw 4.12 to construct the 

graph. Differences at α<0.05 were considered significant. 

 

 

Results 
 

The adult fishes mean body length (± standard deviation) was 6.13 (± 0.92) cm, and 

the mean body weight (± standard deviation) was 2.25 (± 1.14) g. After filtering the data, 

1,451,412 sequencing reads were found with an average length of 457 bp. After rarefaction, 

3,321 reads, 1,299 OTUs, 36 phyla, 73 classes, 135 orders, 243 families, and 409 genera were 

found. 

 

Diversity of microbial communities on the skin of triplefin F. capito 
 

In general, the alpha-diversity measurements of bacterial communities in the fish skin 

of F. capito were significantly different between samples collected from different status sites; 

Chao 1 and Shannon indices (p<0.01). The Chao 1 index showed that samples in the 

contaminated sites had a higher density of bacteria than samples from reference sites and the 

Shannon index indicated that bacterial communities were more diverse in samples from 

contaminated sites in comparison with the reference sites (Table 7). 
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Table 7. Bacterial community diversity (mean + standard deviation) in fish skin mucus of triplefin F. 
capito collected around Auckland, New Zealand. 

 
Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = 
Westhaven Marina. Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = Papakura (Bottle Top 
Bay) Jetty, Wy = Weymouth Jetty. Means that do not share a letter are significantly different (Tuckey’s 
test, p <0.05). Bold values represent the highest values. 
 

The same differences were observed in the three different diversity measurements 

evaluated among sites. The Chao 1 index showed that in two contaminated sites, Onehunga 

and Panmure (Figure 17A), the microbiota had a high richness. Shannon diversity showed 

that the highest values were found in fish skin mucus from the same contaminated site 

(Panmure), indicating high diversity (Figure 17B). At the same time, the Simpson index 

showed a similar trend and presented the highest values in fish skin mucus from Panmure 

(Figure 17C). Results obtained here indicated that the bacterial communities present in two 

contaminated sites, Panmure and Onehunga, presented the highest alpha-diversity values, 

particularly in the samples from Panmure.                                                                                                  

Sites Alpha Indices   

Contaminated Chao 1 Shannon Simpson 
Bh 229.72b + 47.87 4.83b + 0.463 0.92b + 0.03 

On 426.00a + 120.82 4.96ab + 0.84 0.91bc + 0.03 

Pn 380.80a + 82.54 6.30a+ 1.05 0.96a + 0.05 

Wt 359.06ab + 32.80 5.19ab + 0.19 0.93ab + 0.01 

Reference Chao 1 Shannon Simpson 
Ma 263.14ab + 27.76 4.67b + 0.11 0.92b + 0.01 

Or 239.39b + 51.59 4.44b + 0.894 0.86d + 0.09 

Pa 229.72ab + 21.74 4.66b + 0.17 0.87cd + 0.02 

Wy 305.72ab + 80.89 4.92ab + 0.62 0.93ab + 0.03 
 F7,80=3.95, p<0.01 F7,80=13.72, p<0.01 F7,80=3.54, p<0.01 

Status    
Contaminated  

348.89 + 107.29 
 
5.318 + 0.92 

 
0.93 + 0.04 

Reference 273.82 + 56.88 4.67 + 0.58 0.89 + 0.06 
t-student t=2.69, p=0.02 t=2.59, p=0.02 t=2.07, p=0.05 
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Figure 17. Alpha-diversity curves of 16S rRNA gene sequences per site at rarefaction depths from DNA 
fish skin using OTU de novo picking method with 97% sequence similarity.  
Samples were standardized to the least number of sequences obtained.  
(A) Chao1 index (B) Shannon index (C) Simpson index. The error bars indicate the standard error of the 
mean diversity at each rarefaction level. Contaminated sites; Bh = Birkenhead Wharf (red), On = 
Onehunga Harbour (orange), Pn = Panmure Wharf (light green), Wt = Westhaven Marina (sky blue). 
Reference sites; Ma = Maraetai Jetty (blue), Or = Orapiu Wharf (dark green), Pa = Papakura Jetty (purple), 
Wy = Weymouth Jetty (pink). 
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Prokaryotic community composition 
 

At the phylum level, the main three prokaryotic community members belonged to 

Proteobacteria, Bacteroidetes, and Cyanobacteria. For Proteobacteria, fish skin mucus from 

Maraetai had the highest values of relative abundance (97%), followed by fish skin mucus from 

Orapiu (95.6%). Fish from Panmure presented the most abundant Bacteroidetes (14.4%), and fish 

mucus from Onehunga presented the most abundant Cyanobacteria (2.5%) (Figure 18). 

 

At the class level Gammaproteobacteria was the most dominant taxon, and was found in 

abundance in 92.8% of samples from Orapiu, and in 91.0% of samples from Birkenhead. The 

second, third and the fourth most dominant taxa were Alphaproteobacteria, Flavobacteriia, and 

Saprospirae, where the highest percentage was found in fish samples from Panmure (10.5%), 

(7%), and (5.7%), respectively. In fish samples from two reference sites, Maraetai and 

Weymouth, Deltaproteobacteria was 3.6%. Finally, Chloroplast at 2.5% was found in Onehunga, 

while in fish samples from Weymouth Epsilonproteobacteria occurred at 2.1% (Figure 19). 

Bacteria with an abundance of less than 0.01% were grouped in the category Bacteria; Other (for 

more details see Appendix 11). 
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Figure 18. Composition of microbiota in fish skin mucus from animals collected in eight sites of Auckland, New Zealand.  
Relative abundance each bacterial taxon at phylum level in triplefin F. capito from eight sites of Auckland. Data is presented as percentage values. The most 
dominant bacteria taxa are underlined. Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina. 
Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = Papakura Jetty, Wy = Weymouth Jetty. 
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Figure 19.  Composition of microbiota in fish skin mucus from animals collected in eight sites of Auckland, New Zealand. 
Relative abundance each bacterial taxon at class level in triplefin F. capito from eight sites of Auckland. Data is presented as percentage values. The most 
dominant bacteria taxa are underlined. Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina. 
Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = Papakura Jetty, Wy = Weymouth Jetty. 
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Differences in bacterial community composition between sites 
 

At the quality status, the PERMANOVA analysis showed that weighted UniFrac distance 

had significant differences (Pseudo-F1,39=5.18; p=0.001). PERMDISP indicated that these 

significant differences in the PERMANOVA analysis were due to multivariate dispersion within 

groups (contaminated and reference) (p<0.01). At the site category, the PERMANOVA analysis 

also revealed a significant interaction (Pseudo-F7,39=6.84; p<0.01). PERMDISP indicated that 

the significant differences in the PERMANOVA analysis were not due to multivariate dispersion 

within group sites (8 sites) (p=0.09). A Pairwise test comparison (using the Bonferroni 

correction to maintain the type I error rate of α=0.05), showed significant differences between 

Papakura and three other sites; Maraetai, Weymouth, and Westhaven Marina (p<0.01). Non-

metric multidimensional scaling (nMDS) showed a marked distinction between some host 

species inhabiting two contaminated sites (Panmure and Onehunga). The majority of the samples 

from these two sites were separated from the rest of the sites and showed more dispersion than 

the others (Figure 20). 

 
Figure 20. Non-parametric multidimensional scaling (nMDS) plot of bacterial community samples from 
triplefin F. capito from Auckland, New Zealand. 
Plot based on weighted UniFrac distance matrices. Blue colours indicate contaminated sites, green colours 
indicate reference sites. Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = 
Panmure Wharf, Wt = Westhaven Marina. Reference sites; Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = 
Papakura (Bottle Top Bay) Jetty, Wy = Weymouth Jetty. 
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Identification of marine bacterial biomarkers in different sites around Auckland, New 
Zealand 
 

Lineal discriminant analysis (LDA) and the effect size (LEfSe) did not reveal bacterial 

biomarkers significantly associated with any of the status or sites at either the OTU or phylum 

level. Consequently, order level was used to evaluate the LDA using an LDA score >2. Six 

different orders in quality status were identified in reference sites and 36 orders in contaminated 

sites. At the reference sites these orders were mainly represented by Vibrionales, while in 

contrast, in the contaminated sites these orders were Alteromonadales and Flavobacteriales. 

Thus, fish inhabiting more contaminated sites presented more bacterial biomarkers in 

comparison with fish inhabiting reference sites (Figure 21A).  

Analysis of the sites revealed that the most abundant bacterial orders were 

Flavobacteriales, Marinicellales, Saprospirales, and Rhodobacterales in fish from Panmure; 

Oceanospirillales in fish from Papakura; Stramenopiles and Alteromonadales in fish from 

Onehunga, and Pseudomonadales in fish from Weymouth. Only the Orapiu site was not plotted 

by the online serve due to at the order level no distinct bacteria were found compared to the rest 

of the sites (Figure 21B). 
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Figure 21. Lineal discriminative analysis (LDA) effect size (LEfSe) analysis to identify potential microbial 
biomarkers present on fish mucus. 
(A) Contaminated (red) and reference (green) Sites. (B) Among seven sites of study, Birkenhead Wharf 
(red), Onehunga Harbour (blue), Panmure Wharf (sky blue), Westhaven Marina (yellow), Maraetai Jetty 
(green), Papakura Jetty (purple), Weymouth Jetty (black).  
Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina. 
Reference sites; Ma = Maraetai Jetty, Pa = Papakura (Bottle Top Bay) Jetty, Wy = Weymouth Jetty. 
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Chemical data 
 

The concentration of polycyclic aromatic hydrocarbons (PAHs) and metals was provided 

in Chapter 3 and Chapter 4. Samples of flesh tissue (muscles) were quantitatively analysed for 13 

elements; aluminium (Al), nickel (Ni), arsenic (As), mercury (Hg), cadmium (Cd), zinc (Zn), lead 

(Pb), titanium (Ti), magnesium (Mn), cobalt (Co), chromium (Cr), iron (Fe) and copper (Cu). 

Results were expressed in ppm (mg/kg wet weight). For the PAHs, 16 compounds were assessed: 

naphthalene (Naph), 2-methyl naphthalene (2-MeNap), acenaphthylene (Ace), acenaphthene 

(Ant), fluorene (Fl), anthracene (An), phenanthrene (Phe), fluoranthene (Fa), pyrene (Pyr), 

chrysene (Chr), benzo[a]anthracene (BaA), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene 

(BkF), dibenzo[a,h]anthracene (DBahA), indeno[1,2,3-cd]pyrene (IncdP), and benzo[ghi]perylene 

(BghiP). For more details see Chapter 3 (Table 2) and Chapter 4 (Table 6) more details).  

 

Relationship between bacterial community composition and chemical data for triplefin F. 
capito 
 

For the RDA analysis, forward selection was performed to select the chemical variables. 

29 chemical variables (13 metals, 16 PAHs) were reduced to ten. The chemical variables were 

Al, As, Hg, Zn, Ni, 2-MeNap, Ace, An, BbF, and DBahA. In order to detect a more specific 

association between chemical data and biological data, the fourteen most dominant bacterial 

genera were chosen from the fish skin mucus of F. capito. 

The RDA plot shows the association between the 14 most dominant groups at genus level 

with chemical data from the fish species F. capito. The first and the second axes explain 31.6% 

and 8.9% of the total variance, and the Monte Carlo permutation test (499 permutations) 

supported this by showing significant differences (F=5.66, p=0.02). Axis 1 shows that the 

variables zinc (Zn), and nickel (Ni) had a strong correlation with bacteria from the genera 

Cobetia (Cbt), Alteromonas-others (Altrm-others) and Marinobacter (Mrb). These bacteria also 

showed an association with Anthracene (An). Anthracene at the same time was associated with 

some other groups of bacteria; Halomonas (Hals), Oceanisphaera (Ocnp), Rhodobacteraceae-

others (Rhod-others), Saprospiraceae-others (Spr-others), Marinicella (Mrcl), Lewinella (Lwel) 

and Flavobacteriaceae-others (Flav-others). These groups of bacteria were also associated with 

samples from a contaminated site (Panmure). Positive axis 2 shows that aluminium is strongly 
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correlated with Alteromonas (Altm) and Stramenopiles (Strp). These groups of bacteria were 

associated with samples from a contaminated site, Onehunga (On) (Figure 22).  

 
Figure 22. Redundancy analysis (RDA) ordination triplot of fish skin samples of triplefin F. capito from 
Auckland, New Zealand.  
Biological variables (blue arrows); 14 the most dominant bacteria at genera level. Cbt = Cobetia, Altrm-others = 
Alteromonas-others, Mrb = Marinobacter, Flav-others = Flavobacteriaceae-others, Lwel = Lewinella, Mrcl = 
Marinicella, Spr-others = Saprospiraceae-others, Ocnp = Oceanisphaera, Hals = Halomonas, Rhod-others = 
Rhodobacteraceae-others, Altm = Alteromonas, Strp = Stramenopiles, Thls = Thalassomonas, Psd = 
Pseudoalteromonas. The term others indicates unclassified genera. Chemical variables (red arrows); Al = 
Aluminium; Zn = zinc; DBahA = Dibenzo[a,h]anthracene; Ant = Acenaphthene; An = Anthracene; 2 MetNap = 
2-methyl naphthalene, BaA = benz[a]anthracene, Hg = mercury, Ni = nickel. Contaminated sites; Bh = 
Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina. Reference sites; 
Ma = Maraetai Jetty, Or = Orapiu Wharf, Pa = Papakura (Bottle Top Bay) Jetty, Wy = Weymouth Jetty. 
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Discussion 
 

In this study, the hypothesis that the bacterial community in fish skin mucus reflects the 

quality of the surrounding water was tested. A non-invasive novel technique using the Next 

Generation Sequencing method from fish skin mucus to evaluate the differences in bacterial 

community structure and composition in different water qualities around Auckland region (New 

Zealand) was successfully developed. Here, the total bacterial diversity in different communities 

was evaluated through alpha-diversity metrics, which revealed that contaminated sites are richer 

and more diverse than the reference sites studied. In addition to this, beta-diversity revealed 

microbial differences in the fish skin mucus of F. capito inhabiting different geographical areas. It 

also detected bacterial biomarkers at order level among status and site, and some of the most 

abundant bacteria at genus level were associated with hydrocarbons contaminants rather than 

metals. Therefore, it is suggested that this new novel method be used for future monitoring 

programmes. 

 

The most dominant bacteria at the phyla level were Proteobacteria and Bacteroidetes 

Cyanobacteria. At the class level, Gammaproteobacteria was the most dominant taxa, followed 

by Alphaproteobacteria, Flavobacteriia, Saprospirae, Deltaproteobacteria and 

Epsilonproteobacteria. Our results are concordant with previous studies of bacterial 

communities in skin where the bacterial communities found here were common bacteria 

associated with fish skin microbiota (Boutin et al., 2014; Larsen et al., 2013; Smith et al., 2007; 

Tarnecki et al., 2016). This confirms that our methodology was successfully performed, as was 

shown by the fact that the bacteria found in F. capito were common bacteria reported in fish 

mucus. 

 

In our study, the alpha-diversity measurements of bacterial communities (Chao 1 and 

Shannon) were significantly higher among quality status (contaminated vs. reference sites). A 

similar trend was observed when each site was compared, with results indicating that the bacterial 

communities in contaminated sites had a higher richness and were more diverse than in the 

reference sites. In general, the results of diversity in contaminated versus control sites seem to be 

contradicted by other findings, as there have been several studies into marine soil and water that 

have indicated that the alpha-diversity is lower in contaminated sites (Ding et al., 2017; Xiong et 

al., 2018). Our results can be explained by the different responses of bacteria to acute and chronic 
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pollution. Nogales et al. (2011), for instance, explained that when there is an acute exposure to 

hydrocarbon certain groups of bacteria tend to decline, consequently decreasing alpha-diversity in 

the short term, but then other more specific bacteria, in this case hydrocarbon-degraders, tend to 

become more dominant. On the other hand, when there is a chronic exposure to contaminants as 

in our study, Nogales et al. (2007) stated that alpha-diversity (the Shannon index) in marine 

microbial communities is higher in the presence of hydrocarbon contamination. Begon et al. 

(2006) stated that resilience could cause some bacteria to grow faster, thereby representing an 

important part of this bacterial community after a perturbation. This could indicate that in areas 

that have continually been exposed to chemical pollution, specific bacteria may have the ability to 

grow faster and be more dominant than could be reflected in the indices of diversity. In addition, 

Gillan et al. (2005) found that bacterial diversity in areas contaminated with metals was as high as 

in reference sites, suggesting that several environmental factors could affect the microbial 

population. Similarly, Sun et al. (2012) suggested that the responses of bacterial diversity in 

contaminated environments are more complex than those of the macrobiota. This undoubtedly 

indicates that bacterial communities are complex interactions in which environmental factors (e.g. 

temperature) can be involved in changes in these communities, as well as in chemical pollution. In 

addition, it is suggested that in contaminated sites, bacteria in these communities probably have 

an affinity to the high levels of chemicals reported there and therefore these communities have 

already adapted to the chronic environmental pollution they live in. 

 

Beta-diversity was significantly different between Papakura and the three sites of 

Maraetai, Weymouth, and Westhaven Marina. These results may be caused by the spatial 

isolation of Papakura, which is located in a channel of the Pahurehure Inlet. Bacterial 

communities may be expected to differ in the waters of Manukau, the Waitemata Harbour, and 

Tamaki Strait. Bacterial communities, including in water, are known to show patterns of distance 

decay (where sites further from each other tend to have a less similar community composition) 

and they can vary even across small distances, due for example to the mass effects of bacterial 

immigration from the estuarine to the terrestrial environment (Lear et al., 2014). Therefore, beta-

diversity results may be due to the spatial isolation of this site and as Lozupone and Knight (2008) 

explained, our beta-diversity results have provided information about the microbial diversity 

differences in the fish skin mucus of F. capito that inhabits similar environments but is separated 

by physical distance. 
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Bacterial biomarkers in this study were found at the order level. In the quality status, the 

most abundant orders were Vibrionales in the reference sites and Alteromonadales and 

Flavobacteriales in the contaminated sites. Smith et al. (2007) stated that the dominance of 

Vibrionales in the skin mucus shows that this must be a good nutrient source for these bacteria to 

grow in. This suggests that the relative abundance of this group of bacteria in the reference sites 

may indicate that those habitats are rich in nutrients. On the other hand, Alteromonadales and 

Flavobacteriales have been associated with hydrocarbons. Yang et al. (2017) stated that 

Flavobacteriales can be found in different habitats such as soils, fresh and marine waters, plants 

and the human gut. Many flavobacterial species are pathogenic to a variety of organisms (Loch & 

Faisal, 2015). For example, Gignoux-Wolfsohn & Vollmer (2015) associated Flavobacteriales 

with a large percentage of white band disease in corals and Declercq et al. (2013) associated 

Flavobacteriales with severe disease in fish. Thus, the presence of bacteria associated with 

hydrocarbons and pathogens in fish inhabiting contaminated sites suggest that hydrocarbons are 

present in those sites (previously reported) and the other bacteria group indicates that they could 

be potentially pathogenic to the triplefin living in those sites. Therefore, it can be said that these 

microbial biomarkers are sensitive to their environment; supporting the hypothesis that they 

reflect the water quality they live in. 

 

It is in our interest to better understand the complex interaction between anthropogenic 

pollution, the environment and bacteria. Our RDA analysis illustrated some associations between 

microbial biomarkers at the genus level and some chemical variables. An association with zinc, 

nickel, and anthracene was found with the bacteria genera Cobetia, Alteromonas-others, and 

Marinobacter. Ibacache-Quiroga et al. (2013) proposed that Cobetia sp. is a hydrocarbon-

degrading bacterium, autochthonous to marine ecosystems. Jin et al. (2012) found that in 

naphthalene biodegradation experiments, Alteromonas were active showing the potential of 

Alteromonas species to degrade PAHs. Barbato et al., (2016) indicated the presence of 

Marinobacter in an experimental mesocosm study with diesel and crude oil. Members of this 

genus have the ability to degrade a wide range of hydrocarbons and therefore play an important 

role as microbial biomarkers of degradation in aquatic environments (Gauthier et al., 1992; 

Gorshkova et al., 2003; Kostka et al., 2011; Won et al., 2017). These studies accord with our 

findings, as the groups of bacteria identified here were most abundant in the samples from 

Panmure. Although the relative abundance of PAHs in the tissue of F. capito was in general low 

(Chapter 3), the highest relative abundance of some PAHs studied was found in fish from 
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Panmure. These findings are also supported by Auckland City Council reports, which stated that 

this site (in the Tamaki Estuary) had high PAH levels in sediments (Dupree & Ahrens, 2007; 

Williamson & Mills, 2009; Mills, 2014). Interestingly, the most abundant bacteria selected in this 

analysis were associated more with hydrocarbons rather than with metals, findings that indicate 

that the bacterial community composition studied here is the result of complex interactions. In the 

field, organisms are exposed to a complex mixture of contaminants, probably causing synergistic 

or antagonistic responses in the bacterial community composition. 

 

It has long been clear that organisms respond to environmental stressors such as chemical 

pollution. Next generation DNA sequencing has permitted us to understand more regarding the 

complex interaction between human impact, environments and organisms (microbiota). 

Although, there is still much work to be done, the present study is the first approach in 

developing a non-invasive and low-cost effective method to be used for monitoring pollution 

through the bacterial community analysis associated with fish mucus. Our results allow us to 

suggest promoting these types of studies using triplefin F. capito or any other blennioids, to be 

implemented in future monitoring programmes. 

 

Conclusion 
 

In this study, the hypothesis that the bacterial community in fish skin mucus reflects the 

quality of the surrounding water was examined. A non-invasive novel technique using an NGS 

approach from fish skin mucus was developed to assess the differences in the bacterial 

community structure and composition in different water qualities around Auckland, New 

Zealand. Here, a clear difference in the bacterial community was observed between the 

contaminated and the reference sites, shown by the differences in alpha-diversity. Beta-diversity 

showed bacterial changes in some fish inhabiting different geographical areas. We also identified 

some bacterial biomarkers in contaminated sites associated with hydrocarbons rather than 

metals. NGS technology has permitted a more in depth understanding of how human activities 

impact on the environment and on organisms (the microbiota). This is the first approach that has 

been developed that uses a non-invasive, low-cost and effective method to monitor pollution 

through the bacterial communities associated with fish skin. 
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Chapter six: General Discussion 
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Water is the main resource for life on earth; therefore, water pollution is considered to be 

of global concern. Human activities have long been associated with contamination, since bodies 

of waters continue to be used as a sink for the release of chemicals, resulting in diseases, 

environmental degradation, and undrinkable water, all of which ultimately have a negative impact 

on humans. New Zealand is not an exception and the “clean and green country” motto is 

nowadays not completely accurate, especially when the population is growing as fast as it is in 

Auckland. Therefore, the main objective of this thesis was to investigate the potential use of a 

triplefin species to invest in appropriate marine monitoring programmes to make better 

environmental management decisions.  

 

Bioindicators certainly need to be incorporated into these programmes as they reflect what 

is happening in their environment. Despite the fact that Adams and collaborators (2000) advised 

that it was important to develop and incorporate bioindicators in monitoring programmes in New 

Zealand, the situation has hardly changed. The increase in population is undoubtedly associated 

with an increase in human activities and is, consequently, the cause of pollution. Stats NZ 

reported that in 2013, the population of Auckland was around 1.4 million and it is expected to 

reach two million by 2033, representing around 37% of the total New Zealand population (Stats 

NZ: https://www.stats.govt.nz/).  

 

The research presented in this PhD thesis provides valuable information related to the 

health status of triplefin F. capito inhabiting both contaminated and less contaminated sites 

around Auckland, New Zealand. Evaluating responses and the effects of pollution through 

molecular, histopathological and somatic index tools, I have obtained a comprehensive idea of the 

responses and effects of pollution in this fish species. Additionally, with the aim of assessing 

water pollution from a different angle, I have developed a non-invasive method to assess the 

water quality of those sites in Auckland. The new information was presented in the four data 

chapters. 

 

First, in the laboratory (Chapter 2), I asked if there is a transcriptional response in F. 

capito exposed to different chemicals under laboratory conditions. In general, promising results 

were generated, especially relating to cyp1a and vtg gene expression in F. capito. In the case of 

zinc sulphate and oestradiol, only one concentration was used, which was chosen because of 
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previous experiments performed with another triplefin. Although, the genes showed reponses after 

the injection, it is recommnended that future studies test different concentrations in order to 

complete these initial findings and to strongly establish the dose-response relationship of those 

chemicals. The main objective in using the intra-peritoneal injection method in this thesis was to 

rapidly induce the expression of some target genes through single doses. Itano et al. (2006) 

indicated that this is an effective method, quite reliable, fast and easy to perform. This method, 

however, is un-natural because it does not emulate chemicals in the water or food exposure. Fish 

have two different routes to uptake the toxicants; the first one is directly from the water via gills, 

and the second is the oral intake of contaminated food (Chovanec et al., 2003). Thus, to support 

these findings and to deeply understand the bioavailability and/or toxicity of the chemicals in F. 

capito, I recommend that further studies add chemicals to the water or food at different 

concentrations.  

 

In the field, Chapters 3 and 4 question the evaluation of responses and the effects of 

pollution. Sub-cellular biomarkers answered the question about responses to pollution. The mt 

gene and the cytochrome cyp1a gene were shown to be strong molecular biomarkers, showing 

that the highest mt mRNA levels were found in the most contaminated site in this study, Panmure. 

This site presented the highest levels of zinc and nickel in this species (Chapter 4) and of zinc in 

sediments (ARC, 2010; ARC, 2015; Mills, 2014). The cyp1a gene in F. capito was significantly 

expressed in fish from the same site (Panmure), which is concordant with previous results, 

indicating that high levels of PAHs were also found there. The expression of the vtg gene showed 

interesting results in one of the contaminated sites, Onehunga, where it was found in a male. 

Unfortunately, I found few males in my overall study, but it would be interesting to increase the 

number of fish studied, and in addition to assess common endocrine disrupting chemicals in water 

and sediments to confirm whether this site is affected by these groups of chemicals. Thus, more 

chemical studies should be performed in order to detect what chemicals are present in that site and 

whether more males are being affected.  

 

Cellular and organismal biomarkers to assess the effects of pollution were evaluated in 

Chapter 4. Those biomarkers are known to be non-specific but have more ecological relevance 

than the molecular biomarker. Fulton’s condition factor values in this study showed no general 

rule but seem likely to be influenced by a mixture of metal concentrations that have a synergistic 

effect. I found several non-specific lesions that were a reaction to a particular pollutant. Steatosis 
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seems to be associated with other factors such as diet. Santos in 1995 found that the fatty liver in a 

Blenniidae Blennius pavo was associated with the reproductive cycle. In this study I analysed 

liver and gonad samples in autumn, so I suggest that more studies be performed, especially annual 

histological studies in the liver and gonads to understand whether this lesion is related to the 

gonadal season. In general, fish inhabiting contaminated sites presented more lesions when 

compared to the reference sites and those results were associated with high levels of zinc, 

mercury, and cadmium. Thus, the answer to the question is yes, condition factor showed some 

relationship with some metals and there were some lesions that could be associtated with 

pollution. Telagientasia and hyperplasia showed an association with metal pollution and in 

general were more prevalent and had higher intensity in contaminated sites. Chovanec et al. 

(2003) stated that a rise in temperature, oxygen deprivation and metabolic changes all increase gill 

movement and consequently the entrance of toxicants. Telagiectasia is associated with physical 

and chemical trauma commonly found when transferring fish between tanks, with the presence of 

parasites or metabolic debris, and in the presence of pollution (Ferguson et al., 2006; Robert, 

2012). This is an acute lesion, but hyperplasia is chronic as the increase in epithelial cells reduces 

the area of respiration, consequently affecting the rate of respiration in fish. Thus, these lesions 

indicate that as the first uptake of chemicals through the gills, occurs, fish health is affected. 

 

Bacterial fish mucus 
 
  Bacteria mucus seems to be a suitable medium to perform tests on, as the mucus of the 

fish can act as a biofilm. In this thesis it was demonstrated that bacteria in the fish mucus reflected 

the contents of the surrounding water. Therefore, the answer to the question in Chapter 5 is yes, I 

confirmed that we could use microbial communities from fish skin as a bioindicator of pollution. 

The preliminary results of this chapter, assessing water pollution from a different perspective, 

seem to be promising. Internally, fish muscle concentration indicated that this is a better tissue for 

analysing metals rather than PAHs. As mentioned in Chapter 3, there are target organs for organic 

chemicals (PAHs), which are the liver and bile, but due to the small size of the fish and the 

presence of high fatty acids in their muscles, muscle tissue was suggested as an alternative. 

Externally, the most abundant bacteria were associated with hydrocarbons, where the Panmure 

site had the highest PAHs reported in sediments within this study (Mills, 2014; Williamson & 

Mills, 2009). Bacterial community reflected the sediment concentrations reported previously by 

the Auckland Regional Council. Thus, it is suggested that future studies compare bacteria results 

with water and sediments from the site of collection. These results brought up new questions, such 
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as what is the role of those bacteria in the fish mucus? What type of symbiotic relationship do 

they have? Which bacteria are inhibited in this mixture of chemicals? Micoorganisms have been 

well utilized as an indicator of water quality (Bloem & Bruere, 2003) as they are very responsive 

to contamination and other environmental stressors such as pH (Jiang et al., 2016; Wu et al., 

2017). Chow et al. (2010) stated that the host-microbe interaction begins with the colonization of 

the mucosal surfaces. They also pointed out that these relationships are specific, as some bacterial 

species are found only in particular microenvironments. In addition, Sachs et al. (2011) indicated 

that variables such as the degree of the host’s reliance and the host’s habitat could regulate 

evolutionary transitions in bacteria symbiosis and give an explanation of how and why this 

transition occurs. Thus, knowing that the relationship is specie to specific microenvironments, it 

would be valuable from the ecotoxicology point of view to fully investigate these interactions in 

depth and also to investigate whether this interaction is mutualism, parasitism or commensalism.  

 

Contaminated and references sites 

 
In the field section (Chapters 3, 4, and 5) of my PhD thesis, I evaluated eight sites, four 

categorized as contaminated sites and four as reference sites. I examined 13 elements with the aim 

of obtaining complete information about chemicals in fish tissue. Panmure Wharf presented the 

highest concentrations of nickel and zinc, Birkenhead Wharf had the highest concentrations of 

cadmium and mercury, while Westhaven Marina had the highest levels of lead, manganese, 

titanium, and cobalt. Among the reference sites, the highest concentrations of aluminium, iron, 

and copper were found south of Pahurehure in the Weymouth, and the highest concentration of 

chromium and arsenic were found in Orapiu Bay, Waiheke Island. Chovanec et al. (2003) 

indicated that the concentration of chemicals in tissue is an important indicator of the 

environmental discharges of specific chemicals, but they do not comment directly on the 

physiological and ecological effects. Although the highest concentrations of some metals were 

found in some of the reference sites, this does not mean that these sites are polluted by those 

metals. It is certainly important to consider that the mixture of chemicals is complex and needs to 

be studied in depth. Therefore, those values should be interpreted with caution. Although, this fish 

is not used for human consumption, and the accumulation of metals in fish depends on several 

factors such as age, size, feeding habits, species and environmental conditions (for example, pH, 

temperature and hardnes) (García et al., 2011 Rajkowska & Protasowicki, 2013; Yi & Zhang, 
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2012; Zeitoun & El-Sayed, 2014), I compared the concentration of metals obtained in this study 

with the maximum values allowed for human consumption in order to identify sites that were a 

potential risk for other fish inhabiting the same area. Thus, some metals values were compared 

with legislation in New Zealand and in other countries about the levels that are suitable for human 

consumption. 

 

The Australian and New Zealand Food Standards Code (FSANZ, 2010) includes in their 

regulations the maximum limits for lead, mercury, and arsenic. In the case of lead, only fish from 

Westhaven Marina (0.57 ppm) were slightly over the limit (0.50 ppm). Similarly, fish from 

Birkenhead were found to be at the maximum limit for mercury (0.5 ppm). Levels of arsenic in all 

the sites were under the values for human consumption, being 10% of the total arsenic value (2 

ppm). The maximum values of cadmium for human consumption, according to the European 

Union for fish meat, are between 0.05 and 0.3 ppm (EC, 2006). In this study, the values of 

cadmium in this species were under the limit, except for fish from Birkenhead (0.07 ppm). In the 

case of zinc, values were compared with the maximum limits allowed in Chilean Legislation (100 

ppm) (MINSAL, 1996). All the fish values from this study were higher than the maximum values 

permitted for human consumption. The values for copper in all the fish from this study, 0.94-2.4 

ppm, were under than the limit permitted (10 ppm, MINSAL, 1996). According to Hong Kong 

legislation, the maximum value allowed for chromium is 1 ppm (Hong Kong (CFS), 2000). In this 

study, the maximum concentration was 3.07 ppm, which was found in Orapiu Bay. The 

implications of these findings are discussed below. 

 

These results highlight that little is known about the chemicals available in coastal areas. 

For about 20 years, lead, copper and zinc have been mainly monitored in sediments because they 

have been of major concern to Auckland Region. I found high levels of chromium in one of the 

reference sites, Orapiu Bay. I chose this site because it is located close to the Marine Reserve of 

Te Matuku Bay, which has been categorized as a reference site for the Auckland Regional 

Council due to the low concentrations of Cu, Pb, Zn and PAH in sediments (Mills et al., 2012). 

These authors indicate that this is a catchment surrounded by relatively undeveloped rural scrub 

and pasture. They further reported that no changes have been found over time in the levels of 

these chemicals. However, Evans et al. (2001) found in their study that fish collected from 

Waiheke Island (at Te Matuku Bay) were more polluted than those in the Waitemata Harbour in 

relation to copper and zinc. No similar results were reported afterwards until this study for data 
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about chromium and arsenic. Smith (1985) posited that arsenic and chromium could potentially be 

found because of activities such as pigment and paint manufacture, timber milling, and metal 

finishing. Mills et al. (2012) mentioned that the main concentration of arsenic could be associated 

with copper-chromium-arsenic (CCA) treated timber (e.g. mooring posts), and the combustion of 

CCA treated timber as it is sometimes used for domestic fires. Robinson et al. (2006) mentioned 

that in New Zealand, vineyards use CCA treated posts. As Waiheke Island is well known for 

wineries and vineyards, I speculate that this might be the cause of the high concentrations of 

arsenic and chromium, however this needs to be confirmed by further studies. These interesting 

results have shown that the selection of this site as a reference site for metal studies needs to be 

re-evaluated and interpreted cautiously. In addition, these results will probably have some 

implications in future monitoring decisions that might use this site as a reference. 

 

Do bioindicators actually help to develop management plans? 
 

One of the main objectives for developing suitable bioindicators of pollution is to have 

them implemented in biomonitoring and planning management. Certainly, the development of an 

appropriate bioindicator of pollution can support government decisions and planning 

management. A successful example of plan managementdue to the development of bioindication 

was a case in Austria. There, maps were created that indicated the water quality of the main rivers 

and streams as a consequence of previous studies in which the types of species present and their 

abundance in the rivers indicated the water quality. It helped to categorize the rivers and allowed 

the creation of management plans (Kienzl et al., 2003).  

 

Biomarkers and AOPs 
 

As I mentioned previously, I measured the concentrations of metals and the relative 

abundance of PAHs in fish tissue. I found responses to pollution in the environment using specific 

molecular biomarkers and also found that hyperplasia and telangiestasia in the gills seems to be 

associated with the effects of pollution. To link the exposure to the chemicals studied here with 

their effects on the triplefin species, and to extrapolate those outcomes to not only the entire 

triplefin population in Auckland but also to other species inhabiting the same sites is still a gap 

that needs to be filled. Those are, however, two challenges that ecotoxicology faces. Villeneuve 

and Garcia-Reyero (2011) emphasised that in the 21st century, the major paradigms that 
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ecotoxicologists address in environmental risk assessment (ERA), is the link and the extrapolation 

to (1) create a believable relationship between responses at the cellular and tissue level and the 

adverse effects incurred, and (2) to extrapolate these results to the whole population. There is still 

work to continue in New Zealand in order to update the information about biological responses 

and the effects of pollution, and then with this information to establish a reliable relationship 

between chemical exposure and the toxicity pathway. My results, therefore, are a valuable 

contribution to updating the database of biological responses. Although the effects of pollution 

were associated with some metals, I cannot associate those effects only with the chemicals studied 

here as a mixture of chemicals is involved in the field.  

 
At the turn of the 21st century other concerns were also raised, such as integrating the 

existing information to increase the knowledge moving away from the use of animals (in vivo 

testing). Bradbury and collaborators in 2004 and the National Research Council (NRC) in the 

2007 acknowledged that information about biological systems should be gathered to clearly 

understand the toxicity pathway. In 2010, Ankley and collaborators proposed a framework to 

facilitate and integrate the existing information to predict adverse effects at various biological 

levels. This framework is known as adverse outcome pathways (AOPs). Vinken (2013) indicated 

that AOPs depend on three events: the molecular initiating events (MIEs); the intermediate event, 

which can include unlimited steps, and adverse outcome (AO), which can be detected in different 

biological organization levels. Lee et al. (2015), mentioned that AOPs can be used as biomarkers 

by being an initial warning sign. Specifically, this means increasing the benefit of MIEs 

connecting adverse outcomes from molecular to individual levels. In addition, the classification of 

chemicals based on the mode of action (MOA), MIE, and AOPs make it possible to develop a 

toxicity model qualitatively and quantitatively. These authors also stated that although some 

biomarkers have been described as indicators of exposure to and the effects of some 

environmental pollutants, few studies have emphasised AOPs association with these pollutants. 

Some benefits of using the AOP concept is its role in helping to identify the MOA of chemicals 

on organisms and in helping to choose a reliable bioassay using strong biomarkers. Villeneuve 

and Garcia-Reyero (2011), indicated that the biomarker of responses can be categorized as an 

AOP, thus achieving both productivity and credibility in the diagnosis through the association 

between the initial events and the effects. Ankley et al. 2010 stated that AOP is a powerful 

concept for extrapolation among species but its relative sensitivity needs to be investigated. Thus, 

AOP together with information related to the life history of the species supports a better 
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understanding of the differences in phylogeny between species sensitivities. Vinken (2013) 

indicated that AOP can be proposed by anyone, however not all the AOPs have enough supported 

information. Therefore, this interesting AOP approach is helping to overcome some paradigms 

that still exist in ecotoxicology, and its application to biomarkers gives robust results, not only for 

the biomarkers themselves but for a deeper understanding of the toxicity pathway of chemicals. 

The results of my thesis indicate that F. capito provides promising results but it is crucial to 

address some important issues, such as the relative sensitivity of this species.  

 

AOPs in the field 
 

The situation changes when we study ecotoxicology in the field. Ankley et al. (2018) 

commented that to evaluate possible biological effects in a complex mixture of contaminants is a 

challenge, as those contaminants could be hundred or thousands, of which many are unknown. 

Berninger et al. (2014) added that this framework has some limitations in relation to predictive 

assessment in environmental monitoring because in a field study it was previously required to 

assume a valid molecular endpoint such as key events to estimate the potential outcomes of a 

contaminant. Thus, given the results of the experiments in Chapter 2, I could provide valid 

molecular endpoint, such as the expression of some of the target genes induced after exposure to 

some chemicals, suggesting that the experiment provided information about the potential initial 

events. But these preliminary results need to be supported by extended dose-response 

experiments. Consequently, they could be used as a predictive assessment in environmental 

monitoring.  

 

Advantages of using fish 
 

There are several advantages to using fish as a bioindicator of pollution. One of the main 

reasons is that fish are at the top of the food chain and have a role as food for humans (Ratte et al., 

2003). Chovanec et al. (2003) suggested that pathological results in fish reflect the effect of water 

pollution to the scientific community, water management companies and to the public. 

Bioindicators as fish are sensitive to the exposure of a complex mixture of pollutants in an aquatic 

ecosystem, and are able to incorporate environmental discharges over a period of time. Many fish 

are easy to maintain in the field and in laboratory experimental conditions; they are in general 

good models for biochemistry and physiology studies because they can be found in diverse 
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habitats and need to adapt quickly to stressors (Powers, 1989; van der Oost et al., 2003). Another 

advantage for using fish is that, in general, vertebrates are more sensitive to AhR, which binds 

organic contaminates, than invertebrates (Ankley et al., 2010). Some could argue that the mobility 

of the fish causes difficulties in identifying the pollution source, when it occurred, and the length 

of exposure (Chovanec et al., 2003). This, however, is not the case with triplefins (as F. capito) 

because they are philopathric, and return to the same place after they are moved (Shima et al., 

2012; Thompson, 1983). 

 

This species of triplefin was easy to manipulate in laboratory conditions and in the field. In 

addition, it is widely distributed, especially in sites of interest (harbours, ports, and bays). The 

sedentary tendency of F. capito and their fidelity to their home makes it possible to strongly 

support that this species of triplefin can be a good indicator of pollution and can potentially be 

used again in the future to support governmental monitoring programmes.  

 
Perspectives and future directions 
 

The present study provides valuable information about the responses to and effects of 

pollution using a marine fish as a bioindicator of marine water pollution. The most important 

questions were addressed; however, the lack of ecotoxicological studies in New Zealand led me to 

focus first on the big picture rather than on studies specific to local contaminants that may impact 

the marine waters around Auckland City. This was reflected in unexpected results; for instance, 

we found the highest levels of chromium in a reference site, and due to the lack of chemical data 

information, choosing reference sites was a challenge. The Auckland City Council has provided 

an important chemical database for the city, however those studies lacked biomonitoring data, and 

some were out of date (more than ten years old). Therefore, there is still much work to be done in 

New Zealand regarding ecotoxicology.  

 

New Zealand is one of the better countries in which to undertake research in the areas of 

ecology and conservation, but there is a lack of studies about the basic biology of some common 

species such as F. capito. Certainly, important contributions about basic biology have been 

provided in terms of reproduction and habitat (Wellenreuther, 2007), diet (Feary, 2001), and age 

(Caiger, 2017). But more studies need to be conducted to completely understand the biology of 

this fish species. I found an unexpectedly high prevalence of steatosis (fatty tissue) in the livers 
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and high levels of fatty acids in their muscles. These results show that it would be desirable to use 

this fish species in biomonitoring programmes in New Zealand. It is necessary to undertake, for 

instance, annual studies on the reproductive stage by sampling gonads and livers, which would 

generate a more in depth understanding of the reason why this fish stores so much fat in its tissue, 

and to complement these results with a comparison of the fishes diet between different sites would 

also be beneficial.  

 

The lack of studies in ecotoxicology in New Zealand is clearly associated with the fact 

there are few ecotoxicology experts in this country. Perhaps it lies in the belief that New Zealand 

is a “green and clean country” and does not need many experts in this field, but the fact is, it does. 

One of the difficulties in my studies was the lack of experts to provide in depth guidance, more 

than the ecotoxicology itself. Certainly, pollution is a worldwide problem, as wherever there is 

human activity, pollution will always be found. This country has advanced technologies and the 

funds to perform in depth studies about this topic, but it needs to be promoted by current 

ecotoxicologists, who need to encourage more new scientists to continue their legacy.  

 

Finally, this research provides an important baseline about the responses and effects on 

this blenny of marine water pollution. From this first ripple, it will be possible to continue these 

promising results to provide a greater understanding of the biology of this fish and hopefully in 

the near future to implement the triplefin into biomonitoring programmes in New Zealand. 
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APPENDIX 1. Shows the results of the three first alignments obtained per gene with the 
percentage of identity and the accession number comparing from sequences obtained from 
triplefin F. capito. 
 

Gene of interest Fragments 

blasted (bp)  

Species Identity 

(%) 

Accession number 

cyp1a 425 Seriola dumerili 86 XM_022745348.1 

  Seriola lalandi dorsalis 85 XM_023429725.1 

  Dicentrarchus labrax 85 AJ251913.1 

mt 105 Siniperca chuatsi 91 EU258624.1 

  Girella punctata 90 AB874602.1 

  Sebastiscus marmoratus 90 JQ389121.1 

vtg 338 Dicentrarchus labrax 75 JQ283442.1 

  Morone saxatilis 75 HQ846510.1 

  Rachycentron canadum 75 KX154800.1 

cyp19b  820 Stegastes partitus 86 XM_008289728.1 

  Amphiprion sebae 86 KP260921.1 

  Mugil cephalus 85 AY859423.1 

18S rRNA 656 Tripterygion delaisi 99 AJ866980.1 

  Macquaria ambigua 99 HQ615559.1 

  Macquaria ambigua 99 FJ710856.1 

β-actin 504 Clupea harengus 91 XM_012839274.1 

  Brachymystax lenok 91 KT995162.1 

  Anguilla japonica 91 GU001950.1 
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APPENDIX 2. Sequences of triplefin F. capito. 
 
Genes of interest: 

 

Sequence Forsterygion capito cytochrome P450 1A1, mRNA, partial sequence (425 bp) 

CCTGATCAAACAGCTCAACACCGTCATGAAGACAGAAGGCAGCTTTGACCCCTTCCGCTACAT

CGTAGTCTCTGTCGCCAATGTGATCTGTGGTATGTGCTTCGGACGCCGTTACGACCACCACGA

CCAGGAGCTGCTCAGCTTGGTGAACCTCAGCGACGAGTTCGGCCAGGTGGTGGGAAGCGGCA

ATCCGGCAGACTTCATCCCTCTGCTTCGGTTCCTGCCCAACAAAGCCATGAAGGCATTTGTTG

GCATCAATGAACGCTTCAACAGCTTTGTGTCAAAGATCGTCAGTGAGCACTACAAAACCTAC

GATAAGGACAAACGTCCGTGATATCACAGACTCCCTCATTGATGCATTGTGAAGACAGGAAG

CTGGATGAGAACGCCAACATCCAGATGTCAGATGAGAAGATAGTAGGAAT 

 

Sequence Forsterygion capito metallothionein mRNA, partial sequence (105 bp) 

CCTGCACTTGCACAAACTGCTCCTGCACCACCTGCAAGAAGAGCTGCTGTGCATGCTGCCCAT

CCGGCTGTGCCAAGTGTGCTTCCGGCTGCCCAGTTGCCCAAT 

 

Sequence Forsterygion capito vitellogenin mRNA, partial sequence (338 bp) 

CCCTCTGGACTCAGTACAAAGACAAACAAGATCATAGGCACTGGATCCTGAACGCTATCCCC

GCCATCCGTACTCATGTGGCTCTGAAGTTCATCAAGGAGAGACATATTGCTGAGGAACTGAGT

GTGCCTGAAGTTGCTCAGGCTCTGCTGATGTCTATTCACATGGTGAAAGCGAACATAGAGGCT

GTCAAGATCTCGCTGGAAATTGTTGCAGCAGACAAATTCCAACAGTATCGCATTTTGCGTGAG

ATTGCCAGACTGGGCTACGGTACCCTGGCTGCTAAATACTGTGAGGAGGACCCATCTTGCTCA

GCTGAGATTATTAGGCCCATCCAT 

 

Sequence Forsterygion capito brain aromatase mRNA, partial sequence (820 bp) 

GAGAGGTATTATTTTCAACAATGATGCCATTCTCTGGAAAAAATCAAGGACTTATTTTACTAA

AGCTCTAACCGGCCCCGGCCTCCAGAGGACTGTGGGAATCTGCGTGAGCGCCACAGCCAAAC

ACCTGGACAGCCTGCAGGACATGACCGACCCCTCTGGACACGTGGATGCTCTCAATCTCCTCA

GAGCCATTGTGGTGGACATCTCCAACCAGATGTTCCTCAGGGTGCCACTTAATGAAAAGGAC

ATGCTGTTGAAAATCCACAACTACTTCGAGACCTGGCAGGCAGTCCTAATAAAGCCTGATATA

TTCTTCAAGATGGGATGGCTGTTCAACAAACATAGGAGAGCAGCCCAAGAGTTGCAAGATGT

TATGGAAGGTCTGCTTGAAATCAAAAGAAGAAATATCAATGAAGCGGAGAGGCTGGACAGT

GATCCTGACTTTGCAACTGAGCTCATCTTTGCCCAGAATCATGGAGATCTTTCAGCAGAAAAC

GTCAGGCAGTGTGTGTTGGAGATGGTCATCGCAGCTCCGGACACACTCTCCATCAGCCTCTTC

TTCATGCTGATACTGCTGAAACAAAACCCAGACGTGGAGCTGCTGATCGTGGAGGAGATGAG

CACCGCCTTGAGTGAAAAAGCCGCAGAAAACATCGATTACCAGGGTCTGAAGGTGCTGGAGA
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GTTTCATCAACGAGTCCCTGAGGTTTCACCCGGTGGTTGATTTCACCATGAGGAAAGCTCTGG

AGGACGACAACATCGAGGGAACGCAAATCAAGAAAGG?CACCAACATCATCCTCAACATTGG

TCTCATGCAT 

 

Housekeeping genes: 

 

Sequence Forsterygion capito 18S ribosomal RNA gene, partial sequence (656 bp) 

AGGACTCTTTCGAGSCCCTGTAATTGGAATGAGTACACTTTAAATCCTTTAACGAGGATCCAT

TGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATCTTAAAGTT

GCTGCAGTTAAAAAGCTCGTAGTTGGATCTCGGGATCGAGCTGACGGTCCGCCGCGAGGCGA

GCCACCGTCTGACCCAGCCCCTGCCTCTCGGCGCCCCCTCGATGCTCTTAACTGAGTGTCCCG

CGGGGTCCGAAGCGTTTACTTTGAAAAAATTAGAGTGTTCAAAGCAGGCCCGGTCGCCTGAA

TACCGCAGCTAGGAATAATGGAATAGGACTCCGGTTCTATTTTGTGGGTTTTCCTTCTGAACT

GGGGCCATGATTAAGAGGGACGGCCGGGGGCATTCGTATTGTGCCGCTAGAGGTGAAATTCT

TGGACCGGCGCAAGACGGACGAAAGCGAAAGCATTTGCCAAGAATGTTTTCATTAATCAAGA

ACGAAAGTCGGAGGTTCGAAGACGATCAGATACCGTCGTAGTTCCGACCATAAACGATGCCA

ACTAGCGATCCGGCGGCGTTATTCCCATGACCCGCCGGGCAGCGTCCGGGAAACCAAAGTCT

TTGGGTTCCGGGGGGAGTATGGTTGCAAAGCT 

 

Sequence Forsterygion capito beta-actin mRNA, partial sequence (504 bp) 

GGTTTGCCGGAGATGACGCGCCCAGAGCCGTGTTCCCTCCATCGTGGGTCGCCCCAGACATCA

GGGCGTGATGGTGGGAATGGGTCAGAAGGACTCCTACGTGGGAGACGAGGCCCAGAGCAAG

AGGGGTATCCTGACCCTGAAGTACCCCATGAACACGGCATTGTCACCAACTGGGAGACATGG

AGAAGATTGGCATCACACCTTTACAACGAGCTGCGTGTGGCCCCCGAGGAGCACCCGGTCCT

GCTCACAGAGGCCCCCCTCAACCCCAAAGCCAACAGGGAAAGATGACCCAGATCATGTTTGA

GACCTTCAACACCCCCGCCATGTAGTGGCCATCCAGGCGGTGCTGTCCCTGTACGCGTCCGGT

CGCACCMCCGGCATCGTGATGGAMTCCGGCGACGGCGTCACCCACACGGTGCCCATCTACGA

GGGCTACGCGCTGCCCCACGCCATCCTGCGTCTGGATCTGGCTGGCCGCGACCTCACCGACTA

CCTTGA 
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APPENDIX 3. Animal Ethics approval, University of Auckland. 
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APPENDIX 4. PAH Analysis of Fish samples. 
 
1.    For sample Extraction: weigh fresh homogenised fish in 15ml falcon tubes. 

a) sample 2g 
b) sample 2g + spike (20ul of PAH std 1ug/ml) 
c) blank 

2. Add internal standard Naphthalene-D8 20ul (1ug/ml) and 1 ceramic bar to each tube. 

        Turn refrigerated centrifuge on and set the program for 5 min at 3800 rpm at 6°C. 

3.    Label GC vials and glass tubes (10ml). 

4.    Add MilliQ water (2ml) to the falcon tubes. Mix and vortex for 1 min. 

5.    Add solution mixture (4ml for 2g of sample) (Ethyl Acetate: Acetone: Iso-octane) (2:2:1). Vortex for 
5 min. 

6.    Add AOAC (2.6g for 2g of sample) (mixture of MgSO4 (6g) and sodium acetate (1.5g)) to the 
sample in step 4. Vortex for 5 min. 

7.    Centrifuge 3800 rpm per 5 min at 6 degrees 

8.    Transfer the upper organic layer (take all, 4ml approx.) to a falcon tube with pre-weighed Fatty Acid    
Kit-1 (1g). Vortex for 5 min. 

9. Centrifuge 3800 rpm per 5 min at 6 degrees. 

10. Place the labelled Kit 2 (Supelco Kit) cartridges on the vacuum manifold. Rinse these cartridges 
with acetone (10ml). Dry cartridges at 10psi for 5 min, discard the waste. 

11. Place the labelled glass tubes in the vacuum manifold. 

12. Transfer all the upper organic layer from the sample from step 10 into kit 2 (Supelco kit) cartridges. 
Allow the sample to pass through in to the glass tubes at 1 drop per second. 

13. Do not let the tubes go dry. 

14. Rinse the cartridges with solution mixture (10ml) 

15. Concentrate down to 200ul with nitrogen gas. 

16. Transfer the dried sample into the labelled GC-MS vial insert. 
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APPENDIX 5. Female gonadal stage of triplefin F. capito collected in Autum 2014. Auckland, 

New Zealand. 

Scale of oocytes development of F. capito. Stages of oocyte growth were identified according to 

Selman and Wallace (1986).  

Stg1 = Primary growth stage. Stg2 = Cortical alveolus stage. Stg3 = Vitellogenesis. In the 

photomicrographs, four female gonads in the developing stage can be observed but at different 

points in the oocyte development. 
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Figure 23. (A) Female presents oocytes in stage 1(B) At higher magnification of primary growth oocyte 
(follicle diameter between 23 to 49 µm). 
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Figure 24. (A) Female presents oocytes in stage 1 and 2 (B) At higher magnification of cortical alveolus 
stage (follicle diameter between 60 to 190 µm). 
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Figure 25. (A) Female presents oocytes in stage 1, 2 and 3 (B) At higher magnification of early 
vitellogenic oocyte (follicle diameter between 197 to 234 µm). 
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Figure 26. (A) Female presents oocytes in stage 2, and 3 (B) At higher magnification of late vitellogenic 
oocyte (follicle diameter between 278 to 419 µm). 
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APPENDIX 6. Examples of intensity of lesions in liver of F. capito used in this study. 
 

Steatosis. Scale bar 100 µm  Score 

 

Low (1) 

 

Moderate (2) 

 

Severe (3) 
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Fibrosis. Scale bar 100 µm Score 

 

Low (1) 

 

Moderate (2) 

 

Severe (3) 
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Vacuolar degeneration. Scale bar 100 µm Score 

 

Low (1) 

 

Moderate (2) 

 

Severe (3) 
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APPENDIX 7. Lesions found in liver and gills of F. capito. 
 

(A) Section of normal liver of the triplefin. H&E stain. Scale bar 100 µm. 
h = Hepatocytes; S = Sinusoids; CV = Central vein. 
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(B) Granulomas in the liver of triplefin (black arrow). H&E stain. Scale bar 100 µm. 
 

 
 

(C) Section of in the liver of triplefin showing congestion (black arrows). H&E stain. Scale bar 200 µm 
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(D) Melano-macrophage aggregates (black arrow) in the liver of triplefin. H&E stain. Scale bar 
100 µm. 
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E) Normal gills of triplefin F. capito. H&E stain. Scale bar 50 µm.  
SL = Secondary lamella; PL = Primary lamella. 
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(F) Telangiectasia in secondary lamellae (black arrows). H&E stain. Scale bar 100 µm. 
 

 
 

(G) Gill histology showing epithelial oedema of the secondary lamella (black arrow). H&E stain. Scale bar 
100 µm. 
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(H) Ectoparasites ciliates (black arrows) between the secondary lamellae in the gills of triplefin (H&E). 
Scale bar 100 µm. 
 

 
 

(I) Cyst-like xenoma (black arrow) of triplefin (H&E). Scale bar 20 µm. 
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(J) Unidentified metazoan near the gills of triplefin (H&E). Scale bar 200 µm. 
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APPENDIX 8. Gonadal stage versus steatosis in females of F. capito. 
 

 
 

Intensity of steatosis; Low (light grey); Moderate (grey); Severe (black). Previtg = Previtellogenic follicles; 
Vtg = Vitellogenic follicles. 
X2 =4.40; df=3; p=0.22 
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APPENDIX 9. Female fish size class and gonadal stage. 
 

 
Size class total lenght (cm) 

Group 1 (4.5 – 5.8) 
Group 2 (5.9 – 7.1) 
Group 3 (7.2 – 8.6) 

G=1.41; df=2; p=0.49 
Intensity of steatosis; Low (light grey); Moderate (grey); Severe (black). 
 

APPENDIX 10. Male fish size class size and steatosis. 
 

 
Size class total lenght (cm) 

Group 1 (4.5 – 5.8) 
Group 2 (5.9 – 7.1) 
Group 3 (7.2 – 8.6) 

G=1.81; df=1; p=1.77 
Intensity of steatosis; Low (light grey); Moderate (grey); Severe (black). 
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APPENDIX 11. Mean relative abundance each bacterial taxon at class level in triplefin F. capito from eight sites of Auckland. 
 
Contaminated sites; Bh = Birkenhead Wharf, On = Onehunga Harbour, Pn = Panmure Wharf, Wt = Westhaven Marina.  
Reference sites; Ma = Maraetai Jetty, Orapiu Wharf, Pa = Papakura (Bottle Top Bay), Wy = Weymouth Jetty. 
 
 
 Bh On Pn Wt Ma Or Pa Wy 
Unclassified;Other;Other 0.14875748 0.2579003 0.33494082 0.05017678 0.13688608 0.04746536 0.03583582 0.07756116 
Archaea;Other;Other 0 0 0.00392582 0 0 0 0 0.0004 
Archaea;p__Euryarchaeota;c__
Halobacteria 0 0.01618584 0.00278824 0 0 0 0 0 
Archaea;p__Euryarchaeota;c__
Thermoplasmata 0 0.07723586 0 0.00865434 0.0026571 0 0 0.00521044 
Bacteria;Other;Other 0.17930344 0.46446052 0.66944204 0.08694914 0.139287 0.0660968 0.05564694 0.10668278 
Acidobacteria;c__BPC102 0 0.001698 0 0 0 0 0 0.00206768 
Acidobacteria;c__Holophagae 0.0065044 0 0 0.01010324 0 0.004975 0 0.00602228 
Acidobacteria;c__OS-K 0 0.02014182 0 0 0.0029813 0 0.000736 0.00836628 
Acidobacteria;c__RB25 0 0.0153669 0.001394 0.000632 0 0 0 0.0016 
Acidobacteria;c__Sva0725 0 0.05855658 0.00564124 0.0085328 0.003426 0.000858 0.003646 0.01703224 
Actinobacteria;c__Acidimicrobi
ia 0.01692966 0.39863622 0.02605628 0.05585178 0.03098048 0.00505236 0.00639956 0.07843166 
Actinobacteria;c__Actinobacter
ia 0.02436932 0.40390298 0.07624218 0.06940646 0.0115122 0.0115294 0.0173364 0.05768226 
Actinobacteria;c__Thermoleop
hilia 0 0.002444 0 0 0.00022 0.001038 0 0.00343094 
BRC1;c__PRR-11 0 0.002722 0 0 0 0 0 0.000344 
Bacteroidetes;Other 0.0088206 0.07035484 1.1267728 0.04897752 0.02590334 0.02578446 0.01101252 0.04057102 
Bacteroidetes;c__BME43 0 0 0.04564834 0.001404 0 0.001284 0 0 
Bacteroidetes;c__Bacteroidia 0.000738 0.16106282 0.0100648 0.0195811 0.03137086 0.02509528 0.00525 0.02098884 
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Bacteroidetes;c__Cytophagia 0.02778494 0.15793102 0.7116436 0.02445196 0.0170481 0.00667026 0.00865832 0.03662442 
Bacteroidetes;c__Flavobacteriia 3.38865192 4.66995188 9.12011076 4.02347728 1.51343762 3.34296626 3.6200379 2.19102888 
Bacteroidetes;c__Sphingobacter
iia 0 0.00921104 0.0130296 0.0056134 0.01397724 0.00457344 0.00986324 0.00680974 
Bacteroidetes;c__Rhodothermi 0.00581064 0.00223 0.42594382 0.000468 0.0071031 0.002094 0 0.00561876 
Bacteroidetes;c__Saprospirae 0.55692466 0.04533482 7.81046032 0.06563198 0.01423846 0.1094161 0.04851152 0.01026718 
Caldithrix;c__Caldithrixae 0 0.0076265 0 0.000468 0 0 0 0 
Chlamydiae;c__Chlamydiia 0 0.0017 0 0 0 0 0 0 
Chlorobi;c__ 0 0 0 0 0 0 0 0.001378 
Chlorobi;c__Ignavibacteria 0 0.01531608 0 0 0.000872 0 0.00046 0.000688 
Chlorobi;c__OPB56 0 0.00531366 0.00786118 0 0 0 0 0.000344 
Chloroflexi;c__Anaerolineae 0 0.06082818 0.00278824 0.00515094 0 0 0.002506 0.00904804 
Chloroflexi;c__Thermomicrobi
a 0 0.0076265 0 0 0 0 0 0 
Cyanobacteria;c__4C0d-2 0 0.0044405 0 0 0 0 0 0 
Cyanobacteria;c__Chloroplast 0.04217472 4.0330996 0.23283902 0.67145628 0.20261698 0.0425294 0.19470628 0.44472374 
Cyanobacteria;c__Oscillatoriop
hycideae 0 0.00486306 0.00645786 0 0 0 0 0 
Cyanobacteria;c__Synechococc
ophycideae 0.00103 0.00665722 0.002022 0.003558 0.11693778 0.02140262 0.00275932 0.00308894 
Fibrobacteres;c__Fibrobacteria 0 0 0 0.00278494 0 0 0 0 
Firmicutes;Other 0 0 0.00842646 0 0 0 0 0 
Firmicutes;c__Bacilli 0.02054268 0.44769738 0.07042302 0.16872786 0.08552222 0.00377 0.01175256 0.23961134 
Firmicutes;c__Clostridia 0.02201066 0.40246024 0.64376272 0.03752738 0.19504414 0.01148746 0.00729716 0.47839566 
Fusobacteria;c__Fusobacteriia 0.66062574 0.5931698 0.06534184 0.2042878 0.40938148 0.19873246 0.08970736 1.10365648 
GN02;c__BD1-5 0.01774058 0.00423796 0.11268988 0.10213978 0.05943698 0.11990104 1.17469828 0.03548646 
GN04;c__GN15 0 0 0 0 0 0 0 0.001378 
Gemmatimonadetes;c__Gemm-
2 0 0.02234478 0 0.00468294 0.00029 0 0.00046 0.001034 
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Gemmatimonadetes;c__Gemm-
4 0 0.0144543 0.0047198 0.0067068 0.000802 0 0.002622 0.001144 
H-178;c__ 0 0.00601188 0 0 0 0 0 0 
Kazan-3B-28;c__ 0 0.0044405 0 0 0 0 0 0 
Lentisphaerae;c__Lentisphaeria 0 0.00666074 0.003238 0.00199 0 0.000788 0 0 
Nitrospirae;c__Nitrospira 0 0.02385442 0.000758 0.00316176 0.00066 0.000858 0.005544 0.001834 
OD1;c__ZB2 0.01348618 0.001358 0.11221892 0.00271776 0.0034213 0 0.00092 0.0051009 
OP8;c__OP8_1 0 0 0 0.00278494 0 0 0 0 
OP8;c__OP8_2 0 0.001358 0 0 0 0 0 0 
Planctomycetes;Other 0 0.00339708 0 0 0 0 0 0 
Planctomycetes;c__OM190 0 0.008335 0.00450424 0.01361528 0.000582 0 0 0.0004 
Planctomycetes;c__Phycisphaer
ae 0 0.01510346 0 0.01098996 0 0 0 0 
Planctomycetes;c__Planctomyc
etia 0.002416 0.07829268 0.23721496 0.02031586 0.00372382 0.001056 0.00596674 0.00537424 
Proteobacteria;Other 0.06626172 0.05877008 0.55618238 0.05687726 0.06496826 0.01592976 0.0077146 0.0273617 
Proteobacteria;c__Alphaproteo
bacteria 2.95582678 3.96029236 14.32687138 3.49232534 0.94826742 2.19908852 4.06657828 2.42216394 
Proteobacteria;c__Betaproteoba
cteria 0.11328454 0.57343944 0.45925628 0.07707138 0.01385702 0.01306288 0.02154006 0.04065048 
Proteobacteria;c__Deltaproteob
acteria 0.12303302 2.09002446 2.7731222 0.6111821 2.09349102 0.0869258 0.09386294 4.26007756 
Proteobacteria;c__Epsilonprote
obacteria 0.7182467 1.06748128 0.56623738 2.33892924 2.25441786 0.35935212 1.17625406 1.79603362 
Proteobacteria;c__Gammaprote
obacteria 

90.8431025
8 78.4894333 58.50758614 

87.5662241
2 91.3712735 

93.2634041
4 

89.3051304
4 

86.1228985
6 

SAR406;c__AB16 0.00422192 0.01988718 0 0 0.00029 0 0 0.003266 
SBR1093;c__A712011 0 0.01038388 0 0.00278494 0 0 0 0.001432 
Spirochaetes;c__Spirochaetes 0 0.001358 0 0 0 0 0 0 
Spirochaetes;c__Brachyspirae 0 0 0 0 0.01661592 0 0 0.00069 
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Spirochaetes;c__Brevinematae 0.0209582 0.95108914 0.00721524 0.01547056 0.1830967 0.001498 0.00126 0.23246168 
TM6;c__SJA-4 0 0.0044405 0.00538156 0 0 0 0 0 
Tenericutes;c__Mollicutes 0.000368 0.000404 0.001336 0.02668976 0.0038631 0 0 0.03270728 
Verrucomicrobia;c__Opitutae 0.003886 0.00572504 0.0133717 0.023304 0.002368 0.00291 0.000986 0.01095422 
Verrucomicrobia;c__Verruco-5 0 0.00391824 0 0.001568 0.00485972 0 0 0 
Verrucomicrobia;c__Verrucomi
crobiae 0.00585372 0.10514094 0.88126824 0.03488906 0.01202396 0.000978 0.00434028 0.03810348 
Verrucomicrobia;c__Pedosphae
rae 0.000332 0 0 0 0 0.001428 0 0 
WS3;c__PRR-12 0 0.03695742 0 0.002656 0.00029 0 0 0.001778 
ZB3;c__BS119 0 0.0040765 0.00278824 0 0 0 0 0 
Thermi;c__Deinococci 0 0.00121 0 0.00703786 0 0 0 0 
Total 100 100 100 100 100 100 100 100 
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