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Abstract 

In Australia, due to increased uncertainties over security of water supply because of 

unpredictable drought and flood cycles, alternative water sources are being investigated 

for commercial, agricultural, industrial and domestic supply, including the option of 

reusing treated sewage effluents. However, sewage effluent is a known source of 

estrogenic endocrine disrupting chemicals (EDCs) in the environment. Exposure to 

sewage effluents containing steroid estrogens and xenoestrogens can cause 

developmental and behavioural reproductive abnormalities in fish and other aquatic 

animals. As such, risk of endocrine disruption is one of the water quality issues that 

needs to be evaluated when assessing the appropriate level of treatment required for 

reuse applications. The Gerringong-Gerroa sewage treatment plant (GGSTP), currently 

employs advanced tertiary treatment technology to treat domestic sewage from two 

small coastal towns (Gerringong and Gerroa), which receive large seasonal influxes of 

holiday makers. In this study, the efficacy of the treatment at the GGSTP in removing 

estrogenically active chemicals was assessed using a multi-tiered assessment approach, 

incorporating chemical analysis, in vitro bioassays and in vivo fish exposure studies. 

The raw sewage influent was found to contain steroidal estrogens; 17~-estradiol (E2), 

estrone (E 1) and estriol (E3) as well as synthetic phenolic xenoestrogens; 4-tert-

octylphenol, Bisphenol A and technical nonylphenol at concentrations commonly found 

in sewage influents. The influent also displayed high levels of activity in the two-hybrid 

yeast in vitro bioassay. However, the final effluent had no detectable concentrations of 

steroidal estrogens, no estrogenic activity in the two-hybrid yeast assay and only 

infrequent occurrence of low concentrations of synthetic phenols. Biodegradation by 

activated sludge treatment provided significant, but incomplete removal of measured 

EDCs and estrogenic activity, with the in-line combination of ozone oxidation and 

biologically activated carbon filtration reducing the remaining estrogenic activity to 

undetectable levels. EDCs in both the dissolved and particulate phases of the effluent 

were removed by the treatment process and the efficacy of treatment was not 

compromised by increases in influent flow during the peak holiday seasons. Treatment 

of the effluent at the GGSTP was also successful at reducing retinoic acid receptor 
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(RAR) activity and genotoxicity to below detection limits and greatly reducing 

arylhydrocarbon receptor (AhR) activity. 

On-site real-time exposure tests using the mosquito fish ( Gambusia holbrooki) and 

rainbowfish (Melanotaenia jluviatilis) demonstrated that the final effluent did not elicit 

up-regulation of vitellogenin, a well known biomarker of exposure to estrogenic EDCs. 

Despite the presence of residual concentrations of E 1 and the in vitro activity in effluent 

after being processed through activated sludge treatment, clarification and 

sandfiltration, vitellogenin up-regulation was not detected in fish exposed to this 

partially treated effluent. Overall, the results provide evidence that the application of 

advanced tertiary treatment technology to domestic sewage can produce a final effluent 

that is unlikely to pose an endocrine disruption risk to the aquatic biota. 
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Chapter 1 Endocrine Disruptors in Domestic Wastewater: A 
review of the occurrence, methods of assessment and efficacy 
of current treatment technologies 
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1.1 General Introduction 

Water resources in Australia have been under pressure due to prolonged drought and 

increasing population. After many years of drought affecting both urban and regional 

areas, environment water resources have become a sensitive public asset. Water 

restrictions, alternative water sources, and better water management practices have 

been, and are being implemented. One of the alternative water sources that stimulates 

great public debate is the use of recycled water from our sewage treatment plants. The 

reluctance to accept recycled water may be associated with the theories of 'matter out of 

place ' ie, the ingrained perception that treated sewage is never associated with drinking 

water, as well as an increased perceived risk to industrialised processes (Marks 2008). 

Acceptance is perhaps growing as a high percentage of people find direct application to 

public gardening and toilet flushing (95%), agricultural and commercial laundry uses 

(70-75%) as acceptable and are willing to use reclaimed water for household purposes 

such as home garden watering, car washing and toilet flushing, however, a much 

smaller percentage (22 %) had unhesitating acceptance of indirect potable reuse for 

augmentation of potable water supplies (Marks 2008). Concern over micropollutants, 

pathogens and viruses, as well as general water quality, has also been high for existing 

users and providers of recycled water (Higgins 2002). One of the issues facing the 

providers of recycled water is the removal of endocrine disrupting chemicals (EDCs) 

and over a 1/3 of respondents in a survey by Higgins (2002) were concerned about 

EDCs in recycled water. While public perception and acceptability of water reuse may 

not be linked to scientific understanding, it is apparent that the scientific understanding 

of EDCs is far from complete, particularly in situations such as wastewater treatment 

where a cocktail of chemicals are present. However, we do have at our disposal a range 

of tools to assess the presence and risk of EDCs that can be applied to wastewater 

treatment processes to assess the capability of treatment to remove this group of 

chemicals. 
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1.1.1 Endocrine disrupting chemicals (EDCs) 

Endocrine disrupting chemicals (EDCs) are compounds that are able to stimulate or 

block processes in the endocrine system of organisms. One definition which has been 

adopted by the US EPA, highlights the complexity and scope of the endocrine 

disruption problem. An endocrine disruptor was defined as: 

"an exogenous agent that interferes with the synthesis, secretion, transport, binding, 

action, or elimination of natural hormones in the body which are responsible for the 

maintenance or homeostasis, reproduction, development and or behaviour (Kavlock et 

al. 1996)." 

A more ecologically relevant definition from the International Programme for Chemical 

Safety (2002) adds to that complexity by incorporating generational and population 

effects into a definition: 

"An endocrine disruptor is an exogenous substance or mixture that alters function(s) of 

the endocrine system and consequently cause adverse health effects in an intact 

organism, or its progeny, or (sub )populations." 

Endocrine disrupting chemicals are often highly potent and can cause effects at sub-ng 

concentrations. Chemical pollutants have been shown to be linked to endocrine 

disruption effects in a range of organisms including mammals, birds, reptiles, fish and 

invertebrates (see Taylor & Harrison 1999 for review). Well known examples include 

tributyltin causing imposex in over 82 species of neogastropods (reviewed in Evans & 

Nicholson 2000), reduced reproductive output and gonadal abnormalities of alligators in 

Florida following a chemical spill of organchlorines (Guillette Jr et al. 1996; Guillette 

Jr. et al. 1994), and egg shell thinning and cracking in the iconic American bald eagle 

from DDT and polychlorinated biphenyls (PCBs) exposure leading to reduced 

population numbers (reviewed in Bowerman et al. 2000). 

There is also evidence suggesting environmental exposure to endocrine disruptors 

contributes to human health conditions such as decline in sperm quality, altered sex 

ratios, testicular cancer and developmental conditions in both male and female gonads 
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(Colborn, vom Saal & Soto 1993). Although the evidence for human conditions are 

compelling enough to be considered plausible by many in the toxicological community 

(Damstra 2003 ), it is often confounded and the contribution of EDCs to these conditions 

cannot be conclusively linked (Safe 2000). 

1.1.2 Endocrine disruption from wastewater 

In the 1990s researchers in the UK discovered fish living in waters receiving treated 

sewage/wastewater effluent had abnormally high levels of intersex in male individuals, 

a condition where ovarian tissue is found growing in the testes (Purdom et al. 1994). 

They were able to demonstrate a relationship between proximity to the STP outlet and 

the occurrence of this phenomenon in the freshwater roach (Rutilus rutilus) (Jobling et 

al. 1998). Subsequent studies around the world demonstrate widespread abnormalities in 

fish exposed to sewage effluent, including other species with ovitestes, such as bream 

(Abramis brama) in the Netherlands, (Vethaak et al. 2005), reduction in gonapodium 

length in mosquitofish ( Gambusia holbrooki) in Australia (Batty & Lim 1999), and 

reduced gonadosomatic index (GSI) and spermatogenesis in carp in Portugal ( Carassius 

carassius) (Diniz et al. 2005). 

Although there are a number of studies that show ED in fish exposed to wastewater 

effluent, other studies have also found very little evidence of reproductive impact 

(Folmar et al. 2001; Hoger et al. 2006; Mills et al. 2002; Nichols et al. 1999; Schoenfuss 

et al. 2002). However the fact that there are studies showing a clear link between 

sewage effluent and ED has raised concern that the presence of estrogens and 

xenoestrogens (estrogen mimics) in treated effluent could lead to significant impacts for 

wildlife inhabiting receiving waters and also puts EDCs on the agenda when 

considering wastewater reuse. This has led to numerous studies globally on the 

occurrence of EDCs in wastewater and receiving water using an array of chemical 

analysis techniques and the development of a suite of in vitro and in vivo biological 

screening methods. Some of these methods will be discussed further as they underpin 

the research presented in this thesis . 
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1.1.3 Causative agents in wastewater 

The wide range of chemicals produced and marketed, combined with the many different 

endocrine pathways that could be interfered with, means for practical purposes it is 

necessary to focus on identified EDCs that have been measured in receiving 

environments at biologically active concentrations. For example, the Global Water 

Research Coalition (GWRC) has established a priority list of 34 chemicals as endocrine 

disruptors in water and the environment (G.W.R.C. 2006). In Japan a short list of 25 

chemicals, based on annual production of the chemicals and the concentrations detected 

in the environment, are being targeted by the Ministry for Land, Infrastructure and 

Transport (MLIT) (Komori et al. 2004 ). Wastewater contains a complex mixture of 

chemicals, containing excreted metabolites of hormones and pharmaceuticals, domestic 

cleaning products, and commercial and industrial waste products all of which are 

potentially endocrine disrupting. However, only a limited number of chemicals on these 

lists are relevant in domestic sewage, and are almost specifically EDCs known to elicit 

estrogenic effects in fish exposed to wastewater. 

The estrogenic activity and effects of sewage effluent can predominantly be attributed to 

the presence of natural steroidal estrogens excreted by humans (Desbrow et al. 1998). 

Other estrogenic chemicals likely to be found in wastewater include degradation 

products of alkylphenol polyethoxylates (APEOs ), Bisphenol A (BPA) and phthalates. 

Reviews on endocrine disruptors usually focus on these chemicals (e.g. , Auriol et al. 

2006; Drewes et al. 2006; Ternes & Joss 2006), although this is not an exhaustive list. 

Due to the wide range in potencies between estrogenic EDCs, it is the natural estrogens 

that are often described as the causative agents with little contribution from the other 

estrogenic EDCs such as nonylphenol , Bishphenol A, phthalates (Sumpter 2005). 

However, in some situations, particularly wastewater dominated by specific industrial 

sourced effluents, other chemicals may dominate the contribution to measured 

estrogenic activity. 
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1.1.4 Complicating issues in assessing endocrine disruption 

Assessing the efficacy of wastewater treatment for the removal of EDCs has a few 

major challenges. Firstly, the complexity of the endocrine system and ability of 

chemicals to interfere with different hormonal signalling pathways means that the 

effluents need to be assessed for a wide range of chemicals using a suite of bioassays to 

make a comprehensive assessment. The wastewater matrix itself is a challenge to 

analytical and bioanalytical methods. Co-eluted matrix components interfere with the 

chemical analysis detection methods and lengthy sample clean-up processes and 

expensive analytical methods are required to overcome this. Some of these matrix 

elements are also extremely toxic to bioassays, especially once the effluent sample has 

been pre-concentrated so that the EDCs are at a detectable concentration. The sensitivity 

of different bioassays is also a complicating factor. Different bioassays have different 

sensitivities to different EDCs. The occurrence of ovotestis in one fish species does not 

necessarily mean that another species will be similarly affected if exposed to the same 

concentrations of EDCs. Finally, the treatment technology itself can vary greatly from 

STP to STP, including the combination and order of advanced treatment technology put 

in place. 

1.2 Modes of action of endocrine disrupting compounds 

In mammals the hypothalamus communicates with the various glands throughout the 

body; thyroid, parathyroid, adrenals, pancreas, pineal, testes and ovaries through a 

complex chemical signalling system of positive and negative feedback loops turning on 

and off gene expression in target tissue (Lintelmann et al. 2003). The system is similar 

in most vertebrates with some variations. Studies on endocrine disruption (ED) 

demonstrate that exogenous chemicals can act as anti-androgens, anti-oxidants, inhibit 

cell cycles and cell differentiation, modulate angiogenesis and interfere with the 

expression and activity of steroidogenic enzymes (Whitehead & Rice 2006). While this 

list is not exhaustive, it outlines some of the main mechanisms of ED that have been 

investigated. The most characterised and understood mechanism of ED is the binding to 
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hormone receptors, which either triggers or blocks the cascade of biochemical processes 

that lead to gene expression. 

Hormone receptors are found within the bloodstream, in the cytoplasm, embedded in the 

cell membrane, located in the nucleous or in organelles depending on how the tissue 

regulates receptor activation (Eubanks 1997). For example, the female (estrogens) and 

male (androgens) sex hormones are fat soluble and readily pass through the cell 

membrane (Eubanks 1997). Once inside the cell they bind to the receptor that they are 

structurally matched to fit, i.e., the classic biochemical 'lock and key' mechanism 

(Figure 1.1 ). Usually a 'co-activator' or 'modulator' is also incorporated and the 

resulting homodimer is transferred to the nucleus where it binds to the DNA at a 

specific location known as the receptor-responsive element (Janosek et al. 2006). This 

activates transcription and translation to functional proteins. It is important to note that 

because of the high potency of hormones only small amounts are required to elicit a 

significant physiological change within an organism (Eubanks 1997). 

ligand 

CJ 

~ 
~ 

,/ 
Gene 

......... expresston .... •' 

···.... . ...... ······ ·!!·· ...... ... .. _ .. .-..... . 

Figure 1.1: Representation of a cell showing the process of gene activation. Ligands (e.g. hormones 
such as estradiol) enter the cell and bind to the nuclear receptor (NR) coactivator forming a 
homodimer that then binds to the receptor responsive element triggering transcription and 
activation of the gene (from Janosek et al 2006). 
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Many EDCs are chemicals containing structural features similar to natural hormones, 

enabling them to bind to the associated receptor leading to stimulation (agonist) or 

blocking (antagonist) of gene expression. Knowledge of this mechanism has allowed 

researchers to create a suite of in vitro bioassay tools using receptor extracts, cell lines 

and genetically modified yeasts for assessing ED potential. 

1.3 Chemical concentrations in wastewater 

The strongest evidence for endocrine disruption caused by exposure to sewage effluent 

is the feminisation of fishes. As such the presence of estrogenic EDCs in sewage 

effluent continues to be of concern and remains the focus of EDC research into the 

efficacy of STP processes and environmental impacts of STP effluents. 

The array of pharmaceuticals and personal care products (PPCPs) in use today are 

increasingly scrutinised for potential endocrine disruptor effects and a wide range of 

biologically active chemicals have been detected in wastewater effluents. While this 

review principally focuses on the concentration of estrogenic EDCs in wastewater it is 

important to recognise that there is a suite of possible EDCs in wastewater that wairnnt 

further investigation. Table 1.1 , modified from Chang et al. (2009) lists some of the 

emerging contaminants in wastewater that may contribute to ED effects. 

1.3.1 Estrogenic EDCs 

Steroidal estrogens are by far the most studied source of estrogenic activity in 

wastewater effluents. The concentration of steroid estrogens in final effluents are similar 

to those demonstrated to cause effects in fish including skewed sex ratios, ovotestes and 

inhibition of egg production in laboratory studies (Mills & Chichester 2005). Although 

steroid estrogens are usually present at concentrations much lower than the synthetic 

xenoestrogens such as the APEO metabolites and Bisphenol A, their high potency far 

outweighs the estrogenic contribution of synthetic xenoestrogens. However, the 

contribution from steroids does not necessarily determine the total estrogenicity of the 
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effluent. Evaluation of sewage estrogenicity using a toxicity identification evaluation 

(TIE) procedure identified detectable in vitro and in vivo estrogenicty in non-polar 

fractions of extracted effluent containing no steroidal estrogens (Schlenk 2008). Instead 

potential EDCs identified were oxybenzone (sunscreen agent), Bisphenol A, 

diethylphlalate and dibutylphlalate (plasticers ), nonylphenol isomers 

(detergent/surfactant), pyrene and phenanthere (polyaromatic hydrocarbons), galaxolide 

(musk) and triclosan (antimicrobial). However, the greater body ofresearch literature on 

estrogenic activity in whole effluents demonstrates, with few exceptions, the greater 

proportion of the activity is attributable to estrogenic steroids. 

Table 1.1: Emerging contaminants in wastewater that could cause ED (from Chang et al. 2009). 

Category 
Pharmaceuticals 
Antibiotics 
Analgesics and anti-
inflammatory drugs 
Psychiatric drugs 
Lipid regulators 
~-blockers 

~2-sympathominetics 

X-ray contrast media 

Personal Care Products 
Fragrances 
Sunscreen agent 
Insect repellents 
Antiseptics 
Flame retardants 

Miscellaneous 
industrial additives and 
agents 
Disinfection by-products 

Compounds 

Trimethoprim, erythromycin 
Codein, ibuprofen, acetaminophen, acetylsalicylic 
acid, diclofenac, benoprofen 
Diazepam 
Bezafibrate, clofibric acid, fenofibric acid 
Metoprolol , propranolol, timolol , betaxolol, sotalol, 
atenolol , metoprolol 
Terbutalin, salbutamol 
Iopromide, iopamidol, diatrizoate 

Nitro, polycylic and macrocylic musks 
Benzophenone, methylbenzylidene, camphor 
N,N-dimethyltoluamide (DEET) 
Triclosan, chlorophene 
Polybrominated diphenyl ethers (PBDEs ), 
tetrabromobisphenol A, tris(2-chloroethyl)phosphate 
(TCEP) 

Chelating agents (EDT A), aromatic sulfonates 

Iodo-THMs, bromoacids, bromoacetonitriles, 
bromoalderhydes, cyanoforrnaldehyde, bromated, 
NDMA 
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1.3.1.1 Steroidal estrogens 

The average human female excretes 60 µg/d of estrogens and the average male roughly 

10 µg/d of estrogens (Ternes & Joss 2006). The release of hormones in females varies 

through the menstrual cycle, ranging from 25-100 µg/d and increasing dramatically to 

peak at 30 mg/d for pregnant females (Turan 1996). 

Most estrogens are excreted via urine in the conjugated forms. Free estrogens are not 

usually found in urine, except in the case of pregnancy where free estriol may be present 

(D'Ascenzo et al. 2003 ). Only small percentages of estrogens ( 5-10%) are excreted via 

faeces, although steroidal estrogens in faeces are predominantly present in the free form 

(85-90%) (Adlercreutz & Jarvenpaa 1982). 

Commonly only free biologically active estrogens are considered when endocrine 

disruptors are assessed in sewage which may be misleading considering conjugate 

forms can account for 33% (D'Ascenzo et al. 2003) to 50% of the total estrogens (Adler, 

Steger-Hartmann & Kalbfus 2001) in the raw sewage influent and will remain in the 

aqueous phase as they are much more hydrophillic. Activated sludge treatment rapidly 

deconjugates these compounds into their respective free estrogens, although some 

activated sludge treated effluents may retain 8-40% of total estrogens in the conjugated 

form (D'Ascenzo et al. 2003 ; Isobe et al. 2003 ; Komori et al. 2004). Table 1.2 shows the 

concentrations of free estrogens detected in raw sewage influents in a number of 

different countries . In raw sewage influent the concentration of estrogens usually 

follows estriol (E3)> estrone (E 1)> 17~-estradiol (E2)> l 7a-ethynylestradiol (EE2). 

Estriol is often highest in concentration due to the high quantities produced by pregnant 

females. Estrone is commonly present at relatively high concentration as it is the 

primary degradation product of 17~-estradiol (E2) (Ternes, Kreckel & Mueller 1999) 

and is also formed from deconjgation of estrone glucuronides and sulphate conjugates. 

1.3.1.2 Alkylphenol polyexthoxylates and Bisphenol A 

APEOs are most commonly used as non-ionic surfactants in industrial, commercial and 

domestic applications. They are also used in the production of phenol resins, as plastic 
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additives, emulsifiers, and wetting agents (Lintelmann et al. 2003). As such APEOs are 

detected in almost all sewage effluents, even if there are no industries discharging to the 

sewerage system. APEOs are rapidly degraded to their respective alkylphenol (AP) 

metabolites by sewage treatment processes. Parent APEOs are generally not estrogenic, 

it is the breakdown products, especially those of the alkylphenol ethoxylates (APEs) and 

to a lesser extent alkylphenol carboxylates (APECs) that are able to mimic estrogenic 

action (Birkett & Lester 2003) and therefore AP have been the subject of intensive 

research. The estrogenic potency of APs varies depending on the structure and number 

of carbon atoms in the alkyl chain linked to the phenol ring. The estrogenicity of APs is 

highest when there are more carbon atoms in the alkyl chain (up to a maximum of 8) 

and with increased branching in the alkyl group (Routledge and Sumpter 1997) 

Estrogenic potencies of APs ranged from 20,000,000 to just 1000 times fold less potent 

than E2 for 4-propylphenol and 4-tert-octylpehnol, respectively. Approximately 80% of 

APEs in use are nonylphenol ethoxylates (NPEs) while other commonly used APEs are 

octylphenol ethoxylates (OPEOs) (Ying, Williams & Kookana 2002). 

Table 1.2: Hormone concentrations in raw sewage influent or primary treated effluent. All 
concentrations reported in ng/L 

Country No. E1 E2 E3 EE2 Extraction Detection Reference 
STPs 

Japan 20 10-57 <0.5-2 1 27-220 ND Oasis HLB LC-MS- Komori et 
MS al. 2004 

Canada 18 19-78 2.4- ND ND C18 GC-MS Servos et 
26.0 al. 2005 

USA 7 8.4- < l-24.5 32 .7- <0.7- Cl8 GC-NCJ- WERF 
80.3 381 14.4 &SDB-XC MS 2006 

disks 
Italy 15-60 10-31 23-48 BDL Oasis HLB LC-MS- Lagana et 

MS al. 2004 
6 25-132 4.0-25 24-188 0.40-13 Carbo graph LCESI- Baronti et 

4 MS-MS al. 2000 
Netherlands 12 20-130 17-150 ND <0.3- Not Not Vethaak et 

5.9 reported reported al. 2005 
Spain 2 ND 20-260 ND ND Oasis HLB GC- Gomez et 

MS MS al. 2006 
Australia 54.8 ± 22.0 ND <5.0 LC-18 GC-ECNI- Braga et al. 

14.3* ± 15.9* MS 2005 
13 < 1-617 < 1-24 ND ND Oasis HLB GC-MS Leusch et 

al. 2006 
ND - no data supplied, BDL - below detection limits. * indicates SD when mean is given instead of a 

range 

11 



4-nonylphenol has been demonstrated to have a potency 30,000 times less than that of 

estradiol (Routledge & Sumpter 1997). Although there are 1 OO ' s of different APEO 

isomers in industrial technical mixtures (based on variations in chain length, structure of 

alkyl group and positions on the phenol ring) , the most important APEO degradation 

products detected in wastewater are nonylphenols (NP) and octylphenols (OP) due to 

the higher production of the former and potency of the latter. Concentrations in raw 

sewage influent can be as high as 19 µg/L for NPs and 13 µg/L for OPs (Table 1.3 ), 

100-1000 times higher than that of steroidal estrogens (Vethaak et al. 2005). 

Bisphenol A (BP A) is an industrial chemical used in the production of polycarbonate 

and epoxy resins, unsaturated polyester-styrene resins and flame retardants (Birkett & 

Lester 2003). It is commonly found in many household and industrial plastic products. 

The use of BP A in the manufacture of so many common plastic products has resulted in 

its ubiquitous distribution in the environment and it is commonly detected (ng/mL 

concentrations) in human blood (Welshons, Nagel & vom Saal 2006). This results from 

the hydrolysis of the ester linkage between the BPA molecules in polycarbonate, 

releasing BPA from plastics into food and water (Welshons, Nagel & vom Saal 2006). 

In wastewater influents, the concentration of BPA can range from < l 00-5620 ng/L 

(Table 1.3). 

Table l .3: Alkylphenol and Bisphenol concentrations in raw sewage influent or primary treated 
effluent. All concentrations reported in ng/L. 

Country No. Nonylphenol Octylphenol Bisphenol Extraction Detection Reference 
STPs A 

USA 7 677-27,567 161-3803 274-664 Cl8 GC-NCI- Drewes et 
&SDB-XC MS al. 2006 
disks 

Italy 4194-8768 ND 332-339 Oasis HLB LC-MS- Lagana et 
MS al. 2004 

Netherlands 12 <240- <270- 250-5620 Not Not Vethaak et 
1.9 xl 04 1.3 xl04 reported reported al. 2005 

Spain 2 ND ND 200-1700 Oasis HLB GC-MS- Gomez et 
MS al. (2006) 

Australia 13 360-13800 <10-796 < 100-667 Oasis HLB GC-MS Leusch et 
al. (2006b) 

ND - no data supplied 
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1.3.1.3 Phytoestrogens, pthalates and other xenoestrogens 

Other potential EDCs found in wastewater are given less attention due to either their 

lower concentrations and/or potencies. These include phytoestrogens, phthalates, 

chemicals found in PPCPs such as parabens and UV filters. 

Phytoestrogens, plant derived chemicals with estrogenic activity are present in a whole 

range of foods and natural products. They include the iosflavones daidzein, genistein, 

formonoentin, biochanin A, equol, the coumestan, coumestrol and the lignans seco-

isolariciresinol (SECO) and matairesinol (MAT) (Lintelmann et al. 2003). 

Concentrations of genistien, diadzein and biochanin A in raw sewage influent of a 

typical activated sludge STP in Italy had median concentration s of 298, 107 and 15 

ng/L respectively, while the final effluent concentrations ranged from 3-83 ng/L 

(Lagana et al. 2004 ). The relative binding affinity of phytoestrogens is 10-3 -10-4 times 

lower than E2 (Lintelmann et al. 2003), and the total concentration of the three 

phytoestrogens in the final effluent was equivalent to less than 0.01-0.1 ng/L estradiol. 

Although the concentration of phytoestrogens is far in excess of steroid estrogens, they 

are not considered significant contributers to endocrine disruption. 

Phthalates are used in plastic manufacture and are ubiquitous environmental 

contaminants. Some phthalates such as butyl benzyl phthalate (BBP), dibutyl phthalate 

(DBP), diisobutyl phthalate (DIBP), diethyl phthalate (DEP), diisononyJ phthalate 

(DINP) are weakly estrogenic in in vitro bioassays with potencies ranging from 106-10 7 

times less than that of estradiol (Harris et al. 1997; Job ling et aL 1995). The total mass 

of phthalates in the environment and STP effluents is dominated by 2-ethylhexyl 

phthalate (DEHP), the highest produced and used phthalate. Concentrations of DEP, 

DBP, BBP and DEHP were measured at five STPs in Queensland, Australia by Tan et 

al. (2007). The highest average raw sewage influent concentration of total phthalate 

measured in Australian STP influents was 15 .2 µg/L, which is equivalent to less than 

15.2 pg/L of E2 and the corresponding effluent concentration was equivalent to only 

0.26 pg/L of estradiol (based on the potencies reported in Harris et al. 1997). 

Parabens, a group of chemicals used as preservatives in cosmetics, toiletries and 

pharmaceuticals, are also weakly estrogenic (see Golden 2005 for review) and have 
13 



been detected in wastewater (Gonzalez-Marino et al. 2009). The UV filters 

benzophenone-3 (Bp-3), homosalate (HMS), 4-methyl-benzylidene camphor(4-MBC), 

octyl-methoxycinnamate (OMC), and octyl-dimethyl-PABA (OD-PABA) which are 

used in sunscreens are estrogenic in the estrogenic E-screen assay (Schlumpf et al. 

2001) and are found in sewage effluents (Li et al. 2007). 

Although a range of weakly estrogenic compounds such as phytoestrogens, phthalates 

and pharmaceutical and personal care products are components of wastewater, the 

concentrations in relation to their weak potencies is not great enough to significantly 

contribute to the estrogenicity of the wastewater effluents. 

1.4 Treatment technology and EDC removal 

The primary goal of wastewater treatment is the removal of pathogens, organic carbon 

and nutrients, as such the most common method of sewage treatment is activated sludge 

(nutrient removal), coupled with disinfection (pathogen removal). Steroids, APEOs and 

BPA are biodegradable chemicals and optimised activated sludge processes can remove 

>90% of the influent concentration, particularly if sludge retention time (SRT) and 

hydraulic retention time (HRT) are sufficiently long enough for biodegradation. 

Optimised flocculation processes can remove recalcitrant compounds that preferentially 

partition to the solids in the wastewater. More commonly advanced treatment processes 

are also being employed in sewage treatment to remove the increasing array of 

micropollutants being detected in wastewater effluents. Advanced treatments include 

advanced oxidation, membranes and filtration methods all of which have been studied 

for the removal of EDCs. 

1.4.1 Partitioning behaviour of EDCs 

Estrogens in raw sewage influent were predominantly present in the dissolved phase 

(usually >90%) and usually >80% present in their free unconjugated and biologically 

active form in 13 STPs across Europe and the USA (Janex-Habibi et al. 2009). As 
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estrone is a degradation product of E2, its persistence through the sewage treatment 

process can indicate incomplete degradation of steroidal estrogens. Similarly, NP and 

OP are degradation products of APEs and are produced during the degradation process. 

NP, OP and short chain NPEs and OPEs will preferentially partition to the particulate 

phase due to their relatively high Kow, whereas NPE3_150 preferentially partitions into 

the aqueous phase (Cespedes et al. 2008; Janex-Habibi et al. 2009; Naylor et al. 2006; 

Ying, Williams & Kookana 2002). 

1.4.2 Activated sludge treatment of sewage 

Studies of activated sludge (AS) treatment have shown great variability in efficacy of 

EDC removal and large scale studies of multiple STPs have recorded the variability of 

removal between STPs. A study of eight activated sludge STPs in the USA found 

removal rates ranging from 61-96% (E2), -30-96% (E1), 0-97% (4-NP) and 43-97 %(4-t-

OP) (Drewes et al. 2006). Similar results were found in a study of six AS STPs in Italy 

with removals of 60-98% (E2), -22-96% (E1), 78-100 (E3) and >25-96% (EE2) (Baronti 

et al. 2000). 

Poor removals of E1 in many studies indicate incomplete degradation of steroidal 

estrogens. Increasing E1 concentration during activated sludge treatment (320% 

increase) has been attributed to deconjugation processes during treatment due to the 

relatively low concentration of free estrogen detected in the influent (Tan et al. 2007). 

Other studies suggest a high level of deconjugation occurs within sewer systems prior to 

arrival at STPs and as such deconjugation during treatment is not of concern (Baronti et 

al. 2000). Generally AS treatment removes estrogens from the wastewater stream 

through degradation processes, whereas APEs are removed through a combined process 

of degradation and partitioning into the sludge. Mass balance studies (Janex-Habibi et 

al. 2009) and meta-analyses (Heidler & Halden 2008) demonstrated the mass of NP, OP 

and short chain NP 1 _2EOs in the sludge is higher than in the influent. In contrast, a low 

proportion of steroidal estrogens are found in the sludge relative to influent 

concentrations despite significant reductions in effluent too. Sorption experiments have 

also demonstrated that partitioning into the sludge is not a significant removal pathway 
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for steroidal estrogens and that biodegradation is the primary removal mechanism 

(Andersen et al. 2005). 

Variations in design and operating conditions between STPs make it difficult to evaluate 

why some AS STPs have better eEDC removal efficiencies than others. However, there 

is evidence to indicate certain practices improve eEDC removal. Longer SRT is 

considered standard practice for improved nutrient removal in activated sludge 

treatment as it allows a more diverse biota to grow which can metabolise a greater 

variety of compounds, improving carbon removal and nitrification. SRT and HRT have 

been positively correlated with improved removal of E 1 (Johnson et al. 2005). An 

optimal SR T for EDC removal of greater than 10 days based on removal of natural 

estrogens to below or close to detection limits (1 ng/L) and 80% removal of BPA is 

proposed by Clara et al. (2005) . The study also demonstrated that EE2 was more 

resistant to removal and did not necessarily follow the principle of improved removal 

with long SRT. 

EE2 is more hydrophobic than other estrogens and is more likely to bind to particulates, 

reducing its bioavailability for degradation. For example, Braga et al. (2005) only 

detected EE2 in the waste activated sludge indicating 100% sorption . Therefore, 

removal of recalcitrant compounds such as EE2 from the effluent by activated sludge 

treatment may be possible through optimisation of flocculation and solids removal 

processes. Park et al. (in press) found in laboratory scale experiments that increasing 

aluminium concentrations led to improved EE2 removal in a dose dependent manner 

which correlated with improved removal of suspended solids from the effluent. 

Therefore, total removal of recalcitrant compounds such as EE2 from the effluent by 

activated sludge treatment may be possible through optimisation of flocculation and 

solids removal processes. 

It is likely that optimised flocculation conditions would also benefit APE removal due 

to their higher affinity for binding to the particulate phase. There is evidence suggesting 

STPs incorporating nitrification also have better EDC removal (Abel, Giger & Koch 

1994; Servos et al. 2005) and laboratory studies support the role of nitrification (Vader 

et al. 2000). Seasonal temperature increases have also been found to support increased 
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microbial growth and hence improve removal of EDCs by activated sludge treatment. 

This is supported by findings of Jin et al. (2008) in a seasonal study of EDCs at an STP 

in China. Concentrations of E 1 and E3 were significantly lower, and concentrations of 

OP and NP were significantly higher during summer than in winter indicating an 

increased degradation of steroid estrogens and a greater conversion of APEs to their 

degradation products. Conversely, Fernandez et al. (2008) attributed a negative 

correlation between temperature and estrogenic bioassay response to a measured 

increase in deconjugation of estrogens during the summer, indicating increased activity 

due to conversion of conjugates to the bioavailable form without subsequent 

degradation of the free estrogens. These findings highlight the need to characterise the 

combined degradation and removal processes for EDCs in AS processes to ensure EDCs 

are converted to fom1s that are inactive and cannot be reactivated at a later stage, or 

preferentially, that full mineralisation occurs. 

1.4.3 Advanced tertiary treatment 

The augmentation of AS treatment with advanced tertiary treatment practices is 

becoming more common. Chemical advanced oxidants (COA), membranes, 

photocatalytic materials, activated carbon filtration and membrane bioreactors are some 

of the methods being employed to enhance removal of micropollutants from sewage. 

Laboratory trials for these treatments demonstrate potential to enhance EDC removal, 

but few studies have been completed under full operational conditions. 

Activated carbon filtration process is more commonly used as a polishing option for 

potable water treatment; however it can be applied to secondary treated wastewaters. 

Both granular activated carbon (GAC) and powdered activated carbon (PAC) can 

achieve high reductions of EDCs in wastewater (Schafer, Nghiem & Waite 2003; 

Snyder et al. 2007). The removal capacity of EDCs by these methods is strongly 

influenced by the presence of and competition with, other substances in sewage. As 

such the capacity for removal is lower in wastewater than for other water types 

(Fukuhara et al. 2006) and total estrogenicity in operational sewage treatment plant 

effluents may not be efficiently reduced by either GAC or PAC (Holbrook et al. 2002). 
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The redox potential and hence greater potential of chemical degradation of some 

oxidants in wastewater follows the order of Fe04 > 03 > S204 > H202 > Ch > Cl02 

(Liu, Kanjo & Mizutani 2009). Ozone is becoming a popular alternative to chlorine for 

oxidation and disinfection as it is highly volatile and leaves no residual oxidant in the 

effluent. The ozone dose and contact time are critical parameters for effective EDC 

removal; for example BP A requires a higher dose and contact time than E2 for effective 

reduction (Irmak 2005). The effectiveness of EE2 removal is of more importance than 

natural estrogens due to its reduced degradability by traditional AS treatment. A study 

by Lee (2008) found a range of oxidants (chlorine, bromine, ozone, hydroxyl radical, 

chlorine dioxide and ferrate) reduced the estrogenicity of EE2 by >87%. Ozone has been 

employed in operational advanced STPs and can remove low remaining estrogenicity 

after activated sludge treatment (Abbott et al. 2006; Leusch et al. 2005a). Ozone has 

also been shown to decrease the estrogenicity of wastewater containing E2, E 1 and EE2 

by > 90% (Hashimoto, Takahashi & Murakami 2006) and in a large scale trial, 

ozonation was the only advanced treatment out of six options that produced an effluent 

that did not cause detectable gene upregulation in exposed fish for any of the three 

estrogenically induced genes assessed (Gunnarsson et al. 2009). 

Microfiltration, ultrafiltration, nanofiltration and reverse osmosis (RO) membranes (in 

order of largest to smallest membrane pore size) are an increasingly popular option for 

advanced wastewater and water reuse treatment. Generally the smaller the membrane 

pore size the better micropollutant removal; however, the energy consumption also 

increases with smaller membrane pore sizes due to the pressure required to pass the 

water through the membrane. As such, there are examples of microfiltration being used 

in operational STPs even though they have a lower EDC removal capacity. Removal 

mechanisms by membranes include adsorption, repulsion and size exclusion or 

'mechanical sieving' depending on the membrane type. Hydrophobic microfiltration 

membranes can remove E 1 through adsorption, although removal is highly variable due 

to the reversible nature of adsorption as a removal mechanism (Chang et al. 2003). 

Under operational conditions microfiltration reduced E 1 and E2 concentrations from 4.1 

and 0.75 ng/L, respectively to 1.2 and 0.1 ng/L (Braga et al. 2005). Ultrafiltration has 

provided good removal of estrogenic steroids from secondary treated effluent under 
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pilot scale conditions, which is surprising considering the poor removal of other 

micropollutants in the study (Snyder et al. 2007). Schafer et al. (2003) hypothesised that 

nanofiltration uses both adsorption and size exclusion as the removal process through 

hydrogen bonding between the membrane and estrone molecules. Conditions that 

increased repulsion also decreased retention of estrone for nanofiltration whereas RO 

did not demonstrate the same limitations. RO has been reported to remove >98% of NP, 

4-t-OP and BPA and 100% (to below detection limits) ofE2, E 1, EE2 (Drewes et al. 

2006). 

1.5 Bioassay assessment of estrogenic endocrine disrupting 

chemicals 

Although there are many inherent challenges associated with conducting bioassays and 

interpreting their results, there is one major advantage in using these bioassays over 

direct chemical analysis. Bioassays account for potential synergistic and antagonistic 

effects of EDC mixtures, including compounds that have yet to be identified and thus 

not targeted for chemical analysis (Falconer et al. 2006). Bioassays have demonstrated 

that the estrogenic activity of sewage effluents and river waters is not solely attributed 

to the major EDCs that have been measured by chemical analysis (Pawlowki et al. 

2004). 

Bioassays can be categorised into two broad groups; in vitro and in vivo. In vitro 

bioassays are rapid tests and are designed to generate reproducible results that can be 

used to predict whether a sample has the potential to cause endocrine disruption. In vitro 

bioassays use molecular isolates or cell cultures and are indicative, but not truly 

representative of whether a tested sample will result in endocrine disrupting effects 

within a living organism as they do not completely mimic the full metabolic processes 

of an intact organism. 

Jn vivo EDC bioassays involve the use of whole live animals including fish, mice, rats, 

frogs and invertebrates as test species. Although more definitive than in vitro bioassays, 
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physiological end points of in vivo exposure tests require weeks, if not months of 

exposure before the nominated end point assessment can be made. As such, 

measurements of changes in gene expression are becoming a more commonly used end 

point for in vivo bioassays, as gene expression changes rapidly in response to external 

stimuli such as contaminant exposure. 

1.5.1 In vitro bioassays 

There are many in vitro bioassays available for assessing EDC potential of 

environmental sample extracts. Most bioassays assess the interaction of exogenous 

substances with nuclear receptors including estrogen, androgen, aryl hydrocarbon, 

thyroid and retinoid receptors (for review see Janosek et al. 2006). A review on in vitro 

bioassays for the detection of estrogenic EDCs by the Global Water Research Coalition 

(2006) listed 24 bioassays, the majority of which were reporter gene assays. Table 1.4 

summarises some of the more commonly used estrogenic bioassays. 

The majority of estrogenic in vitro bioassays measure the interaction of the chemicals 

constituents of the sample with the estrogen receptor (ER) either through the 

measurement of binding to the receptor in estrogen receptor binding assays (ERB As) or 

through activation of the receptor in reporter gene, gene expression and cell 

proliferation bioassays. Estrogen receptors are found in a range of tissues including 

ovaries, breast, brain, liver, bone, adrenal, testis , prostrate, cardiovascular and 

gastrointestinal tract (Jacobs, Dickins & Lewis 2003). There are at least two known 

estrogen receptors ERa and ER~ in mammals (Enmark et al. 1997) and a third found in 

teleost fish; ERy (Hawkins et al. 2000). 

Gene activation may be measured via colourmetric or luminescent detection of a 

reporter gene product such as ~-galactosidase , or through cell proliferation caused by 

estrogen dependent cell growth (such as in the E-screen bioassay). Potency, or the 

degree to which equimolar concentrations of chemicals will bind to the receptor or 

activate gene expression can vary between bioassay, especially between those with 

different end-points. Jn vitro bioassays display a large variation in responsiveness to 
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different EDCs due to the different end-points, species, and origin of tissue and 

differences in the receptor. A number of studies has demonstrated the inherent 

differences between the potency of estrogenic compounds among many of the in vitro 

bioassays including differences between tissue culture reporter gene assays and free 

ligand binding assays (Gutendorf & Westendorf 2001 ), uterotropic assays and cell 

proliferation assays (Soto et al. 2006), the yeast estrogen screen (YES) and E-screen 

(Drewes et al. 2006) and estrogen receptor binding assays (ERBA) and the E-screen 

(Leusch et al. 2006c ). Of particular significance is the fact that these comparisons were 

done on assays with different endpoints, but when comparing assays that use the same 

end point, good correlations could be seen between the potency of estrogenic 

compounds in the assays (Gutendorf & Westendorf 2001; Leusch et al. 2006c ). 

ERBA provides an estimate of the potential of single chemicals or complex mixtures to 

bind to the receptor but does not distinguish between agonistic and antagonistic 

behaviour. In some cases this has been beneficial as it reduces false negatives when 

agonistic and antagonistic chemicals are present together (Drewes et al. 2006). 

Although the relative binding of E2 is relatively consistent, the binding of different 

estrogenic EDCs to the ER can vary depending on the species that the ER were 

extracted from (Matthews et al . 2000). 

In vitro bioassays based on activation of the ER leading to gene expression provide 

additional information to ERBAs due to the incorporation of a physiological process 

which can be either activated or deactivated. However, they also have limitations. Gene 

expression bioassays and cell proliferation bioassays are perhaps the most biologically 

relevant of the in vitro bioassays as the end-points are either endogenous cellular 

production of an estrogen-stimulated protein, or estrogen dependent cell proliferation. 

Of course these bioassays have their limitations, including the need to maintain a live 

cell culture or re-extract live cel1s for each assay. A popular cell based assay is the E-

Screen, which uses the estrogen-dependant MCF-7 breast cancer cell line (Soto & 

Sonnenschein 1995). One of the strengths of this assay is the sensitivity which has been 

maintained through simplification and miniaturisation of the assay with detection limits 

for 17~-estradiol reported at 10- 12 Mor 0.27 ng/L (Korner et al. 1998). Limitations of 

the E-screen are inconsistency in responsiveness across and even within cell sub-Jines, 
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with maximum cell proliferation from estradiol ranging from two to tenfold above 

hormone free negative controls (Rasmussen & Nielsen 2002). 

Recombinant yeast based assays are also commonly applied to the assessment of 

sewage effluent. Genetic modification of the yeast to express the estrogen receptor and 

the inclusion of an estrogen responsive element upstream of an expression gene has 

been used in the YES assay (Routledge & Sumpter 1996), and the two-hybrid yeast 

assay (Nishikawa et al. 1999) among others. Yeast reporter gene assays are less 

susceptible to cytotoxicity and are faster and more easily cultured than animal cell lines, 

and they have a stable, single mode of expression (only through the transfected ER and 

ERE) (G.W.R.C. 2006). However, as yeast have a cell wall and some differences in 

metabolic function compared to animal cells, they may be limited by differential uptake 

and metabolism of EDCs. The sensitivity of yeast assays are as good as or better than 

that of the E-screen. A comparative study of yeast assays by Saito et al. (2002), reported 

the YES assay had an EC50 of 0.046 ng/L and that the two-hybrid system had an EC50 of 

0.47 ng/L. 

Table 1.4: Examples of in vitro bioassays for the screening of estrogenic ED potential. 

Assay Mechanism Test organism/material 

E-screen Cell proliferation MCF7 breast cancer cell line 

ERBA Receptor binding Receptor isolates or human, fish , sheep or rat ER 

YES test Plasmid expression hER transfected Saccharomyces cervisiae 

Two-hybrid Plasmid expression hER and co-activator transfected Saccharomyces 

yeast cervisiae 
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1.5.2 In vivo bioassays 

Although exposure to estrogenic EDCs can lead to physiological and behaviour impacts 

in fishes, assessing these changes can be challenging due to the duration of exposure 

and the magnitude of response required to elicit these changes. As such, bioassays based 

on biochemical responses that are indicative of exposure have become a useful tool in 

assessing whether ED exposure has occurred and/or been enough to trigger some sort of 

biological response. 

The induction of vitellogenin (vtg) in the bloodstream of male fish has been used as a 

biomarker for estrogenic endocrine disruption in many fish species. Vitellogenin is an 

egg yolk precursor protein that is usually only produced by females, however some 

studies have demonstrated that the control populations of male fish have had measurable 

concentrations of vitellogenin in their blood plasma (Brown et al. 2001 ). This 

estrogenically controlled physiological response has been exploited as a method to 

determine estrogenic EDC exposure in wild and experimentally exposed fish. The 

primary research linking sewage exposure to estrogenic ED in fish used the elevation in 

vitellogenin as a biomarker (Purdom et al. 1994 ). 

Increases in vitellogenin protein in the blood or mRNA in the liver (site of gene 

expression) in oviparous fish above that of a control population, are indicative of 

estrogenic exposure. mRNA is a short lived intermediate in the gene expression process. 

The presence of vtg mRNA in male fish is indicative of recent exposure (Denslow et al. 

1999) and sampling after exposure to estrogenics has ceased will not detect mRNA 

vitellogenin (Hyndman et al. 2010). The protein will remain in the blood plasma for a 

much longer period of time, for example up to 70 days after exposure (Thorpe et al. 

2007). Although the presence of vtg is widely used as a biomarker for estrogenic EDC 

exposure, induction of vtg does not necessarily indicate reproductive impairment (Mills 

& Chichester 2005). It is however, perhaps more sensitive and biologically relevant than 

in vitro bioassays especially when testing sewage effluents which have an industrial 

component (Schlenk 2008). The potency of different estrogenics to induce vitellogenin 

up-regulation in fish and the sensitivity of different fish species to estrogenics is highly 

variable (Table 1.5). 
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Table 1.5: Summary of reported concentrations of xenoestrogens exposure resulting in the 
induction of vitellogenin production in male fish (sourced from Brown et al. 2001). 

Rainbow Roach Flounder Carp Fathead 

Trout Minnow 

17-~-estradiol 10 ng/L 50 ng/L 100 ng/L 

Estrone 25 ng/L 30 ng/L 

17-a-ethinylestradiol 0.1 ng/L 1 ng/L 

Octylphenol 1 µg/L 3 µg/L 

Nonylphenol 20 µg/L 10 µg/L 

4-t-pentylphenol 300 µg/L 

The different methods of assessing estrogenic ED from sewage effluents need to be 

integrated to ensure that a comprehensive assessment is made that provides multi-tiered 

evidence of whether there is a significant risk of ED occurring due to exposure from a 

particular sewage effluent. 

1.6 Research aim and objectives 

The aim of this research was to assess the efficacy of advanced tertiary wastewater 

treatment technology in removing hom10nally active compounds during full operational 

conditions. The approach was to apply a range of biological assays underpinned by trace 

chemical analysis, to assess both the presence and removal of endocrine disrupting 

chemicals (EDCs) through the treatment processes of the state-of-the-art Gerringong-

Gerroa advanced tertiary sewage treatment plant (GGSTP). This was addressed by the 

following objectives: 
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1. To assess the efficacy of the sewage t reatment processes to remove estrogenic EDCs under 

increased loading conditions. Chemical analysis supported by in vitro bioassay assessment was 

used to determine if increased dai ly influent loading that occurs over peak holiday seasons 

altered the effi cacy of any of the six major treatment stages to remove/degrade EDCs. (Chapter 

3) 

2. To validate the estrogenic two-hybrid yeast bioassay to assess the efficacy of wastewater 

treatment. Sampling over multi ple seasons and applying different sample clean-up techniques 

gave further insight into both the performance of the STP processes and the bioassay. (Chapter 

4) 

3. To assess the efficacy of the sewage treatment technology in removing a range of 

biologically active constituents based on bioassay response. Effluent samples were tested 

using the human ER (estrogen receptor), medaka fi sh ER, AhR (arylhydrocarbon receptor), RAR 

(retinoic acid receptor) yeast assays as well as the umu genotoxicity assay to screen for and 

assess the removal of a range of biologically active micropollutants (Chapter 5) 

4. To determine how the composition of EDCs altered through the treatment process. A mass 

balance was undertaken on the presence and removal of EDCs fro m the aqueous and part iculate 

phases of the wastewater stream. (Chapter 6) 

5. To determine if exposure to partially or full y treated effluent can cause measurable 

changes in fish vitellogenin gene expression. Two species of fish were exposed under real-time 

cond itions to effluents within the treatment process before assessing up-regulation of the 

vite llogenin gene which is modul ated by estrogenic EDC. (Chapter 7) 

1. 7 Thesis structure 

This thesis comprises an introduction chapter (chapter 1) and methodology chapter 

(chapter 2) followed by six data chapters addressing the objectives of the study as 

outlined above. The thesis is structured so that for the most part, each data chapter can 

be assessed as a standalone manuscript. As such there is some inherent repetition in the 

introductory sections of each chapter, however common methodologies are summarised 

in the methodology chapter and are not repeated in each data chapter. There is some 

cross referencing to other data chapters where necessary; however this is mostly limited 

to references to the methodology chapter. The final chapter (Chapter 8) provides a 

synthesis of the results of the preceding chapters and evaluates the overall findings of 

the study in relation to the efficacy of the GGSTP in removing EDCs from the effluent. 
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Chapter 2 Description of the Gerringong-Gerroa sewage 
treatment plant, and chemical and bioassay analysis 
methodology 
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2.1 Site description: Gerringong-Gerroa sewage treatment plant 

2.1.1 Location and history 

The Gerringong-Gerroa sewage treatment plant (GGSTP) is located near the mouth of 

the Crooked River in Gerroa, New South Wales, Australia. As its name suggests it 

services the townships of both Gerringong and Gerroa. Located about 130 km south of 

Sydney, the small coastal towns have strong seasonal population fluctuations as the area 

is a popular holiday destination. Gerringong, the larger of the two towns has a 

population of 3588 people (Australian Bureau of Statistics 2006c ), while Gerroa has a 

population of only 4 77 (Australian Bureau of Statistics 2006d). The population of both 

towns can increase dramatically during holiday periods and this is reflected in increased 

inflow to the STP during these periods. The area has a number of caravan parks, hotels 

and holiday rental houses, plus a large number of houses are privately owned holiday 

homes. Gerroa in particular has a high percentage of holiday houses, with only 43 % of 

private dwellings occupied on census night (Australian Bureau of Statistics 2006b ), 

compared to 78% in Gerringong (Australian Bureau of Statistics 2006a). 

The treatment plant was commissioned in 2002 and designed to cater for a projected 

peak tourist season population in the year 2022 of 11 , 000 (equivalent population) and 

an average dry weather flow of 2.2 ML/d (Boake 2006). Prior to this the area was not 

serviced by a reticulated sewage system and properties had operated and maintained 

their own onsite septic systems. 

The Gerringong-Gerroa area is not only a popular holiday destination, but also has some 

significant environmental attributes, such as the Crooked River estuary which the 

treatment plant site backs onto, and the Seven Mile Beach National Park which protects 

a 964 ha isolated parcel of coastal dune forest, one of the largest intact examples of this 

type of habitat on the central section of the NSW coastline (NSW National Parks and 

Wildlife Service 1998). 
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2.1.2 Treatment design and technology 

The treatment plant employs a comparatively sophisticated design for an Australian 

STP treating domestic wastewater and is designed to meet stringent Department of 

Environment, Climate Change and Water (DECCW) license conditions for the 

protection of the local environment, and to produce a final sewage effluent that exceeds 

the guidelines for agricultural reuse (Table 2.1 ). Currently the STP is meeting its target 

of reusing at least 80% reclaimed water on an average annual basis over the life of the 

Veolia Water Australia operational contract (to 2022). The reclaimed water is used by a 

local dairy farmer for pasture improvement, as well as process and cleaning water for 

the STP, and for onsite irrigation. Only a small percentage of the annual treated effluent 

is discharged to the dune system during wet weather periods. When the capacity of the 

dam is reached and environmental discharges are necessary, the treated effluent is 

discharged to an artificial dune system on the STP property. 

Table 2.1: NSW DECCW effluent emission l.icense requirements 

Component 

BODs 

Suspended Solids 

Total Nitrogen 

Total Phosphorus 

pH 

Faecal Coliforms 

Concentration 

<5 mg/L (50 percentile) 

<3 mg/L (50 percentile) 

<3 mg/L (50 percentile) 

<0.1 mg/L (50 percentile) 

6.5-9 ( 100 percentile) 

<2/100 mL 

The STP treatment process includes: screening and grit collection, activated sludge 

treatment (biological nutrient removal via Bio Denipho Process), post detnitrification, 

clarification, continuous backwash sand filters , ozonation, biologically activated carbon 

filtration, microfiltration and UV disinfection. Following passage through the treatment 

train the treated effluent is stored in a 50 ML dam where it is drawn off by a local dairy 

farmer for pasture watering. A schematic of the treatment plant is provided in Figure 

2.1 , which indicates the sampling locations used in this study. 
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Figure 2.1: Schematic of Gerringong-Gerroa STP with sampling locations. 1 -influent, 2 - post 
denitrifying tank, 3 -clarifier, 4 -sand filters, 5 -ozone, 6 - biologically activated carbon filters, 7 -
microfiltration, 8 -UV disinfection, 9 -storage dam (Source: Boake 2006). 

2.2 Sampling regime 

2.2.1 Field collection of wastewater samples 

Samples were collected in 2.5 or 4 L amber glass bottles that had been pre-cleaned by 

double rinsing with deionised water, acetone and methanol (HPLC grade). 

Grab samples of process water/effluent obtained from draw-off points at the specific 

sampling locations within the plant treatment train (see Figure 2.1 for locations) were 

collected directly into sampling bottles or via a bucket at the post-denitrifying tank. The 

sample collection bottles were prerinsed with a portion of collected effluent, which was 

discarded before being filled with the final collected sample. The effluent samples were 

preserved as soon as possible after sampling by the addition of 1-1.5 mL of 

concentrated HN03 (to achieve a pH ~ 2) and kept on ice until returned to the 

laboratory. 
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2.3 Chemical analysis using GC-MS 

2.3.1 Materials 

Chemicals. The solvents used for rinsing of glassware, preparing standards, and the 

extraction and elution of the wastewater samples namely; acetone UlimAR, methanol 

ChromAR, dichloromethane UltimAR and isooctane were Malinkrodt pesticide residue 

grade (sourced from Biolab, Scoresby, Australia and Auckland, New Zealand); toluene 

and ethanol used for rotovaping samples were Merck extraction grade (GR) (sourced 

from Kilsyth, Australia). Sulphuric acid for wastewater sample preservation was Ajax 

Fine Chemicals Univ AR grade (sourced from Crown Scientific, Minto, Australia). 

Purified water was obtained from in-house Millipore or Satorius purification systems. 

Glass fibre filters ( 1.2 µm pore size, Advantec GC50 4 7 mm and 90 mm) used for 

sample filtration were sourced from Bonnet Equipment (Taren Point, Australia) and the 

filter aid, Hyflo Supercel, (BHD) was sourced from Biolab, Australia. Anhydrous 

sodium sulphate (baked at 600 °C) used to remove residues of water from solvent 

eluates and potassium carbonate for removing acidic byproducts of the TF AA 

derivitisation were sourced from Biolab, Australi a and New Zealand. 

Steroidal estrogens 17~-estradiol (E2), l 7a-estradiol (l 7a-E2), estrone (E 1) , estriol (E3) , 

ethynylestradiol (EE2) were purchased from Sigma-Aldrich (Auckland, New Zealand). 

Deuterated labelled compounds; l 7~-estradiol-2,4 , 16, 16-d4 (E2-d4, min. 98% labelled), 

estrone-2,4, 16, 16-d4 (E 1-d4 min. 98% labelled), ethynylestradiol-2-4-16-16-~ (EE2-d4 

min. 98% labelled), 4-n-nonylphenol-2,3,5,6-d4 (min. 98% labelled), bisphenol-A-d 16 

(min. 98% labelled) were sourced from C/D/N Isotopes (Quebec, Canada). 

Trifluroacetic anhydride (Aldrich) 99+ % (Auckland, New Zealand), n-methyl-N-

(trimethyl-silyl) trifluroacetamide (MSTFA), 2-mercaptoethanol 98 % and ammonium 

iodide 99+ % A.C.S. were sourced from Sigma-Aldrich (Auckland, New Zealand). 

Waters Oasis HLB cartridges (500 mg 12 cc and 1.0 g 20 cc) were obtained from 

Waters, Rydalmere, Australia. IST !solute Florisil clean-up columns (500 mg 6 cc and 

1.0 g 6 cc) were sourced from Biolab, Australia and New Zealand and Varian Florisil 
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columns (500 mg 6 cc) from Varian, Mulgrave, Australia. Bulk IST and Varian 

aminopropyl were sourced from Biolab, Auckland, New Zealand and Varian Mulgrave, 

Australia. 

2.3.2 Sample filtration and extraction 

The acidified effluent samples were filtered under vacuum through a 1.2 µm pore size 

(Advantec GC50) filter to remove particulate material that can block and reduce flow 

through the SPE columns. The raw influent and post-DN tank samples were allowed to 

settle before the supernatant was decanted for filtering. To reduce blockage of the filter 

and maintain filtration flow rates when filtering samples from the raw influent, post-DN 

tank, clarifier and sandfilter samples, filter aid (precleaned with acetone, methanol and 

purified water washes) was added to the filtration device to form a 0.5-1 cm thick bed 

on the filter membrane. 

In the first two rounds of effluent (Nov and Dec 2006) and the first fish test water 

samples (May 2008), 1.0 L of filtered sample was spiked with 25 µL of a deuterated 

surrogate standard mix containing 1.0 ng/µL each of EE2-di, E 1-d4, E2-d4, 4nNP-d8, 

BPA-d16 in acetone, immediately prior to extraction by SPE. In later sampling rounds 

(Nov 2008, Feb 2009) the volume of filtered sample prepared from the ' backend' /latter 

stages of the treatment plant (advanced tertiary treatment sites 5, 6, 7, 8,and 9 in Figure 

2.1) was increased to 2.0 L to improve detection of low level EDC concentrations. 

Additionally, a 13C labelled surrogate standard mix was used to assess method 

performance and a higher quantity (50 ng) was used in the 'frontend' samples (sites 1, 

2, 3 and 4) to account for the higher levels of EDCs in the effluents from these early 

stages of treatment. The 13C labelled recovery spike contained 1.0 ng/µL each of EE2-

13C 12, E2-
13C12, E 1-13C12, BPA- 13C12, triclosan- 13C12 and 4nNP-d4 in acetone. 

lsotopically labelled surrogate standard mixtures were prepared at HortResearch, 

Hamilton, NZ by Dr Grant Northcott using a five figure balance (±0.01 mg) and 

calibrated positive displacement pipettes to ensure accurate concentrations. Isotopically 

labelled compounds are structurally identical to the analogous analyte of interest, but 

have a slightly heavier mass. As such the recovery properties and elution time for gas 
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chromatography mass spectrometry (GC-MS) analysis are identical to the analogous 

analyte of interest, but the heavier mass means a different mass: charge ratio for 

individual quantification. For all sampling rounds, unspiked duplicate samples ( 1.0 or 

2.0 L) were similarly prepared and extracted for bioassay analysis (ERBA and E-screen 

for Nov and Dec 2006, two-hybrid yeast assays Dec 2006, May, Nov 2008 and Feb 

2009). 

The Oasis HBL SPE cartridges were precleaned with a solvent mixture of 

dichloromethane, diethyl ether and methanol ( 40: 10: 1) for the Nov and Dec 2006 

samples. An attempted winter round of sampling in 2007 produced extremely poor 

recovery of surrogate compounds, which was attributed to breakdown of the 

diethylether and production of destructive peroxides (J. Gray, Water Quality Centre, 

USGS, pers. comm.), so the wash/elution solvent was changed to a mixture of 

dichloromethane with 5 % methanol for the May 08, Nov 08 and Feb 09 extractions. 

Precleaning involved adding 10 mL of the solvent mixture to the SPE cartridges and 

allowing the solvent to pass through the column under gravity. The flow was stopped 

after approximately 5 mL of solvent had eluted and allowed to soak into the SPE 

adsorbent bed. After a few minutes the flow was restarted, another l 0 mL of solvent 

added, and eluted under gravity. Following elution of the solvent the SPE cartridges 

were dried under vacuum to remove residual solvent. Following this step the SPE 

cartridges were preconditioned with 10 ml of methanol followed by 10 ml ofMQ water, 

with the flow being interrupted for each solvent to promote full solvent contact with the 

adsorbent bed. 

The filtered samples were loaded onto 1.0 g Oasis HLB cartridges (Waters) at a flow 

rate of 5-10 ml min- 1
• For the 1.0 L fish test samples in Nov 2008 and Feb 2009, 

500 mg Oasis HLB columns were used as there was no risk of analyte breakthrough due 

to overloading the cartridge sorption capacity. After the extraction was complete the 

cartridges were dried under full vacuum. For the Nov 2008 and Feb 2009 samples the 

cartridges underwent additional drying after vacuum by applying a reverse flow of 

nitrogen gas (N2). The dried Oasis cartridges were individually wrapped in aluminium 

foil and stored at -20 °C until elution. 
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For the Nov and Dec 2006 samples, the estrogenic compounds were eluted from the 

Oasis SPE cartridges with 30 mL of the DCM:DE:MeOH solvent mixture. An aliquot of 

1: 1 ethanol:toluene solvent mixture was added to the collected SPE eluants which were 

evaporated to dryness by rotoevaporation. The sample was resuspended in 2 mL of 

elution solvent, and quantitatively transferred to a florisil column (1 g, IST previously 

washed with 10 ml acetone) topped with aminopropyl sorbent (500 mg, IST) and 

anhydrous sodium sulphate (approx. 2 cm depth). The sample was eluted through the 

clean-up column with 30 mL of DCM:DE:MeOH mixture. For the May and Nov 08 

samples the elution of samples from the Oasis SPE cartridges was carried out using the 

modified DCM:MeOH mixture. Aminopropyl was excluded from the florisil column as 

it could remove some of the estriol from the eluant (J. Gray, Water Quality Centre, 

USGS, pers. comm.). For the Feb 2009 samples the Oasis SPE cartridges and florisil 

clean-up column were connected in series so the elution and clean-up steps were 

completed simultaneously. For the clean-up of fish test samples for the Nov 2008 and 

Feb 2009 sampling periods a 500 mg florisil column (IST) was used. 

Following florisil clean-up the sample extracts were evaporated to dryness by N2 blow 

down. The extract was redissolved in 0.5 mL of dichloromethane and transferred to 

glass vials for final clean-up by gel permeation chromatography (GPC). 

2.3.3 GPC clean-up 

Gel permeation chromatography was used to reduce matrix interference in some of the 

samples based on the method described in Gadd et al. (2009). Sample extracts from the 

primary influent and post-DN tank samples were specifically targeted for GPC clean-up 

because of the additional complexity of these samples and the presence of significant 

amounts of co-extractive material that interferred in the GC-MS analysis. These sample 

extracts were quantitatively transferred into GPC autosampler vials and made up to 500 

µL in a 90: 10 mixture of DCM:MeOH. The samples were injected onto two Phenogel 

SEC columns (5 µm particle size, 7.8 mm I.D. , 600 mm and 300 mm, Phenomenex, 

Auckland, NZ) connected in series and attached to a Shimadzu LC-1 OAT VP pump, 

SIL-1 OAF auto-injector, SPD-1 OA UV-Vis detector and FRC-1 OA fraction 
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collector.DCM was used as the mobile phase at a flow rate of 0.5 mL/min. The fraction 

of column eluant from 40-75 minutes containing the steroidal estrogens and later eluting 

phenolic compounds was collected for derivati sation and GC-MS analysis . 

2.3.4 Derivatisation procedures 

The analysis of steroids and phenolic compounds using GC based methods was 

optimised by derivitising these polar compounds to less polar and more volatile 

analogues. Initially trifluoroacetic anhydride (TF AA) was used as the derivatising agent. 

However, later investigations demonstrated derivitisation by silylation using MSTF A 

increased the sensitivity of the analysis by a factor of 2-5 times compared to the 

corresponding trifluoroacetyl derivatives. For example, the response of the 

quantification ion for BP A was doubled and those for estrone was increased five times 

at 5 00 p g/uL. 

TFAA: The derivatisation procedure using TFAA was based on that of Lerch and Zinn 

(2003). Samples were quantitatively transferred to 5.0 mL reaction vials and dried under 

N2, and redissolved in 50 µL of toluene. Derivatisation was achieved by adding 10 µL 

of TF AA, vortexing and incubating at room temperature for 5 minutes. After 5 minutes, 

200 µL of isooctane containing the acetate ISTD mix (250 ng/mL) was added followed 

by 2.5 mL of potassium carbonate (K2C03 1 %) to neutralise residual acidic reaction by-

products. The contents of the reacti-vial were vortexed to mix and left to stand to aid 

phase partitioning. The upper organic layer was removed and passed through a small 

column ofNaS04 to remove any residual water and collected in GC-MS vials (200 µL). 

MSTF A: The MSTF A derivatisation method is base on that of Labadie and Budzinsky 

(2005). An MSTF A derivatisation master mixture was prepared by adding 11.4 mg 

NH41, 17 µL 2-mercaptoethanol and 285 µL of MSTF A to a 5 mL reaction vial and 

incubated in a sand bath at 60-65 °C until the NH41 was fully dissolved. This would 

generally take around 90 minutes. Once the reaction mixture had cooled, an additional 

2715 µL of MSTF A was added. The headspace above the master mixture was purged 

with N2 gas and kept at 4 °C for no longer than 10 days. 
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The sample extracts were quantitatively transferred to 1 mL reaction vials, 250 µL of 

1.0 µg/mL ISTD mixture added, and the contents evaporated to dryness under a flow of 

N2 gas. To derivatise the sample, 30 µL ofMSTFA master mixture was added and the 

samples incubated in a sand bath set at 60-65 °C for 45 minutes. Once cooled, 170 µL of 

isooctane was added to the vials, the contents swirled to mix, and the sample transferred 

directly into an Agilent vial fitted with 200 µL micro insert. 

2.3.5 GC-MS detection/analysis 

Derivatised samples and their equivalent deuterated and 13C labelled compounds were 

quantified by GC-MS using an Agilent 6890N gas chromatograph with split/splitless 

injector, PAL multipurpose autosampler, and Agilent 5975 quadrupole mass selective 

detector (MSD). Individual compounds were separated on a HP-5MS column (length 30 

m, film thickness 0.25 µm, inner diameter 0.25 mm, Agilent) with an initial oven 

temperature of 90 °C for 1.5 min, then increasing at 20 °C per min to 130 °C, followed 

by 4 °C per min to 236 °C and 8 °C per min to 320 °C with a hold for 5.5 min (total run 

time 46 min). Helium was used as carrier gas. The sample was injected (2 p,L) into a 

split/splitless injector held at 270 °C. The transfer of volatilised analytes onto the 

column was enhanced using pressure pulsed injection at 35 psi for 1.1 min. Following 

this pressure pulse, the column pressure was increased using the following pressure 

ramp: initially held at 17.50 psi for 1.5 min, increased at l.5 psi/min to 20.5 psi, 

followed by an increase of 0.3 psi/min to 28.5 psi and finally 5.0 psi/min to 50.0 psi. 

The temperatures of the interface ion source and quadrupole were 230 and 150 °C, 

respectively. Electron Impact Spectra (EIS) were obtained at 70 eV. The MSD was 

calibrated against PTFBA using the autotune function. The sensitivity of the mass 

selective detector was improved by increasing the electron multiplier voltage (EMV) by 

300 EMV. Mass spectral data were acquired using the synchronous scan I single ion 

monitoring (SIM) mode. Retention times and m/z ions selected for detection of the 

individual compounds are listed in Tables 2.2 & 2.3. 
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Table 2.2: TFAA derivatised compounds retention times and acquisition ions 

Compound Retention time Quantification Qualifier Ions 
(min) Ion (m/z) (m/z) 

ISTD 

l 7P-estradiol diacetatea 34.061 314 315,356 

Estriol triacetatea 36.452 372 373,414 

Coprostanol acetatea 37.120 215 355,370 

Deuterated Recovery STD 

4-n-nony lpheno l-d8 12.301 209 208,324 

Bisphenol A-dl6 15.105 416 417,434 

estrone-d4 27.307 370 324,311 

l 7P-estradiol-d4 25 .716 468 311,355 

l 7a-ethynylestradiol-d4 28.850 311 258,396 

Unlabelled Analytes 

4-tert-amy lpheno 1 4.496 231 232,203 

4-tert-octylpheno I 

Nonylphenol tech start 8.507 217, 231 , 245 , 203 , 259, 232, 
Nonylphenol tech finish 9.756 203 217, 245 

4-n-octylphenol 10.251 203 204, 302 

4-n-nonylphenol 12.391 203 204, 316 

Triclosan 16.712 384 386, 252 

Bisphenol A 15.277 405 406,420 

l 7a-estradiol 25.115 464 309, 350 

Estrone 27.371 366 322, 309 

l 7P-estradiol 25.758 464 309, 351 

17 a-ethynylestradiol 28.850 309 256,392 

Coprostane 33.429 217 357,372 

Estriol 26.105 576 463,349 

Coprostan-3-one 36.569 231 386,316 

Coprostan-3-ol 34.598 329 484,370 

Note: a Not a TF AA derivative. 
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Table 2.3: MSTFA derivatised compounds retention time and acquisition ions 

Compound Retention Quan tifi ca ti on Qualifier Ions (m/z) time (min) Ion (m/z) 

ISTD 

4-n-nonylphenol-d8 17.8 10 185 184, 300 

Bisphenol A-dl6 24 .265 368 369, 386 

estrone-d4 32.565 417 402, 312 

l 7P-estradiol-d4 32.821 420 405 , 130 

l 7a-ethynylestradiol-d4 34.207 429 446, 302 
13C Recovery STD 
13Cl2 triclosan 22.319 357 359, 206 
13Cl2 Bisphenol A 24.424 369 370, 384 
13Cl2 E1 32.568 416 401 , 311 
13Cl2 E2 32.821 418 403 
13Cl2 EE2 34.231 427 442 

Unlabelled Analytes 

4-tert-amylphenol 7.593 207 208, 236 

4-tert-octy lpheno 1 11.372 207 208, 278 

nonylphenol tech start 13. 106 193 , 179, 207, 208,263 , 235 ,249, 179, 
nonylphenol tech fini sh 14.846 221 , 235 292, 193 

4-n-octy lpheno 1 15 .563 179 278, 180 

4-n-nonylpheno] 17.908 179 180, 292 

triclosan 22.327 345 347, 200 

Bisphenol A 24.43 8 357 358, 372 

l 7a-estradiol 32.307 416 285 , 417 

Estrone 32.575 414 399, 309 

17P-estradiol 32.823 416 285 , 401 

l 7a-ethynylestradiol 34.23 425 440, 196 

coprostane 34.328 217 357, 372 

Estriol 35.184 504 345, 311 

coprostan-3-one 36.272 143 142,458 

co12rostanol 36.74 370 355, 215 
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2.3.6 Quantification method, compound recovery and detection limits 

Chromatogram processing was undertaken using Agilent Chemstation software and the 

acquired SIM data. A number of quantification methods was used depending on the 

availability of isotopically labelled compounds and evolution of the analytical method 

during the period of the project. The phenols (other than Bisphenol A) were quantified 

by internal standard quantification, using 4-n-nonylphenol-d4. For the TFAA derivatised 

samples, Bisphenol A, triclosan and the steroidal estrogens were quantified by internal 

standard quantification using the dueterated standard (E2-d4 for aE2 and E2, EE2-d4 for 

EE2, E1-d4 for E1 and E3, BPA-d1 6 for BPA and triclosan). However, later availability of 

carbon 13 isotopically labelled analogues of BPA, E2, Et and EE2 provided the 

opportunity to employ the 13C labelled homologues as recovery/surrogate standards and 

uses the corresponding deuterated compound analogues as internal standards. l 7a-E2 

was quantified and recovery corrected against labelled Et while E3 was quantified and 

recovery corrected against labelled EE2 as these were the closest eluting isotopically 

labelled estrogens. For raw sewage influent samples an occasional interference coeluted 

with the acquired mass ions for E2-13C and sometimes for E 1-t 3C, when this occurred, Et 

and E2 were recovery corrected against EE2-13C. 

With every set of samples a nine point calibration curve, ranging from 1.0 pg/µL to 

1000 pg/µL of the compounds listed in Table 2.2 and Table 2.3 were simultaneously 

derivatised and analysed. For a 1.0 L sample concentrated to a final volume of 250 µL 

(TFAA derivatised samples) or 200 µL (MSTFA derivatised samples) this co1Tesponded 

to an equivalent sample concentration range of 0.25 - 250 ng/L and 0.20 - 200 ng/L, 

respectively. 

Limits of detection (LODs) were calculated for the different matrices using the 3x 

signal: noise method for both TF AA (Table 2.4) and MSTFA (Table 2.5) 

derivatisations. The post-DN sample LODs were also applied to the clarifier and 

sandfilter samples as they demonstrated similar levels of matrix interference. Similarly, 

LODs detennined for the ozone sample applied to the BAC, microfiltration, UV and 

dam samples as they all exhibited a similar level of matrix interference. 
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Table 2.4: Limits of detection for TFAA derivatised samples (concentration within wastewater 
sample based on 1.0 L for influent, post-ON, field and MSTFA blanks and 2.0 L of sample for ozone 
and a derivitisation volume of 250 µL) 

LOD (ng/L) 

Influent Post-DN Ozone/BAC field 
blank 

4-tert amylphenol 4.5 0.1 0.3 0.3 

4-t-octylphenol 24.4 1.3 0.2 0.3 

TNP average 12.9 5.3 1.8 2.5 

4-n-octylphenol temp 16.4 5.8 3.4 2.1 

4-n-nonylphenol 9.3 3.1 1.6 0.8 

Bisphenol A 12.2 1.2 0.9 0.8 

Triclosan 23.7 5.1 1.8 0.5 

l 7a-estradiol 13.8 4.1 3.4 1.8 

17~-estradiol 7.5 3.2 1.4 1.1 

Estriol 30.1 1.7 2.8 1.0 

Estrone 4.7 5.0 2.6 1.7 

17 a-ethynylestradiol 21. l 10.5 14.5 9.0 

E2-diacetate 168.1 14.9 63.0 14.3 

Cholestanone 117.4 29.4 27.0 31.1 

As can be seen in Table 2.4 and Table 2.5, there is a large difference in the baseline 

noise and matrix interference from wastewater that has undergone different levels of 

treatment. In the blank it is possible to accurately measure target analyte concentrations 

approximating those of the lowest standard (equivalent to 0.20 or 0.25 ng/L original 

1.0 L sample concentration), but in practice this was only achievable for some 

compounds measured in "cleaner" samples downstream from the post-DN stage, or 

more commonly the ozonation stage. 
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Table 2.5: Limits of detection for MSTFA derivatised samples (concentration within wastewater 
sample based on 1.0 L for influent, post-ON, field and MST FA blanks and 2.0 L of sample for ozone 
and a derivitisation volume of 200 µL) 

LOD (ng/L) 

Influent Post-DN Ozone field MSTFA 
blank blank 

4-tert-amylphenol 4.4 1.7 0.6 0.7 0.8 

4-tert-octylpheno I 6.4 1.3 0.6 0.9 0.6 

Average Tech NP 22.7 5.7 1.6 1.6 1.4 

4-n-octylphenol 15.9 3.0 0.7 1.0 0.8 

4-n-nonylphenol 23 . l 3.6 0.8 0.7 0.7 

Triclosan- 13C 12 12.0 9.3 2.5 1.1 1.3 

Triclosan 29.6 14.1 3.6 1.6 1.2 

Bisphenol-A- 13C 12 5.3 2.2 0.8 0.8 0.6 

Bisphenol-A 2.0 1.3 0.1 0.2 0.1 

17a-estradiol 21.5 13 .9 2.3 1.6 1.4 

Estrone- 13C2 12.7 3.1 1.1 0.2 0.2 

Estrone 11.8 5.9 1.5 1.0 1.1 

17~-estradiol- 1 3C2 3.7 4.9 0.3 0.2 0.2 

17~-estradiol 13 .6 4.8 0.9 0.8 1.3 

EEr 13C2 30.0 9.4 2.8 1.5 1.5 

EE2 13.4 22.9 1.3 1.4 1.6 

Coprostane 23. l 120.7 4.1 4.5 1.5 

Estriol 32.2 8.6 4.2 1.3 1.8 

Coprostan-3-one 13.7 16. l 2.8 2.1 2.1 

Coprostanol 106.1 25.2 2.2 4.0 3.8 
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2.4 In vitro bioassays 

2.4.1 Two-hybrid yeast assay 

This section describes the methodology for the two-hybrid yeast assay used in the 

experiments reported in this thesis. While there are some variations in how samples 

were prepared for testing, which will be described in the relevant chapters, the assay 

protocol remained the same as described below. 

The assay uses a genetically modified yeast two-hybrid system developed by Nishikawa 

et al. ( 1999) where an estrogen nuclear receptor and the TIF2 coactivator have been 

inserted into the yeast expression plasmid before being transfected to Sacromyces 

cerivisiae (Yl 90 strain). As yeast does not naturally have estrogen receptors, the use of 

a coactivator means that the estrogen induced transcriptional activity is more 

biologically relevant as a coactivator is necessary for estrogenic gene activation in 

vertebrates. The downstream presence of the lacZ gene means that estrogen induced 

transcription activity can be quantified using standard ~-galactosidase measurements. 

To this end, Shirarishi et al. (2000) developed the 96 well plate method for the two-

hybrid yeast assay. In 2006 the S. cerivisiae strains that had been transfected with two-

hybrid expression plasmids for the expression of the human (hER) and medaka ( Oryzias 

latipes) fish (medER) estrogen receptors were gifted by Dr Fujio Shiraishi from the 

National Institute of Environmental Studies (NIES) in Japan to the University of 

Technology, Sydney. 

2.4.1.1 Chemicals and reagents 

The modified SD yeast growth medium (-Trp, -Leu) was made using amino acids 

sourced from Sigma-Aldrich (Australia) (Appendix 1), in purified water containing 

0.58% Difeo yeast nitrogen base w/o amino acids (Bacto Laboratories, Australia) and 

0.75% bacterialogical grade dextrose (Oxoid, Australia). 
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Chemiluminescent detection of ~-galactosidase was determined with the Aurora Gal-XE 

chemiluminescent reporter gene assay 200/kit (MP Biomedicals, Australia), using a 

modified procedure including an alternative lysing agent to that supplied with the kit as 

the supplied lysing agent was not strong enough to lyse the cell walls of the yeast. The 

lysing agent used was Zymolayse 1 OOT (MP Biomedicals) in a buffer solution (2.15 % 

Na2HP04/12H20 , 6.2 %0 NaH2P04/2H20 , 0.75 %0 KCl, 246 ppm MgS04/7H20). The 'Z 

buffer lysing mixture' was prepared using 7:3 ratio of 2 mg/7 mL of Zymolayse lOOT in 

buffer with the Galactolux solution from the Aurora kit. For quantification of the 

estradiol equivalence (EEq) of sample response, a 400 nM ~-estradiol (Sigma 2:98% cell 

culture tested) was prepared in dimethyl sulfoxide (DMSO) (Sigma 2:99.9 %, for 

molecular biology, Australia) and tested using the same protocol as that of the samples. 

Regardless of the extraction and clean-up methodologies used, all wastewater extract 

samples were solvent exchanged to 100 µL of DMSO prior to testing. This was 

achieved by evaporating concentrated solvent extracts to dryness under a gentle stream 

ofN2 gas and reconstituting the samples in 100 µL of DMSO. 

2.4.1.2 Assay protocol 

A 500 µL aliquot of yeast (stored at -80 °C) was cultured for 24 hours at 30 °C with 

shaking (Heildolph Incubator 1000) in modified SD media (lacing trypophan and 

leucine) and adjusted to a concentration that provided an absorbance between 0.175-

0.185 at 595 nm when diluted 1: 10. 

The assay was conducted in Nunc white 96 well plates (In vitro Technologies, 

Australia). Firstly, 60 µL of growth media was added to row A and 60 µL of growth 

media with 2 % DMSO was added to all other rows using a multichannel pipettor. Then 

20 µL of sample was diluted in 480 µL of growth medium prior to transferring 60 µL of 

the diluted sample in duplicate across row A (giving 6 samples per plate). Samples 

added to row A were then serially diluted down the columns using doubling dilutions to 

row G leaving 60 µL of diluted sample in growth media with a final DMSO 

concentration of 2 % in each well. No sample was added to the final row (H) which was 

used to measure the baseline chemiluminescent signal of the yeast and media solution. 
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Then 60 µL of the adjusted yeast culture was added to each well and the plate incubated 

for 4 hours at 30 °C in an environmental cabinet. After the 4 hour incubation period, 

80 µL of Z buffered lysing/galactolux mixture was added to each well and the plate was 

incubated at 36 °C for an hour. Total chemiluminescence was measured using a plate 

reader (FLUOstar Optima, BMG Labtech, Australia) in well by well mode so that 50 µL 

of accelerator (from kit) could be injected immediately prior to chemiluminescent 

measurement. All plating out was done on a slide warming tray set at 40 °C to minimise 

temperature shock for the yeast. Generally, batches of 22 samples were run at a time, 

testing with both the hER and medER strains of yeast simultaneously. Estradiol 

standards were run in duplicate on the first and final plates. 

2.4.1.3 Calibration and EEq calculation 

The chemiluminescent signal of each well was converted to a ratio (T/B) by dividing the 

signal ('total signal') in the well by the signal of the background wells. Quantification 

of the results was calculated by applying a linear regression to the linear portion of the 

sample dilution response curve and determining the equivalent sample volume (L) that 

elicited a response that was 1 Ox that of the background. This was then converted to an 

estradiol equivalent concentration by dividing the equivalent volume (L) by the amount 

of E2 (ng) in the standard linear regression model that produced a signal x 10 of the 

background. The final results were reported in estradiol equivalence (EEq) for the 

ECxlO· 

2.4.2 Estrogen receptor binding assay (ERBA) 

The ERBA is a competitive binding assay that determines estrogenicity of samples by 

measuring the amount of radio labelled E2 displaced from the maximum possible 

binding (of radiolabelled E2 under non-competing conditions) to a standardised 

concentration of estrogen receptors (ER). The assay was performed at the Landcare 

Research Ecotoxicology laboratories in Lincoln, New Zealand using the method 

outlined in Leusch et al. (2006c). The 'ER preparation' used in the assay was from 
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laboratory stock of estrogen receptors extracted by Katherine Trought at Landcare 

Research from sheep uterus following the protocol outlined in Leusch et al. (2006c ). 

Only the assay method is described here. 

Samples were prepared for analysis by exchanging concentrated wastewater sample 

extracts (1.0 L extracted and eluted as per the methodology in section 2.3.2) into 500 µL 

DMSO, of which an aliquot was taken and diluted 1:50 in TEDG buffer solution (10 

mM tris base, 2 mM EDTA, 10% glycerol, l mM dithiothreitol (DTT), pH 7.2 at 4°C). 

Briefly, 100 µL of serialy diluted sample in TEDG buffer was incubated for 18 hours at 

4 °C with 100 µL of0.5 nM tritiated E2 ([2,4,6,7-3H]E2), 100 µL ofTEDG buffer and 

50 µL of estrogen receptor preparation. A serial dilution of 2000 nM E2 standard was 

processed with the samples along with a total binding (TB) control (radiolabelled E2 

only) and buffer blanks (BB) with no ER prep or radiolabelled E2• All samples were 

prepared in duplicate. Following incubation, 200 µL of dextran coated charcoal solution 

(DCC; 0.5% w/v charcoal, 0.05% w/v dextran T70 in TEDG buffer) was added to 

remove any unbound radiolabelled E2. BB and TB controls had no DCC added. After a 

4 minute incubation period with DCC (at 4 °C), the samples were centrifuged at 1500xg 

for 12 minutes at 4 °C. The supernatant ( 450 µL) was carefully transferred to a liquid 

scintillation vial. Then 2.5 mL of scinti llation cocktail (Ultima Gold, Packard) added, 

and the vial vortexed before measuring the displaced radiolabeled E2 in a Wallac 1490 

scintillation counter. 

2.4.2.1 ERBA calibration and EEq calculations 

E2 standard curve and sample dilution curves were created for the proportion of 

radiolabelled E2 displaced from the receptors (sample response - non-specific binding 

then divided by maximum potential radiolabelled E2 binding). A least squares 

regression was fitted using the equation: 

min - max 
y =min+-----------(1 + lO(logECs 0 -logx)xslope) 

Equation 2-1 
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The sample estrogenicity was calculated as the ratio of the E2 standard EC50 (ng E2) and 

the sample EC50 (equivalent L, eL) giving an EEq in ng/L. 

2.4.3 E-screen 

The E-screen assay was also performed at the Landcare Research laboratories in 

Lincoln, New Zealand. The assay protocol was based on that of Komer et al. ( 1999) and 

Leusch et al. (2006c) using modifications that have been published in Gadd et al. 

(2009). An aliquot of the concentrated solvent extracts was exchanged into 500 µL 

DMSO described for the ERBA (see section 2.4.1) was tested by the E-screen assay. 

Briefly, MCF-7 BOS breast cancer cells (gifted by Dr A. Soto, Tuft University) were 

grown in 25-cm2 flasks (Nunc Surface) in a growth media consisting of phenol-red-free 

Dulbecco's modified Eagles ' s medium (DMEM), with 10% fetal bovine serum (FBS), 

0.025 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 4 mM L-

glutamine and 0.1 mM non-essential amino acids. The flasks were incubated at 37 °C in 

an atmosphere of 5% C02. For the experiment, cells were trypsinized, washed and 

resuspended in a steroid-free growth media prepared by substituting the FBS with 

charcoal-stripped FBS. Cells were plated out in sterile 96-well flat bottomed tissue 

culture (Nunclon) plates at a density of 2.5x 104 cells/well in 200 µL steroid free media 

and incubated overnight at 37 °C, and 5% atmospheric C02• 

The next day, 1.0 µL of sample serial dilutions (in DMSO) and a 201 nM E2 standard 

(in DMSO) were transferred to the cell culture plates in triplicate. The plates were 

incubated for five days, after which cell proliferation was measured using the CellTiter 

96 AQueous non-radioactive proliferation assay (Promega). After a three hour incubation 

for colour development of formazen, the in well absorbance at 492 nm was measured on 

a plate reader (FLUOStar model 403, BMG LabTech). 
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2.4.3.1 E-screen calibration and EEq calculations 

A least squares regression curve for a symmetrical logistic model was fitted to the 

sample dilution absorbance data with a fixed slope of 1 using Equation 2-1. An EEq 

relative to the standard response curve was calculated by dividing the E2 standard EC50 

(ng) by the sample EC5o (eL). 

2.4.4 In vitro bioassay LOD/LOQ 

For all three in vitro bioassays, the same definitions of LOD and LOQ were used. The 

LOD was statistically calculated using the method of blank signal + 3xsd to give a 

concentration that only has a 7% statistical chance of type I or type II error for the 

hypothesis that the signal is not significantly different to that of the blank (Miller & 

Miller 2000). Samples with an EEq result below this value are not considered to be 

distinguishable from background noise of the assay. 

The LOQ was the minimum concentration in the sample needed to elicit a response 

equal to the estradiol standard equivalence point (EC5o or ECx 10) at the sample 

concentration factor tested. The LOQ was calculated by dividing the standard EEq (ng) 

by the highest equivalent volume of sample ( eL) tested. Any result above the LOD but 

below the LOQ is too low to accurately measure at the concentration factor tested, but is 

above the background noise of the bioassay and constitutes an unquantifiable, low 

positive response. 

2.5 In vivo Bioassay - vitellogenin analysis 

2.5.1 Sourcing fish and animal care and ethics 

Vitellogenin upregulation was tested for both the Eastern Mosquitofish, Gambusia 

holbrooki (Girhard 1859) and the Crimson Spotted Rainbowfish, Melanotaenia 

fluviatilis (Castelnau, 1878). 
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Mosquitofish, also commonly known as the Plague Minnow, were sourced from wild 

populations. As of January I 999 this species was listed as a 'key threatening process' 

under the NSW Threatened Species Conservation Act (1995) and as such it is prohibited 

from being sold in NSW under Part 7, Division 7 (Section 217) of the Fisheries 

Management Act (1994) (NSW National Parks and Wildlife Service 2003). The 

collection location was the W oronora River where it passes under Heathcote Rd, 

Engadine NSW (-34.06329, 150.995107). This site was chosen as it had previously 

been used as an environmental reference site and testing demonstrated no upregulation 

of vitellogenin expression in male individuals collected from this site (Brown 2005). 

Mosquitofish were collected in May 2008 and November 2008 just days prior to use in 

the onsite exposure test system (see Chapter 7). The collections were carried out in 

accordance with the Scientific Collection Permit (P03/0 l 04-4.0) granted under Section 

37 of the Fisheries Management Act 1994 issued by the NSW Department of Primary 

Industries. Although no other Gambusia species is known to be present in Australia 

(Lloyd & Tomasov 1985), species identification was confirmed using the diagnostics 

outlined in Rauchenberger (1989). Namely, it was confirmed that specimens had 

den ti cl es present on the 3rd ray of the anal fin, which distinguishes G. holbrooki from its 

closest relative G. affinis. 

Rainbowfish were sourced from the commercial supplier Ausyfish (Childers, 

Queensland). Rainbowfish are listed as a non-threatened Australian fish (Wagner & 

Jackson 1993); however, they are considered to be uncommon in their natural range of 

the Murray-Darling Basin (Lintermans 2007) and as such it was considered 

inappropriate to collect this fish from the wild when commercial supplies are available. 

The fish were freighted to the experimental site on the evening prior to the start of the 

exposure test. Only adult males were used for the exposure test. Although it is normal 

that an acclimatisation period is used to reduce stress on fish during exposure 

experiments, this was not possible for this experiment due to time constraints and the 

fact that the fish were exposed to real effluent streams and not used in a dosing 

experiment. The fish however, were still responsive to estrogenic stimulation (see 

section 7.4). 

47 



Both species of fish were handled in accordance with the Animal Research Authority 

granted by the UTS Animal Care and Ethics Committee (Protocol Number: UTS ACEC 

2008-022 (UTS/RNSH 0706-29A)). 

2.5.2 Vitellogenin analysis in moquitofish 

2.5.2.1 Excising and preserving the livers 

Fish livers were generally excised within 20 minutes of removing the fish from the test 

exposure tanks. Before excising the liver, fish were euthanised using a 400 mg/L 

benzocaine solution. In mosquitofish, the liver was removed by opening the fish on the 

ventral side from the anus to under the head to expose the internal organs. The liver was 

excised and immediately placed in 200 µL of RNA preservative solution RNAlater 

(Qiagen). Some fish were transported to the laboratory live, where the livers were 

excised, snap frozen in liquid nitrogen and immediately stored at -80 °C. All liver 

samples were archived at -80 °C until RNA extraction. 

2.5.2.2 RNA extraction 

RNA was extracted from the liver tissue using an RNeasy Micro kit (Qiagen, Doncaster, 

Victoria, Australia) and following the manufacturer's instructions for the extraction of 

RNA from tissues. The liver tissue was disrupted and homogenised using a 

TissueRuptor (Qiagen) hand held rotorstator. 

Briefly, liver samples were removed from the -80 °C freezer and each liver was placed 

in a 1.7 mL microcentrifuge tube with 350 µL of RLT buffer (from the kit) and 

immediately disrupted and homogenised using the TissueRuptor for 40 seconds on mid 

to high power. The lysate was centrifuged at maximum speed for 3 minutes in a 

microcentrifuge before adding 350 µL of 70 % ethanol (GR grade, Merck). The sample 

was mixed by gently pipetting and immediately transferred to an RN easy MinElute Spin 

column inside a 2 mL collection tube before centrifuging for 15 seconds at 10,000 rpm. 

The column was washed with 350 µL of buffer RWl (from kit) by centrifuging for 15 
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seconds at 10,000 rpm. The column was incubated for 15 min with a 10:70 µL ratio 

mixture of DNase 1 and buffer RDD (from kit) to remove genomic DNA. The DNase 

treatment was washed from the column with 350 µL of buffer RWl and centrifuged for 

15 seconds at 10,000 rpm. After transferring the column to a new 2 mL collection tube, 

500 µL of buffer RPE was added to the column which was centrifuged for 14 seconds at 

10,000 rpm, followed by a wash with 500 µL of 80 % ethanol with centrifuging for two 

minutes at 10,000 rpm. The column was centrifuged again in a new collection tube for a 

further 5 minutes with the cap open to completely dry the membrane. The sample was 

eluted from the column using 14 µL of RNase-free water and centrifuged at maximum 

speed for l minute. 

2.5.2.3 RNA quantification 

The concentration of total RNA extracted from each liver was estimated on a NanoDrop 

ND-1000 (NanoDrop Technologies, Montchanin, DE, USA) spectrophotometer. The 

absorbance of a 1 µL aliquot of sample was measured at 260 nm against a blank of 

RNase free H20 . The quality of extracted RNA was assessed using the absorbance 

ratios 260/280 and 260/230, and visually on a 1 % agarose gel electrophoresis. 

2.5,2.4 Quantitative reverse transcriptase PCR 

The relative expression of vitellogenin was measured using the method developed by 

Leusch et al. (2005b) for the quantification of vitellogenin mRNA expression in 

G. affinis (GeneBank Accession No: DQ190844) relative to the housekeeping gene 18S 

rRNA in a multiplex qPCR. Primer sequences are listed in Table 2.6. Previous work by 

Brown (2005) demonstrated this method is directly transferable to G. hobrooki. 

RNA samples were prepared in triplicate for quantitative RT-PCR using the SuperScript 

III Platinum one-step RT-PCR system (Invitrogen, Mulgrave, Australia) master mixture. 

The master mixture consisted of 25 µL of 2x reaction buffer, 1.0 µLTaq polymerase 

enzyme mix, 1 µL of ROX reference dye, and an additional reagent; 1.0 µL RNase 

OUT (Invitrogen, Mulgrave, Australia). Aliquots of 1.0 µLeach ofVTG forward, VTG 
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reverse, 18S forward and 18S reverse custom LUX primers (Invitrogen, Mulgrave, 

Australia) and 10 µL of template were added to the master mixture giving a final 

reaction volume of 50 µLand a concentration of 0.5 ng/µL template (total hepatic 

RNA). Final reaction mix primer concentrations were 300 nM Vtg fwd, 600 nM Vtg rev 

and 100 nM each of 18S fwd and 18S rev . 

Samples were plated out in a 96 well PCR plate (Bio-rad, Gladesville, Australia) along 

with triplicate 'no template' controls (NTC) and triplicate positive plate controls for all 

plates. The positive plate control was hepatic RNA extracted from a single female 

G. holbrooki individual that was expressing the vitellogenin gene. The quantitative RT-

PCR reaction was run in an ABI 7500 real-time PCR unit (Applied Biosystems, Foster 

City, CA, USA) programmed with a 20 minute cycle at 50 °C for the reverse 

transcription phase, a 2 minute cycle at 95 °C to denature the reverse transcriptase 

(SuperScript III) and activate the polymerase (Taq), and 45 cycles of 15 seconds at 

95 °C and 35 seconds at 60 °C for the PCR reaction. At the end of the final cycle a 

melting curve was run starting at 60 °C and finishing at 95 °C. Product amplification 

was monitored by selecting the fluorescent detectors FAM -490 nm (vtg) and JOE-530 

nm (l 8S) and using ROX reference dye fluorescence to normalise for deviations in well 

volume. 

Table 2.6: Primer sequences and melting temperatures (Tm) of the vitellogenin target and 18S 
housekeeping genes. Lower case lettering indicates base pairs involved in the hairpin structure 
quenching the LUX fluorophore. 

Primer Sequence Tm (°C) 

Fwd. Vtg mRNA cactgg AGG GAT GGT A TC CAA CCA GtG 64.5 

Rev. Vtg mRNA TTG CTC GCT ACG AAG A TT TGG A 64.2 

Fwd.18S rRNA catgc TGT GGG TGG TGG TGC AtG 63.8 

Rev. 18S rRNA TGC CGG AGT CTC GTT CGT TA 64.1 

Threshold cycles (Ct) for vtg mRNA and 18S rRNA were quantified with the Applied 

Biosystems 7500 SDS Software (Applied Biosystems 2004) using the same calculation 

parameters for all plates. The Ct of the 18S housekeeping gene was subtracted from the 
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vtg product gene Ct to calculate a LiCt value to normalise for variations in the starting 

template. Sample results were calculated as the mean of the triplicate measurements. 

2.5.3 Vitellogenin analysis in rainbowfish 

2.5.3.1 Excising and preserving the livers 

Similar to the mosquitofish, livers from the rainbowfish were generally excised within 

20 minutes of removing the fish from the test exposure tanks. Before excising the liver, 

fish were killed using a 400 mg/L solution of benzocaine. In rainbowfish, the liver was 

removed by opening the fish on the ventral side from the anus to under the head to 

expose the internal organs. The liver was excised, dissected into two halves of which 

one half was immediately placed in 200 µL of RNA preservative solution RNAlater 

(Qiagen) and the other half snap frozen and stored on dry ice until returned to the 

laboratory. Samples for vtg analysis were freighted to CSIRO Land and Water in 

Adelaide, Australia for qPCR analysis of vtg. 

2.5.3.2 RNA extraction, quantification and qPCR 

Rainbowfish livers were processed at CSIRO in Adelaide, Australia using the method 

developed in these laboratories. A b1ief summary of the methodology is included 

courtesy of Dr Marianne Woods; however, the full methodology is yet to be published 

and is unavailable for reproduction here. 

Total RNA was isolated from the liver using a QIAGEN®RNeasy® mini total RNA 

isolation kit (QIAGEN®) according to the manufacturer's protocol. Quality was 

assessed by spectrophotometric measurements with the Nanodrop 1000 (Thermo 

Scientific, Australia), and by electrophoresis on 1 % agarose gels based on integrity of 

28s and 18s RNA bands. Tota] RNA yield was estimated using Quant-iTTM RiboGreen® 

RNA assay kit (Invitrogen). RNA (1 µg) was used as a template for reverse 

transcription to cDNA using RT primer mix (oligo-dT and random primers) QuantiTect 
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Reverse Transcription Kit (QlAGEN®). Pooled RNA samples from each treatment 

group were used as no reverse transcription controls to ensure that the samples were free 

from genomic DNA. Amplification reactions were carried out in duplicate with 

QuantiTect SYBR Green PCR mix (QIAGEN®) according to the manufacturer's 

instructions. The reaction was performed in 96-well plates using a Stratagene MX3000P 

real time PCR system (Aligent Technologies). The thermocycle program included 95 °C 

(15 mins ), followed by 40 cycles of 94 °C (30 s ), 60 °C (30 s) and 72 °C (1 min). A 

dissociation curve was generated at the end of each run as confirmation of amplicon size 

and specificity (single product). PCR efficiency (PCR efficiency= 10(-J /slope)_ l) was 

determined using serial dilutions of cDNA. All expression data were normalised to the 

l 8S rRNA, as the Ct value of l 8S rRNA did not change significantly following any of 

the treatments. 
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Chapter 3 The impact of variations in influent load on the 
efficacy of EDC removal at the Gerringong-Gerroa STP 
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3.1 Abstract 

The addition of advanced tertiary treatment to activated sludge treatment has already 

been shown to improve the removal of endocrine disrupting chemicals (EDCs) and 

therefore reduce the risk of estrogenic endocrine disruption from exposure to the treated 

effluent. It is also known that the efficacy of activated sludge treatment can vary 

depending on operational conditions and the composition of the influent. In this study, 

the variability of advanced tertiary treatment at an operational sewage treatment plant 

(STP) was assessed by monitoring the concentrations of commonly identified EDCs and 

the combined estrogenic effect of the effluent using four estrogenic in vitro bioassays 

during normal and peak flow events of sewage effluent into the STP. During the peak 

holiday season, influent into the STP increased by almost 70%. However, the 

concentrations and mass loading of estrone (E 1), 17~-estradiol (E2), estriol (E3), 4-t-

octyphenol and technical nonylphenol were not significantly higher (p>0.05) during the 

peak flow conditions compared with the normal flow conditions. Only Bisphenol A 

mass loading was significantly higher (p<0.05) during peak flow conditions compared 

with normal flow conditions. Although the concentrations were not significantly higher 

in the influent, the higher flow did affect the operational conditions at the STP by 

increasing the nutrient load and shortening retention times. Despite this, the efficacy of 

the STP in removing EDCs did not differ between the low and high flow conditions. 

Steroidal estrogens were still reduced to below the analytical detection limits of the GC-

MS analysis after the first advanced tertiary treatment combination of ozonation and 

biological activated carbon. Although low level concentrations of synthetic phenols 

persisted after advanced tertiary treatment, the concentrations followed no pattern of 

occurrence and were not high enough to induce an estrogenic response in any of the 

bioassays used to analyse overall sample estrogenicity. The only noticeable operational 

parameter that appeared to relate to changes in EDC removal efficacy was the 

concentration of mixed liquor suspended solids in the activated sludge tank, which had a 

weak negative correlation with the concentration of estrone. 
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3.2 Introduction 

Endocrine disrupting chemicals (EDCs) have been detected in sewage effluents 

throughout the world (Baronti et al. 2000; Drewes et al. 2006; Servos et al. 2005; 

Vethaak et al. 2005) including Australia (Braga et al. 2005; Kookana et al. 2002; 

Leusch et al. 2006b; Tan et al. 2007; Ying, Kookana & Kumar 2008; Ying et al. 2009). 

Estrogens and estrogen mimics are of particular concern due to their ability to cause 

reproductive abnormalities in fish and evidence that associated these abnormalities with 

exposure to EDCs in treated wastewater released from sewage treatment plants (STPs) 

have been reported (Batty & Lim 1999; Diniz et al. 2005; Job ling et al. 1998; Purdom et 

al. 1994; Vethaak et al. 2005). Toxicity Identification Evaluation (TIE) investigations 

have demonstrated that steroidal estrogens (excreted by humans) are the major causative 

agents of this endocrine disruption (Des brow et al. 1998), with alkyl phenol ethoxylate 

(APEO) degradation products (nonylphenols) occasionally providing a significant 

contribution. 

The removal of EDCs from domestic and industrial effluents presents a significant 

challenge to wastewater treatment as they are highly potent bioactive chemicals 

requiring virtually complete removal to minimise exposure risks to aquatic biota, other 

wildlife and humans. For wildlife, the proposed predicted no effect concentration of 

estrogenic compounds is <1 ng/L equivalent estradiol concentration (Young et al. 

2002). In Australia, ongoing drought conditions have exacerbated the critical low 

capacity of our rivers and streams to dilute estrogenic compounds and other pollutants. 

In fact, recycling projects such as the water replacement program in Sydney is designed 

to use recycled effluent to replace environmental water flows in the Hawkesbury River, 

which is currently supplied by the Warragamba Dam (Lovell et al. 2007). Intense 

pressure on water resources has also led to wastewater reuse projects throughout the 

country for augmenting drinking water supplies (SE QLD) (Traves et al. 2008), 

recreational park lands (Adelaide), and groundwater recharge (SW WA) (Blair & 

Turner 2004). 
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Standard secondary wastewater treatment practices such as activated sludge (AS) and 

trickling filters provide limited (for trickling filters) or highly variable removal of EDCs 

(for AS). In some cases the treated effluent may have higher estrogenic concentrations 

than the raw influent due to incomplete degradation leading to liberation of conjugated 

estrogens and conversion of non-estrogenic APEOs to their estrogenic degradation 

products nonylphenol and octylphenol (Carballa et al. 2004; Servos et al. 2005). 

However, good removals can be achieved with AS treatment (>90%) even though there 

is no guarantee that good removal will be maintained due to variations in influent loads 

and operational procedures. 

More advanced tertiary treatment is preferred when treated sewage effluent is to be 

discharged into sensitive environments with low flow receiving waters or for reuse 

applications. There are very few systematic investigations of EDC removal in 

operational advanced tertiary sewage treatment systems. This is partially due to the fact 

that the use of advanced processes for sewage treatment is not as common as it is for the 

treatment of drinking water due to the lower water quality requirements of 

environmental waters. With advanced tertiary treatment the concentration of estrogenic 

EDC in final sewage effluent can be reduced to near or below the limits of detection of 

current analytical methods (sub-ng tong levels) (Drewes et al. 2006; Gunnarsson et al. 

2009; Leusch et a1. 2005a). However, studies of EDC removal efficacy do not capture 

extreme events that push/stress the treatment technology during fully operational 

conditions. The experiments reported in this chapter assessed the efficacy of estrogenic 

EDC removal at the Gerringong-Gerroa sewage treatment plant (GGSTP) in NSW, 

Australia during a predictable 'extreme' event and normal flow event. The aim of this 

study was to determine if an operational STP can consistently remove EDCs when 

experiencing large fluctuations in flow conditions. 

The GGSTP provided an ideal model for this assessment. Gerringong and Gerroa are 

two small coastal towns that have strong variations in seasonals population. During the 

Christmas/New Year period the inflows into the GGSTP double. Sampling was 

conducted two months prior to and during this peak flow period, to compare the 

removal efficacy of known EDCs. In vitro bioassays were also performed to 

compliment and compare with the chemical analysis of estrogenic EDCs. 
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3.3 Methodology 

3.3.1 Study site 

The study site is the Gerringong-Gerroa STP located in the Illawarra region of New 

South Wales, Australia. The STP treats mainly domestic sewage from the two 

townships with a combined population of around 4000 people. However, over summer 

the influx of holiday makers to these small coastal towns can double the effective 

population. 

The GGSTP is an advanced tertiary STP with a capacity to treat 2.2 ML/day (11 000 

Equivalent Population). It comprises a treatment train of screening, grit capture, 

anaerobic tank, Bio Denipho activated sludge treatment with a post denitrifying tank, 

clarifier, continuous backwash sand filters , ozone, biologically activated carbon 

filtration, microfiltration and UV disinfection (Figure 2.1 ). Following this the treated 

effluent is stored in a 50 ML dam where it is drawn off by a local dairy farmer to 

irrigate pasture. 

3.3.2 Sample collection periods 

Samples were collected in November 2006 (6th, 9th ' 15th) and over the 2006/07 New 

Year period (29111 Dec, 2nd and 4th Jan). Sampling was conducted at least 48 hours apart 

to minimise non-independence due to mixing and retention time within the system. The 

November sampling period was targeted to collect samples during baseline operational 

inflows, while the New Year period captured the peak of the tourist period. As the 

sampling occurred within a period of less than two months, temperature did not vary 

greatly between the sampling periods; min-max 15.3-23.0 °C for November, 16.3-

22.6 °C December, 18.0-24.3 °C January (Bureau of Meteorology 2009). Visitor data 

from Kiama Tourism Visitor Centre showed that from November to December there 

was a 66% increase in visitor numbers to the area and a 164% increase from November 

to January (pers. comms. K. Campbell, Kiama Tourism, Kiama NSW, 31 /08/2009). 

Rainfall occurred during both sampling periods, with higher rainfall during the normal 
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flow sampling period. On the first day of sampling, the 6th of November 34 mm fell, 

followed by light falls on the ih (1 mm), 9th (3 mm), 13th (1 mm) and 14th (2 mm). 

During the New Year 'peak holiday ' sampling period, rainfall was recorded for the 31 st 

Dec (5 mm), 1st Jan (3 mm), 211d Jan (4 mm), 3rd Jan (6 mm) and 4th Jan (5 mm). Rainfall 

data were collected onsite by the operators at the STP as there are no local Bureau of 

Meteorology measurements . On both sampling events samples were collected from 

different stages of the treatment train on three occasions and at different times of the 

day (see Figure 2.1). 

3.3.3 Extraction 

Samples from all treatment stages except for sampling site 5 ( ozonation stage) in Figure 

2.1 were collected and processed as described in section 2.2 and 2.3 in the General 

Methodology Chapter. Briefly process water samples were collected in solvent rinsed 

amber bottles, preserved with concentrated H2S04 and kept at 4 °C until extraction. One 

litre duplicate (November) or triplicate (New Year period) samples were prefiltered 

(Advantec GC50 filter) and extracted within 24 hours of collection using 1.0 g 20 cc 

Oasis HLB columns (Waters), eluted with a solvent mixture of 40: 10: 1 dichloromethane 

(DCM):diethyether (DE):methanol (MeOH) and rotary evaporated using a 1: 1 

ethanol:toluene mixture to remove residual water and immediately resuspended in the 

DCM:DE:MeOH mixture. 

3.3.4 Chemical analysis 

Samples for chemical analysis were spiked with a 25 ng each of EE2-~, E 1-d4, E2-d4, 

4nNP-d8 and BPA-d 16 as a surrogate standard prior to extraction. Matrix interferences 

were reduced by passing the Oasis SPE eluant (in DCM:DE:MeOH) through a 1.0 g 

6 cc florisil column (IST) topped with a layer of 500 mg isolute bulk aminopropyl (IST) 

and 1.5 cm layer of sodium sulphate (baked at 600 °C). Samples were derivatised using 

the TFAA protocol described in section 2.3.4 and analysed by GC-MS using an Agilent 

6890N gas chromatograph with split/splitless injector, PAL multipurpose autosampler, 
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and Agilent 5975 quadrupole mass selective detector (MSD). Target analytes were 

steroidal estrogens, APEO degradation products, Bisphenol A and triclosan, surrogate 

standard deuterated analogues and acetate internal standards as listed in Table 2.2. 

Concentrations were quantified using the internal standard quantification method. The 

mean equivalent technical nonlyphenol concentration (TNP) for each sample was 

calculated using Kaplan-Meier distribution functions (NADA package, R version 2.9.1). 

Limits of detection (LODs) were calculated as x3 of the signal to noise ratio of the 

background matrix interference and are reported in Table 2.4. 

3.3.5 In vitro bioassay 

Bioassay samples were extracted and eluted using the same protocol as described for the 

chemistry samples with the exclusion of deuterated smTogate standard addition and 

florisil/aminopropyl clean-up. The bioassay sample extracts were evaporated under N2 

gas and solvent exchanged to 500 µL of dimethylsulfoxide (DMSO) (Sigma). The 

samples were used for the estrogen receptor binding assay (ERBA) and the E-screen 

MCF-7 breast cancer cell line assay. The ERBA and E-screen assay were conducted as 

per the methodology outlined in sections 2.4.2 and 2.4.3, respectively. 

The third replicate sample extract obtained during the New Year period sampling was 

prepared for the two-hybrid yeast assay by evaporating under N2 and resuspending in 

1 mL 3: 1 hexane:DCM. For these samples a fractionation procedure using solvent 

gradients was applied to the extract to fractionate the EDCs by polarity. The sample was 

quantitatively transferred onto a 0.5 g 3 mL Bond-Elut FL florisil cartridge (Varian) that 

had been preconditioned with 5 mL of hexane and washed through with an extra 2.5 mL 

of hexane:DCM under vacuum into a collection tube. Five mL of a 1 :9 mix 

acetone:DCM was then washed through and collected in a second tube, followed by five 

mL of methanol into a third tube. The three fractions were evaporated under N2 gas and 

reconstituted in 100 µL of DMSO. All three fractions were tested using hER (human 

estrogen receptor and medER (medaka fish estrogen receptor) two-hybrid yeast assays 

as per the protocol outlined in section 2.4.1. 
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3.3.6 Data analysis 

The data were inherently heavily left-censored, with most chemical analysis results 

being deemed below the detection limits of the method for the wastewater matrix. This 

limits the amount of statistical analysis that can be applied to the data set. As such most 

results are presented in ranges instead of means and when means were generated for 

data sets that included left-censored observations, Kaplan-Meier distribution functions 

were used to estimate the mean using the NADA package for the freeware software R 

version 2.9.1. Data processing and graphing were carried out using Microsoft Excel 

2007 and SigmaPlot 10.0. Comparisons between peak and off-peak tourist seasons were 

conducted using t-tests run in R version 2.9.1. 

3.4 Results 

3.4.1 Operational differences between normal and peak inflow events 

3.4.1.1 Influent load 

During the peak tourist season over the New Year period, the average influent flow 

entering the GGSTP was almost 70% greater than that under normal operational 

conditions (Table 3.1 ). This corresponded to an additional 0.43 ML of sewage effluent 

entering the treatment plant each day, which approximately halved the hydraulic 

retention time compared with normal operational conditions (approximately 38 hours 

compared to 60 hours). Although the daily load to the treatment plant increased 

significantly over the peak tourist season, it remained well below the 2 ML/day design 

capacity of the GGSTP. 

The increased volume of sewage treated resulted in more frequent sludge wasting 

causing the mixed liquor suspended solids (MLSS) in the activated sludge tank to be 

slightly lower during the period of sampling and more variable from day to day during 

the peak season. However, when looking at each sampling period as a whole, the 
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average MLSS and sludge age were higher for the peak season compared with normal 

flow conditions. It is important to note that leading up to and during the peak season 

sampling period the ozone generator was offline. 

Table 3.1: Average daily influent load parameters based on online monitors at the GGSTP. 
Hydraulic retention time (HRT) estimates were calculated using a standard formula for the STP 
design. 

Inlet Flow 

Influent Volume 

MLSSa 

Lis 

ML/day 

mg/L 

Normal 

8.05±0.36 

0.72±0.01 

4132±51 

Peak 

13.50±0.60 

l.15±0.05 

4031±107 

HRT estimate hours 60±1.6 38±1.2 

Sludge Ageb Days 24 34 
a Mixed liquor suspended so lids (MLS S) are fo r the activated sludge in the Bio Denipho tank at the time of sampling. 

b sludge age is the average age during the sample co ll ection period 

Not only was there increased volume of sewage entering the treatment plant during the 

peak holiday sampling, but the COD (chemical oxygen demand), TSS (total suspended 

solids), ammonia, total nitrogen, total phosphorus and CBOD (chemical biological 

oxygen demand) in the influent al so increased during the peak summer season (table 

3 .2). The level of reduction achieved for all nutrient parameters remained below the 

parameters specified in the licensing requirements for the GGSTP. However, TSS, 

ammonia and total nitrogen showed higher final effluent concentrations during the peak 

season, indicating some reduction in efficacy of the nitrification/denitrification process 

under higher loading conditions. 
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Table 3.2: General influent/effluent quality parameters. Results are based on the average of two 
samples collected and analysed during the sampling periods as part of the STP's routine 
monitoring by Sydney Water Corporation. COD - chemical oxygen demand, TSS - total suspended 
solids, total N - total nitrogen, total P - total phosphorus, CBOD - chemical biological oxygen 
demand. 

Influent Effluent Removal 

Normal Peak Normal Peak Normal Peak 

pH 7.6 7.8 7.4 7.2 

COD mg/L 610 969 31 24 94.9 97.5 

TSS mg/L 290 500 <2 2.5 99.3 99.5 

Ammonia mg/L 55 74 0.01 0.17 100.0 99.8 

Total N mg/L 62.8 92.8 0.59 1.99 99.1 97.9 

Total P mg/L 12.5 15.8 0.01 0.014 99.9 99.9 

CBOD mg/L 219 405 <2 <2 99.1 99.5 

3.4.2 Presence and removal of EDCs 

3.4.2.1 Influent 

Based on concentration, the main EDCs of concern detected in the influent entering the 

GGSTP were the steroidal estrogens with E3>E 1>E2 and phenolic xenoestrogen 

chemicals with 4tOP> BPA>equivalent total nonylphenol (TNP) (Figure 3 .1 a). The 

steroidal estrogens aE2 and EE2 were not detected above the matrix LOD at any of the 

treatment stages within the GGSTP. Similarly, 4nNP and 4nOP were below the 

detection limit in the influent, while 4tAP was only detected on one occasion in the 

influent (29th December, 6.9 ng/L). Not surprisingly the concentrations of the steroidal 

estrogens E2, E 1 and E3 were highly correlated in the influent (one sided/positive 

Pearson's product-moment correlation E2 and E 1: t=6.05, df=4, R=0.95, p=0.002, E3 and 

E 1: t=3.77, df=4, R=0.88, p=0.01, E2 and E3: t=2.13, df=4, R=0.73, p=0.05). No strong 

relationships were observed between the measured concentrations of synthetic phenolic 

compounds. Triclosan, a common antimicrobial chemical was also detected in the 

influent entering the GGSTP. 
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There was no significant difference (p>0.05) between influent concentrations measured 

during the peak season compared with those measured under normal operational 

conditions for the compounds that were consistently above detection limits. There was 

also no apparent difference in the concentrations of other EDCs, however due to these 

compounds being frequently below detection limits, this was not statistically tested 

(Figure 3 .1 ). The range of concentrations measured during the normal and peak holiday 

season overlapped for all the analysed compounds. Some compounds had a higher 

maximum concentration during normal flow and others during peak holiday flow. There 

was also no apparent trend when categorising the EDCs into the two broad classes of 

synthetic phenolics and natural steroids. The only observable differences (although not 

statistically significant) were the concentrations of 4tOP that were generally higher 

during the normal operational flow conditions compared to peak flow conditions, 

whereas BP A was generally higher under peak flow conditions compared with normal 

flow conditions. The overall lack of any conspicuous difference in concentrations of the 

measured EDCs between the samples obtained over the two periods implies it is 

unlikely there was any significant shift in EDC concentrations during the peak tourist. 

season. However, the total mass of EDCs entering the plant was approximately 60% 

higher during the peak season due to the higher volume of wastewater entering the plant 

over this period. When the influent concentration is multiplied by the total volume of 

influent entering the plant over a 24 hour period (calculated by multiplying the average 

flow rate by 24 hours) , some separation between the sampling periods can be observed 

(Figure 3 .1 b ). However, only the calculated mass loading of BPA was approaching 

significance (p=0.051) during the peak holiday season compared to the mass loading 

under normal flow conditions. 
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Figure 3.1: a) Influent concentration (ng/L) and b) total daily mass loading (mg/day) of compounds 
that were consistently above the detection limits in the influent. Black dots represent 
concentrations/loads measured in samples collected during normal flow conditions, white dots 
represent concentrations/loads measured in samples collected during peak flow conditions. 

3.4.3 Removal of EDCs through the STP 

After the first stage of secondary treatment (the post denitrifying tank), the 

concentration of most steroidal estrogens fell below the limits of detection (LOD) of the 

chemical analysis method (Table 3.3). Only E 1 ~ the primary degradation product ofE2, 

was detectable after activated sludge treatment. Clarification and sandfi ltration did not 

provide further removal of E 1 but following 0 3/BAC treatment E 1 was reduced to 

concentrations below the LOD. There appeared to be a negative correlation between E 1 

concentration and MLSS concentrations in the post-DN tank (Kendall 's correlation for 

censored data: tau=-0.67, p=0.06) although half of the six observations were below the 

LOD and the censored correlation was only significant at the 90% confidence level. 

It is apparent that the treatment efficacy and capacity of the GGSTP to remove steroid 

estrogens was not affected by increased peak season flow conditions as all steroidal 

estrogens in the process sewage effluent were reduced to concentrations below the LOD 

after the 0 3/BAC treatment. This result is particularly interesting as the ozone generator 

was not operational during the period of peak season flow. This strongly suggests that 

the removal of low concentrations of E 1 remaining in the process effluent following 

passage through the sandfilter stage were removed by BAC treatment alone. 
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The overall pattern of xenoestrogen removal matched that of the steroidal estrogens. 

Activated sludge treatment significantly reduced the concentrations of phenolic 

xenoestrogens and the concentrations of these EDCs following clarification and sand 

filtration were not dissimilar to those measured in the effluent of the post-DN tank 

(Table 3.4). The major compounds 4tOP, BPA and TNP were further reduced in 

concentration (often to BDL) by 0 3/BAC treatment. Xenoestrogens were not always 

completely reduced to below the detection limits by advanced tertiary treatment and low 

trace levels of all these compounds were detected on different sampling occasions and 

after different treatments during normal and peak operational flows. Apart from 4nOP, 

the concentration of the phenolic xenoestrogen compounds did not exceed 5 .4 ng/L. It is 

important to note that, unlike the steroidal estrogens, synthetic phenolic compounds are 

often ubiquitous contaminants that are present in detergents and leach from plastics, as 

such it is easy for contamination to occur in the course of sampling and analysis. While 

every care was made to avoid contact with plastics and to thoroughly solvent rinse all 

glassware and extraction materials, trace concentrations of nearly all synthetic phenols 

were detected in the procedural blank samples, ranging from BDL for 4tAP to an 

average of 12.6 ng/L ofTNP. The data for each day's sampling was blank corrected 

using data from the corresponding process blank. Variations in background 

contamination may explain the low detectable concentrations in samples from the 

advanced tertiary treatment stages. The concentrations of BPA in two of the dam 

samples were unexpectedly high, once during normal flow conditions and once during 

peak flow conditions. On both occasions the high concentrations occurred when the 

sample was collected at 10 am in the morning, which may be due to leaching of BPA 

overnight from the material of the tap collection point or perhaps from the material 

lining the dam itself as the connection pipe is cement lined stainless steel. 
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Table 3.3: Steroidal estrogen concentrations. Concentration (ng/L) range of steroid estrogens under 
normal and peak flow conditions (n=3 samples for each sampling period). 

Normal flow 

l 7aE2 l 7~E2 E3 E1 EE2 

Influent < 13 .8 8.0-12.5 90-297 17.8-30.7 <2 1.1 

Post DN tank <4.1 <3.2-3 .8 < 1.7 <5.0-5.6 < 10.5 

Clarifier <4.1 <3.2 < 1.7 <5.0-8.2 < 10.5 

Sandfilter <4.1 <3.2 < 1.7 <5.0-15 .2 < 10.5 

0 3/BAC <3.4 < 1.4 < 1.7 <2.6 < 10.5 

Microfiltration <3.4 < 1.4 < 1.7 <2.6 < 10.5 

UV <3.4 < 1.4 <1.7 <2.6 < 10.5 

Dam <3.4 < 1.4 <1.7 <2.6 < 10.5 

Dam post Cl <3.4 < 1.4 < 1.7 <2.6 <1 0.5 

Peak flow 

17aE2 17~E2 E3 E1 EE2 

Influent < 13.8 7.5-19.9 71.5-287 19.9-40.8 <21.1 

Post DN tank <4.1 <3.2 < 1.7 <5.0-19.3 < 10.5 

Clarifier <4.1 <3.2 < 1.7 5.7-7.5 < 10.5 

Sandfilter <4.1 <3.2 < 1.7 <5.0-8.3 <1 0.5 

03/BAC <3.4 < l.4 < 1.7 <2.6 < 10.5 

Microfiltration <3.4 < 1.4 <1.7 <2.6 < 10.5 

UV <3.4 < 1.4 < 1.7 <2.6 < 10.5 

Dam <3.4 < 1.4 < 1.7 <2.6 <10.5 

Dam post Cl NA NA NA NA NA 

The occurrence of 4nOP in the treated process effluent followed a very different pattern 

from that of the other analysed compounds. 4nOP was below detection limits in the 

influent during both normal and peak inflows. However, it was detected in the process 

effluent after treatment was applied with a maximum concentration of 42.1 ng/L 

measured during normal flow conditions in the post-DN tank. During the peak season, 

4nOP was only above detection limits in one out of the three sampling occasions in the 

post-DN tank (27.5 ng/L) and was BDL following clarification and sand filtration. 
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During normal flow conditions, 4nOP was always detected in the post-DN tank at an 

average concentration of 33.3±10.8 ng/L and was still present following sand filtration 

(23.0±9.4 ng/L). Residues of 4nOP persisted in the process effluent stream following 

advanced tertiary treatment under both normal and peak flow operating conditions. As a 

degradation product of octylphenol ethoxylates (OPEs), the presence of 4nOP may be 

indicative of continuing degradation of these longer chained parent compounds. 

Table 3.4: Synthetic phenolic compounds. Concentration range (ng/L) of phenols and triclosan 
during normal and peak flow conditions. 

Normal 

4tAP 4tOP 4nOP 4nNP BPA Triclosan TNP 

Influent <4.5 1067.7- < 16.4 <9.3 300.3- 248.4-407.3 39.8-
1393 .3 333.5 100.2 

Post DN tank <0.10 38.0-75 .3 21.2-42.1 <3.1 5.9-10.7 46.4-76.9 8.0-23.9 

Clarifier <0.10 57.5-65.3 5.3-23.3 <3.1 3.3-4.7 72.8-98.5 12.9-15.5 

Sand filter <0.10 48.0-96.7 15.4-33 .6 <3.1 3.1-13.6 68.4-133.2 8.7-19.6 

0 3/BAC <0.25 <0.25-1.7 5.0-20.1 <1.6 <0.89 < 1.8 < 1.8-3.1 

Microfiltration <0.25 <0.25-1.7 <3.4-38.8 <1.6 <0.89 < 1.8 < 1.8 

UV <0.25 <0.25-1.8 <3.4-33 .5 < 1.6 <0.89-2.0 < 1.8 < 1.8-2.9 

Dam <0.25-1.4 <0.25-4.3 11 .3-52.3 < 1.6 <0.89- < 1.8-2.9 < 1.8-2.7 
423.7 

Dam post CJ <0.25-1.1 <0.25-1.3 5.5-30. I < 1.6 <0.89-5 .6 < 1.8 <1.8-3.4 

Peak 

4tAP 4tOP 4nOP 4nNP BPA Triclosan TNP 

Influent <4.5-6.9 617.5- < 16.4 <9.3 322.1- 176.6-574.6 51.1-71.0 
1132.1 509.1 

Post DN tank <0.10 40.1-50.0 <5.8-27.5 <3.1 5.6-8.7 53.4-117.3 13.1-22.7 

Cla1ifier <0.10 37.1-82.7 <5.8 <3.1 4.8-7 .9 71.8-153.3 12 .9-25.3 

Sand filter <0 .10 48.5-104.9 <5.8 <3. l <0.89-7.5 67.6-110.7 16.5-35.3 

0 3/BAC <0.25-0.5 1.0-5 .1 <3.4-11.5 < 1.6 <0.89-1.4 < 1.8-3.4 < 1.8-5.4 

Microfiltration <0.25-0 .6 <0.25-1.6 <3.4-21.0 < 1.6 <0.89-3.0 < 1.8-2.7 < 1.8-2.5 

UV <0.25-0.4 0.9-3.2 <3.4-15.2 < 1.6 <0.89-1.3 < 1.8 < 1.8 

Dam <0.25-1.2 <0.25-1.1 <3.4-9.3 < 1.6 <0.89- < 1.8 < 1.8-4.2 
478 .8 

Dam 12ost Cl NA NA NA NA NA NA NA 
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3.5 In vitro bioassay responses to EDCs 

The presence of contamination in sample extracts for the in vitro bioassays precluded a 

full comparison between normal flow conditions and peak flow conditions. Two days of 

the normal flow samples and one day of the peak season samples had high blank results 

in the ERBA and E-screen bioassays. As these assays were performed using the same 

extract, it was clear that these batches of extracts had been contaminated and therefore 

these sample batches were excluded from reporting and data analysis. Samples for the 

two-hybrid yeast assay were only collected during the peak season and cannot be used 

for sampling period comparisons. However, the results obtained from all the bioassays 

can be used to assess general EDC removal throughout the GGSTP and to determine the 

contribution of the analysed EDCs to the measured bioassay responses. 

The limit of detection (LOD) and limits of quantification (LOQ) varied between the 

different bioassays. The E-screen assay provided the lowest LOD and LOQs, followed 

by hER two-hybrid yeast assay, medER two-hybrid yeast assay and the ERBA (Table 

3 .5). In comparing bioassay sensitivities it is important to keep in mind that these LODs 

and LOQs are dependent on the equivalent sample volume tested in the assay, which did 

vary between the various assays (3.8, l.O and 12 equivalent sample mL in the ERBA, E-

screen and two-hybrid yeast assays respectively). 

Table 3.5: Limits of detection (LOD) and limits of quantification (LOQ) ranges encountered when 
conducting the different bioassays in ng/L. The LOD and LOQ varied each time the assay was run 
due to slight differences in background signal (affecting the LOD), and standard EC50 response 
(affecting the LOQ). 

Sample concentration (ng/L) 

ERBA E-screen hER two-hybrid medER two-
hybrid 

LOD 1.0-2.7 0.04-0.2 0.1-0.4 l.1-l.7 

LOQ 10-16 0.2-0.4 0.4-0.7 l.9-3.5 
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The results obtained by the E-screen, ERBA and two-hybrid yeast bioassays each 

demonstrate the removal efficacy of estrogenic activity from the sewage effluent as it 

was progressivley treated within the GGSTP (Figure 3.2 and Figure 3.3). The E-screen 

and ERBA assays had higher responses than the two-hybrid yeast assay, especially for 

the influent samples. By the time the process effluent had passed through the 0 3/BAC 

treatment stage, the ERBA and the two-hybrid yeast assays responses were below the 

LOD and only a small response (1.62 ng/L) was detected in the E-screen bioassay on 

one occasion during the peak flow period. The bioassay results are consistent with those 

obtained by chemical analysis. These results demonstrate that clarification and 

sandfiltration provide no further significant reduction in estrogencicity to that obtained 

by activated sludge treatment (post-DN tank). Low level responses measured by the 

two-hybrid yeast assay in some dam samples (<1.5 ng/L in the hER and <2.4 ng/L in 

the medER) occurred on two sampling occasions, but only one of these samples 

coincided with high BP A in the dam samples. The estrogenicity of the dam sample 

collected during peak flow conditions and analysed by the four bioassays, was below 

the detection limit of all four assays. 
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Figure 3.2: Two-hybrid yeast assay estradiol equivalence (EEq) for the ECxlO response of samples 
taken during the peak season sampling. Black bars represent the hER yeast response, while white 
bars are the medER yeast response. Error bars are± 1 standard deviation (n=3). BDL= below 
detection limits. The detection limits were <0.6 ng/L for hER yeast assay and <1.4 ng/L for medER 
assay. 
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Figure 3.3: ERBA (black bars) and E-screen (white bars) EEq for the EC50 (ng/L) response of 
samples taken on three out of the six sampling occasions during the study. Error bars represent± 1 
standard deviation {n=3). BDL= below detection limits. The detection limits were <2.9 ng/L for the 
ERBA assay and <0.2 ng/L for the E-screen assay. 

The assessment of the contribution of measured concentrations of identified EDCs to 

the measured estrogenic bioassay responses demonstrates a disparity between the 

predicted estradiol equivalences (EEqs) calculated from the chemistry data and the 

actual bioassay response, particularly for the E-screen assay (Figure 3 .4 ). The 

concentration of each chemical was multiplied by its potency relative to E2 to give an 

EEq concentration for each chemical. The sum total of all the chemicals scaled to an 

equivalent concentration of E2 is the predicted EEq based on the chemical analysis 

results. The relative potency values were either generated in this study (two-hybrid 

yeast potencies) or adapted from previous assessments conducted in the same laboratory 

(ERBA and E-screen) (Table 3.6). 

The predicted EEqs calculated from the chemical residue data could account for a 

maximum of 26 % of the response in the E-screen assay and a maximum of 62.5, 76.2 

and 57 .1 % for the ERBA, hER and medER two-hybrid yeast assays responses, 

respectively. The EEqs calculated using the chemical residue data for the ERBA were 

only above 20% of the actual bioassay response in the influent samples. For the two-

hybrid yeast assays, eight out of the 12 positive bioassay results, the chemical data were 

able to describe a minimum of 21.9 % of the total response. The response obtained by 

the ERBA for influent samples appears to be strongly affected by the high 
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concentrations of E3. Estriol has a significantly higher potency relative to that of 

estradiol in the ERBA (0.759) compared to the other bioassays which have potencies for 

E3 1-3 orders of magnitude less than that of E2. However, because the influent 

concentrations of estriol were so high, a potency of 0.052 in the E-screen could still 

account for up to 57% of the EEqs calculated from the individual measured EDCs. 

When assessing EDCs that had an individual contribution of more than 1.0 ng/L to the 

calculated EEqs of the sewage effluent samples, the most important compounds 

contributing to the total estrogenicity of the sewage effluents were E3>E2>E 1>>BPA for 

the ERBA, E2>E3>>E 1 for the E-screen, E1 >E2>>4tOP>E3 for the hER two-hybrid yeast 

and E 1>E2>4tOP>>E3 for medER two-hybrid yeast. Only for the two-hybrid yeast 

assays did a synthetic phenolic xenoestrogenic chemical ( 4tOP) contribute substantially 

to the EEq response (up to 32% of the response predicted from individually measured 

compounds and up to 13% of the actual bioassay response). 

Table 3.6: Potencies of the some of the expected EDCs in wastewater in the ERBA, E-screen and 
hER and medER two-hybrid yeast assays. Potencies are relative to 17P-estradiol and are calculated 
by dividing the EC50 of 17P-estradiol by the EC50 of the test compound (or ECxio for the two-hybrid 
yeast assay). NA - not assessed. 

Compound ERBAa E-screena hERb medERb 

17~-estradiol 1 

Estrone 0.144544 0.012303 0.51 0.47 

17a-ethynylestradiol 1.949845 1.071519 1.1 1.2 

Estriol 0.758578 0.054e 0.004337 0.001947 

17 a-estradiol NA NA 0.10 0.052 

4-t-amylpehnol NA NA 0.000034 0.00052 

4-n-octylphenol NA NA 0.000033 0.00931 

p-NPc or 4nNPd 7.4 lE-05 7.76E-05 0.000059 0.00197 

4-t-octylphenol 0.000339 0.000229 0.00187 0.00734 

Bisphenol A 0.002291 1.26E-05 0.000028 0.000391 

Genistein 0.144544 0.000155 0.000381 0.002768 
a Data from (Leu sch et al. 2006c) 6 Data from this study c Potency in the ERBA and E-screen is 

for p-nonylphenol ct hER and medER two-hybrid yeast test is for 4-n-nonylphenol. e Data from 

(Gadd, Tremblay & Northcott 2009) 
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The best correlation between EEqs calculated from the trace measurements of 

individual EDCs and the total measured estrogenicity determined by bioassay (i.e. , how 

well the calculated EEqs were able to predict the actual bioassay EEqs) was provided by 

the ERBA and medER two-hybrid yeast assay (R2=0.986 for both assays), followed 

closely by the E-screen (R2=0.958) (Figure 3.4). The hER two-hybrid yeast bioassay 

provided the poorest correlation (R2=0.820). However, when comparing the magnitude 

of response (as measured by the slope of the regression line) the bioassays with slopes 

closest to 1.0 were the hER two-hybrid yeast (l .445) and ERBA (1.573), followed by 

the medER two-hybrid yeast (2 .040). In comparison the E-screen had a response that 

was more than 10 times that predicted by the chemistry residue data (slope= 11.356). 
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Figure 3.4: Ability of chemical analysis results to predict the bioassay response when scaled for 
potency in the ERBA (n=lO), E-screen (n=l3), hER two-hybrid yeast (n=12) and medER two-
hybrid yeast (n=ll) bioassays. The solid line is the regression equation while the dashed line is the 
isometric line. The closer the regression line is to the isometric line the better the relationship 
between the chemistry results and the bioassay response. 
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3.6 Discussion 

The concentrations of steroidal estrogens entering the GGSTP are comparable to those 

reported in numerous studies conducted around the world (Baronti et al. 2000; Drewes 

et al. 2006; Komori et al. 2004; Servos et al. 2005; Vethaak et al. 2005). In the 

Australian context, the measured concentrations of the analysed EDCs are either similar 

to other studies (Braga et al. 2005 ; Tan et al. 2007), or in the lower range compared to a 

study of 12 STPs, but still similar to the domestic STP of the same size in the study 

(Leusch et al. 2006b ). The concentrations of synthetic phenolics were more variable in 

how they compared with literature values. TNP was in the lower range of reported 

concentrations, 4tOP was similar to high and BPA was low to average compared to the 

concentrations reported in international and in Australian studies (Drewes et al. 2006; 

Leusch et al. 2006b; Tan et al. 2007; Vethaak et al. 2005). Although NPs are often 

reported at higher concentrations than 40P, this is not always the case, for example a 

study by Aguayo (2004) also found significantly higher concentrations of OPs 

compared to NP in STPs in Spain. The estrogenicity of the influent at GGSTP as 

predicted by the ERBA in this study was more than 10 times higher than that of a 

previous study at GGSTP (Abbott et al. 2006). The estrogenicity of the influent 

measured by Abbott (2006) was unusually low for untreated influent with an average 

EEq of 15 ng/L. 

The performance of the GGSTP demonstrated no reduction in efficacy of EDC removal 

during the peak holiday season flows. This is not that surprising considering that only 

BPA had a consistently greater mass load entering the STP during the peak flow season. 

The fact that the mass loading and the concentrations of EDCs in the influent were not 

significantly different between peak and normal flow conditions suggests there may be a 

dilution effect on the concentration of EDCs during the peak season. This is a 

reasonable conclusion considering that the primary type of tourist housing in the area 

are detached holiday homes which are rated as the highest for water consumption 

among holiday accommodation (Rico-Amoros, Olcina-Cantos & Sauri 2009). The fact 

that only BPA had a consistently higher loading during the peak holiday flows, may 

also be due to visitor activities . BPA is found in the polycarbonate plastic and resins 

lining metal cans, disposable and non-disposable plasticware and drink bottles, cling 
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wraps, food containers made out of paper and cardboard and even some paper towels 

(see Vandenberg et al. 2007 for review). Microwaving and dishwashing as well as 

contact with vegetable oils and saline solutions all can increase leaching of BPA. The 

tendency of the visitor may be more towards the purchase of takeaway foods, use of 

disposable containers and microwaving foods. This could cause higher concentrations 

of BP A leached directly from household food products and through the excretion of 

conjugated BPA in human urine into household wastewater streams. 

The most significant level of EDC removal within the GGSTP occurred during activated 

sludge treatment. Concentrations of E2 and E3 were reduced to below the LOD, E 1 by 

68±26 %, TNP by 75±10 %, 4tOP by 95±1.4% and BPA by 98±0.8 % following 

activated sludge treatment. The conditions at the GGSTP for EDC degradation and 

removal by activated sludge treatment could be considered optimal. The influent to the 

GGSTP is of purely domestic origin and not affected by industrial influent which has 

been found to reduce EDC removal capacity of activated sludge (Layton et al. 2000); 

the plant normally operates with relatively long HRT (including at least 30 hours in the 

Bio Denipho reactor) and the activated sludge treatment incorporates 

nitrification/denitrification which has been anecdotally linked to improved EDC 

removals (Ahel, Giger & Koch 1994; Servos et al. 2005). Higher MLSS has also been 

shown to increase removal of estrogenic steroids (Chen & Hu 2009), which explains the 

negative correlation observed between E 1 and MLSS. The higher MLSS during normal 

flow conditions may have also contributed to higher concentrations of 4nOP during 

nomrnl flow conditions. Longer sludge age or sludge retention times (SRT) are 

important factors for optimising EDC removal (Clara et al. 2005; Johnson et al. 2005). 

The average sludge age at GGSTP was 24 and 34 days during the normal and peak 

holiday season flow conditions, respectively, which is much greater than the 

recommended 10 days for optimal EDC removal (Clara et al. 2005) . 

Despite optimal treatment conditions at the GGSTP, it is apparent that secondary 

treatment alone is inadequate for complete removal of EDCs from the process sewage 

effluent. At the conclusion of secondary treatment, the wastewater at GGSTP has 

undergone the same level of treatment commonly employed at most conventional 

activated sludge STPs. The incomplete removal of E 1 and the generation of OPE 

degradation products not found in the influent i.e. 4nOP, suggests sewage treated to this 
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extent continues to present an endocrine disruption risk. This conclusion is confirmed 

by the results obtained by the four bioassay measurement methods which demonstrated 

wastewater undergoing treatment to this level at GGSTP retained residual estrogenic 

activity. 

After clarification and sandfiltration, the concentrations of EDCs remained similar to 

that in the post-DN tank, indicating these treatment stages provided no additional 

removal of EDCs or estrogenic activity from the sewage effluent. This finding is not 

unexpected considering these treatment stages are primarily designed to reduce 

particulate material generated during activated sludge treatment. The chemical and 

bioassay analysis reported here focused exclusively on the dissolved aqueous phase as 

the particulate fractions are unlikely to contain detectable estrogenicity (Desbrow et al. 

1998). 

The first advanced tertiary treatment stage provided a significant reduction in 

estrogenicity of the wastewater, with only a single detection of estrogenicity in the 

bioassays after 0 3/BAC treatment. In one of the 0 3/BAC samples, the E-screen bioassay 

had a response of 1.6 ng/L EEq. The combination of ozonation and BAC was highly 

effective at reducing the residual E 1 to below the LOD (>89 % reduction). Interestingly, 

this held true even when the ozone generator was off-line indicating that BAC 

efficiently removed E 1 on its own. Ozone is a powerful oxidant and studies have 

demonstrated it is able to remove high percentages of even the most recalcitrant 

steroidal estrogen, the synthetic contraceptive EE2 (Lee, Escher & von Gunten 2008). 

However, in another study (technical) NP was not removed to the same extent as E1, E3 

and BP A by ozonation and a residual concentration of I 00 ng/L remained after 

ozonation of primary treated effluent despite increasing the 0 3 dosage (Zhang, Yamada 

& Tsuno 2008). The BAC is essentially a granular activated carbon (GAC) filter 

supporting an active microbial biofilm population. BAC can remove micropollutants by 

adsorption, biological degradation or a combination of both. In drinking water studies, it 

has been shown that NP and BP A are removed by adsorption onto GAC and not by 

biological degradation (Choi et al. 2005). In wastewater removal of pharmaceuticals and 

personal care products (PPCPs) by adsorption to GAC can be variable due to higher 

matrix competition for adsorption sites and although an effective treatment (Snyder et 

al. 2007), there are examples of GAC providing no additional removal of EDCs 
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(Holbrook et al. 2002). For these reasons it is expected that synthetic phenols such as 

4nOP remained after the 0 3/BAC treatment. 

With a maximum concentration of 33.5 ng/L, 4nOP was the only EDC in the final 

effluent (post UV) that was detected at a concentration above the low ng/L range. 

Ultimately, the significance of trace concentrations of synthetic EDCs in the final 

effluent depends upon whether or not these low concentrations are sufficiently high to 

pose an endocrine disruption risk to the aquatic biota. The final effluent from the 

GGSTP (post UV in Figure 3.2 and Figure 3.3), did not induce an estrogenic response 

in any of the four in vitro bioassays. This included the E-screen which had a LOQ of 

<0.4 ng/L EEq, nor in the medER two-hybrid yeast which is more sensitive to non-

steroidal estrogenic compounds. 

The bioassay results are similar to the findings from a previous investigation of EDC 

removal by Leusch et al. (2005a) on advanced wastewater treatment technology in 

Australia. The same secondary treatment as that employed at the GGSTP (Bio-Denipho 

with post DN) generally removed the greater proportion of estrogenicity, and following 

ozonation there was no detectable response in either the ERBA or the E-screen 

bioassays. The estrogenic activity of influent entering the GGSTP was much higher than 

that entering the Landsborough STP (QLD) Leusch et al. (2005a) reported an average 

influent estrogenicity of 54±27 ng/L and 20±2.7 ng/L EEq, compared to 244± 124 and 

225±66 ng/L EEq at the GGSTP as measured by the ERBA and E-screen assays, 

respectively. 

Bioassay responses of all samples analysed from GGSTP were higher than EEqs 

calculated from the chemical residue data. This was true for all four bioassays 

regardless of which treatment stage the sample originated from. The calculated 

predictions of estrogenicity tended to be more reliable for influent samples where the 

measured chemical residues predicted a higher percentage of the bioassay determined 

influent EEqs. This was especially true for the ERBA where there was a marked 

difference between predicted and measured EEqs determined for influent samples 

compared to those for other treatment stages. Leusch et al. (2006b) found that on 

average the chemical data was able to predict 63% of the ERBA response to the STP 

influent, and lower percentages for final effluent - which is comparable to the current 

study. Other studies have found estrogenic responses obtained by the yeast estrogen 
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screen (YES) assay (which is a ER transfected yeast without the coactivator that is also 

in the two-hybrid yeast) could be 1-2 orders of magnitude higher than those predicted 

by chemical analysis of selected EDCs (Nelson et al. 2007; Pawlowki et al. 2004). EEqs 

calculated from chemical residue data also under-predicted the estrogenic response 

obtained using a fish hepatocytes bioassay by an average of 15.4 % (Jin et al. 2008). 

Calculated EEqs in a study by Tan et al. (2007) were on average in the same order of 

magnitude as E-screen bioassay results, but greatly fluctuated between under predicting 

(as low as 0.1 %) and over predicting (as high as 1340 %) responses. 

The ability of chemical analysis to predict bioassay response relies not only on accurate 

chemical analysis and bioassay measures, but the inclusion of all chemicals that 

contribute to the bioassay response. Effect summation is based not only on the 

assumption of additivity, but also equity in the slope of the dose response relationship 

for each chemical. In this study and similar ones, the greatest limitation of chemical data 

to predict bioassay responses is that the limits of detection are not as sensitive as those 

provided by the bioassays. It is for this reason, the chemical residue data provided an 

improved predicted/correlation with bioassay determination of estrogenicity in influent 

samples compared to samples obtained further along the treatment process. The post-

DN tank, clarifier and sandfilter stages were able to elicit responses in all four 

bioassays, but the potent estrogenic chemical E2 was below the analytical detection limit 

of 3.2 ng/L, E 1 occasionally below the detection limit of 5.0 ng/L and EE2, with a LOD 

of 10 ng/L in the secondary treatment stages, was not detected in wastewater within the 

GGSTP. The detection limit for EE2 was not low enough to detect concentrations likely 

to be found in wastewater. If any of the estrogenic steroids were present at levels just 

below the detection limits, the effect on the bioassay response would be >3.2 ng/L 

which is a significant contribution. LODs for the EDCs analysed in this study are very 

rarely calculated for the sewage effluent matrix, however the LODs obtained in this 

study are similar to those reported for GC-HRMS (Nelson et al. 2007). 
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3. 7 Conclusions 

Overall the combination of chemical analysis and bioassay assessment showed that the 

full treatment process utilised at the GGSTP produces a final effluent containing no 

measurable steroidal estrogens and only low levels of estrogenic APE degradation 

products which are not able to elicit an estrogenic response in four different in vitro 

bioassays with different end-points (receptor binding, gene expression and cell 

proliferation). Chemical analysis provided no evidence that there was a shift in EDC 

removal efficacy of the treatment processes during elevated flow conditions. However, 

further replication of this study is recommended to determine any real differences, as 

although the mass loading of EDCs into the GGSTP were elevated during peak holiday 

flow conditions, they were not significantly different to mass loadings experienced 

under normal operational flow conditions 
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Chapter 4 Optimization of the two-hybrid yeast assay for the 
assessment of EDC potential and the ability of the assay to 
describe variations in EDC concentrations in complex STP 
matrices 
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4 .1 Abstract 

The two-hybrid yeast assay (also known as the yeast two-hybrid system) has been used 

to assess the relative estrogenicity of chemical compounds and unknown mixtures from 

environmental samples, including sewage effluents. Two-hybrid yeasts incorporate a 

coactivator gene for the estrogen response element, making them more representative of 

biological function than other recombinant yeasts. However, there is evidence that they 

are more sensitive to cytotoxicity than other yeasts, which is particularly problematic 

when testing samples with complex matrices such as untreated sewage effluent. In this 

study, methods of extraction, fractionation and clean-up were assessed to detennine the 

optimal method for preparing samples for analysis by two-hybrid yeast assay. Dose-

response curves of the human estrogen receptor (hER) and medaka, Oryzias latipes 

(medER) two-hybrid yeast were created for estrogenic chemicals commonly found in 

wastewater. Generally, the hER yeast is more responsive and has an average ECx 1o of 7 

± 4 pg 17~-estradiol (E2) compared to 31 ± 15 pg E2 for the medER yeast. However, 

relative to E2 the medER is more responsive to synthetic phenolic chemicals such as 4-

n-nonylphenol, 4-n-octylphenol, 4-tert-amylphenol, bisphenol A and the phytoestrogen, 

genistein than the hER transfected two-hybrid yeast. Empore C 18 and Oasis HLB 

extractions provided extracts with similar responses in both yeast assays. The use of a 

post-extraction florisil fractionation procedure had a sum total response less than that of 

the unfractionated samples for both of the SPE eluates. However, the use of florisil as a 

clean-up procedure, without changing solvent polarities reduced the toxicity of raw 

influent samples and led to higher responses. Overall, the use of a Oasis HLB extraction 

followed by florisil clean-up was the preferred method for minimising sample toxicity 

and standardising with sample preparation for the chemical analysis of steroid 

estrogens, alkyl phenol degradation products and Bisphenol A. By applying this sample 

preparation methodology, the hER and medER two-hybrid yeast assays can successfully 

quantify the estrogenicity of sewage effluents and influents. The effect of toxicity is 

minimal and the bioassay responses are more likely to overestimate the estrogenicity of 

the effluents when compared to chemical residue data. 
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4.2 Introduction 

Estrogenically active chemicals in sewage effluent have been described in many studies 

(Desbrow et al. 1998; Johnson et al. 2005; Lagana et al. 2004; Nakada et al. 2006; 

Pawlowki et al. 2004; Servos et al. 2005; Ying et al. 2009), and the presence of these 

estrogenic endocrine disrupting chemicals (EDCs) in sewage effluent has been causally 

linked to reproductive abnormalities in fish living in receiving waters (Batty & Lim 

1999; Diniz, Peres & Pihan 2005; Jobling et al. 1998; Purdom et al. 1994; Routledge et 

al. 1998; Vethaak et al. 2005). The types of estrogenic EDCs and their concentrations 

can vary greatly in sewage effluents due to factors such as population demographics, 

water use behaviour, trends in usage of pharmaceutical and personal care products 

(PPCP) in the country/region and types of industrial and commercial discharges to the 

sewer system. To chemically screen for all these chemicals, and to capture any 

emerging estrogenically active contaminants that have not yet been described, is an 

enormous task. For this reason many researchers throughout the world investigating 

EDCs in sewage effluents often use bioassays as either the sole assessment method 

(Holbrook et al. 2002; Ma, Rao & Wang 2007; Svenson, Allard & Ek 2003) or to 

complement chemical analysis (Aerini et al. 2004; Komer et al. 2000; Leusch et al. 

2006b; Salste et al. 2007; Tan et al. 2007). 

There are many in vitro bioassays for the detection of estogenic activity. The Global 

Water Research Coalition (2006) has summarised some 24 bioassays that are suitable 

for assessing estrogenic activity in environmental waters. Jn vitro bioassays utilise 

biological materials that are either extracted directly from organisms or grown through 

cell culturing techniques to create an assay that is conducted under controlled conditions 

to measure a quantifiable end point. In the case of estrogenic bioassays this end point 

should relate to a biological response to the presence of estrogens. An in vitro bioassay 

should be fast, sensitive, reproducible and be indicative of the potential in vivo risk of 

endocrine disruption. However, every in vitro bioassay has a set of limitations in its 

ability to be truly representative as the biochemical processes of an organism' s body 

cannot be completely represented by a laboratory based in vitro assay. 
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A range of bioassays has been developed by genetic modification using reporter genes 

such as luciferase and ~-galactosidase. These assays provide additional information to 

binding assays as they measure gene activation. A well known reporter gene assay is the 

yeast estrogen screen (YES), which is a genetically modified strain of the yeast 

Saccharomyces cerevisiae that has been stably transfected with both the human ERa 

and an expression plasmid coding for an estrogen response element (ERE) upstream of 

the lac-Z gene (Routledge & Sumpter 1996). Estrogenic compounds lead to the 

activation of the ER and this complex then binds to the ERE, starting transcriptional 

activity leading to the production of ~-galactosidase. The benefits of using yeast 

reporter gene assays is that they are less susceptible to cytotoxicity, are faster and more 

easily cultured than animal cell lines and they have a stable, single mode of expression 

(only through the transfected ER and ERE) (G.W.R.C. 2006). Their limitations are 

mostly associated with the inherent differences between a yeast cell and a vertebrate 

animal cell. Yeast cells have a cell wall, which can lead to false negatives due to 

permeability issues and the cel1 metabolism may differ significantly enough to limit the 

accountability of EDC conversion processes within the cell. The YES also ignores the 

fact that the complex formed between the estrogen (or its mimics) and the ER requires 

the incorporation of a co-activator before it can bind to the ERE and is therefore, not 

truly representative of gene expression processes in mammalian cells. This issue has 

been addressed by Nishikawa et al. (1999) who stably transfected the S. cervisiae 

(Y 190) strain with both the human ERa receptor and the TIF2 coactivator genes making 

the ~-galactosidase expression in this yeast more biologically relevant. This two-hybrid 

yeast assay also has a much shorter incubation period than that of the YES, and many 

other estrogenic EDC assays, which makes it more practical to run and less likely to 

suffer from contamination issues and incubation problems. The two-hybrid yeast assay 

incubation period is only 4 ( + 1) hours compared to 2-3 days for the YES. Like most in 

vitro bioassays, the two-hybrid yeast assay has been miniaturised to a 96 well format 

(Shiraishi et al. 2000). 

Limitations of the two-hybrid yeast assay include a lower sensitivity than the YES assay 

due to the shorter incubation time (Nishikawa et al. 1999) and it is more susceptible to 

toxicity, thus inhibiting its ability to detect estrogenic activity more so than in other 

yeast based bioassays (Saito et al. 2002). Both these issues have been somewhat 

overcome by Shiraishi and collaborators (Shiraishi et al. 2000) by using a 
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chemiluminescent detection method of ~-galactosidase and a modified quantification 

point - the ECx 10. Chemiluminescent detection of ~-galactosidase has a large dynamic 

range ( 5-6 orders of magnitude) and is more sensitive, for example, it can detect as little 

as 8 fg as opposed to 2 pg of ~-galactosidase by fluorometric detection (Bronstein et al. 

1996). The ECx 10 value - the concentration that produces a chemiluminescent signal that 

is 10 times greater than that of the blank (T /B), is a much lower detection point than the 

EC50 value and thus a lower equivalent volume of a sample is required to elicit a 

quantifiable response. It also does not require a full dose response curve for accurate 

quantification. These factors help reduce the impact of cytotoxicity on the ability of the 

two-hybrid yeast assay to detect ED potential of environmental samples with complex 

matrices. 

The two-hybrid yeast has also been transfected with a number of other nuclear receptors 

to measure other endocrine processes, including androgenic and thyroid activities 

(Nishikawa et al. 1999). Of particular interest to the present investigation of estrogenic 

EDCs in sewage effluents, is the yeast cell that is transfected with a fish ERa from the 

Japanese medaka (Oryzias latipes) . By testing sewage effluent samples with both the 

hER (human ER) and the medER (medaka fish ER) two-hybrid yeast assays, an 

indication of ED potential to mammals and fish can be compared. In general, the 

medER two-hybrid yeast is more responsive to synthetic phenols compared to the hER 

two-hybrid yeast ((Terasaki et al. 2005) and Table 4.2). 

The two-hybrid yeast assay has great potential for assessing ED in sewage effluent due 

to its short assay time and the ability to look at differential responses between human 

and fish ER activation in a single assay system. However, as it is sensitive to toxicity, it 

is important that the sample preparation is properly optimised when analysing 

wastewater samples. To this end the effect of the extraction method, fractionating 

process and sample clean-up methods were compared to determine the optimum method 

of sample preparation for comparing two-hybrid yeast assay results to chemical analysis 

data for sewage effluent samples. The dose-response relationships for a range of EDCs 

were assessed for both the hER and medER two-hybrid yeast assays to better 

understand their responsiveness before comparing their responses to the chemical 

composition in sewage effluent samples. Synthetic mixtures of EDCs mimicking 

concentrations detected in the effluent samples were also tested with the assays to 
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determine whether a) the bioassay is completely responsive in samples with potentially 

highly toxic matrix inteferents and b) whether the bioassay response can be predicted by 

chemical analysis data. 

4.3 Methodology 

4.3.1 Assay protocol for model compounds 

The materials and assay protocol for the two-hybrid yeast assay are described in section 

2.4.1 of the General Methodology chapter. The variations in methodology outlined 

below only involve changes to the procedure for preparing the samples and not the 

assay protocol itself. 

The response of the hER and medER two-hybrid yeast to estrogenically active 

chemicals that were also targeted for chemical analysis in the sewage effluent samples, 

was determined by testing serial dilutions of the steroidal estrogens; 17~-estradiol (E2) , 

estrone (E 1) , estriol (E3) , 17a-ethynylestradiol (EE2) , 17a-estradiol (aE2) and the 

synthetic phenols, Bisphenol A (BP A), 4-t-octylphenol, ( 4tOP), 4-n-octylphenol 

( 4nOP), and a technical mix of nonylphenol isomers (TNP), which were either Sigrna-

Aldrich or Supelco chemicals sourced from Sigma (Australia and New Zealand). All 

EDCs were either directly made up in a carrier solvent of dimethylsulfoxide (DMSO) or 

were solvent exchanged into DMSO prior to testing. 

For graphical representation, dose response curves were modelled using the following 

symmetrical four parameter logistic model and fitted using the least sums of squares 

method: 

max -min 
y =min+-----------( 1 + 1 Q(logECSO-logX) *Slope) 

Equation 4-1 

Where y is the total/blank (T/B) ratio of the chemiluminescent detection of~

galactosidase, x is the concentration of chemical, min is the minimum and max is the 

maximum response and EC50 is 50% of the maximum response. To calculate the 

equivalence point i.e. , the ECx1o, the linear portion of the dose-response curve was used 
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and a linear regression was applied to determine the concentration that produces a 

chemiluminescence that is 1 Ox that of the background (blank). 

4.3.1.1 Standard curve, and determining the LOO and LOQ 

The variability of the estradiol dose-response curve for 25 assay runs were compared to 

assess inter-assay variability, differences between hER and medER dose-response 

relationships and to determine the average LOD and LOQ for the assay. The variability 

was assessed by examining the 95% confidence intervals of the dose-response curves 

and the standard deviation of the average ECx 10, LOD and LOQ of the E2 standard. 

The LOD was calculated as a function of the variability of the background signal 

(chemiluminescence). Each test run had four plates with one row of method blanks 

(n=48) that contained all reagents used in the assay without addition of sample. The 

LOD was calculated as the average background signal plus 3 standard deviations: 

Limit of Detection = YB + 3sB 

Equation 4-2 

Where YB is the average signal of the blank and sB is the standard deviation of the 

blank. The calculated signal was substituted into the calibration curve equation and 

converted to an estradiol equivalent concentration (EEq). The mass of chemical (pg) 

was divided by the equivalent volume (eV) of sample in the top well (pg/ml i.e. ng/L). 

For most sample preparations, a 1.0 L sample was concentrated to 100 µL giving an 

equivalent test volume of 12 mL. 

The LOQ was calculated as the minimum sample concentration needed to achieve a 

response that was equal to the standards equivalence measure for calculating the 

magnitude of estrogenic effect. For the two-hybrid yeast assay, this means that the 

greatest sample volume tested needed to have a T/B response 2: 10. The sample LOQ 

was calculated as: 
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Estradiol ECxlO 
Limit of Quantification=---------------

equivalent volume sample in top well 

Equation 4-3 

4.3.2 Optimising sample processing for maximum response 

4.3.2.1 Extraction method and fractionation of samples 

Two extraction methods were assessed by comparing the EEqs of replicate extractions 

from the same sample. The effect of applying a florisil fractionation process to the SPE 

eluates was also assessed for both the extraction methodologies. 

The samples were collected from a tap point after the sandfilter stage at the GGSTP 

(sampling station 4 in Figure 2.1) on 5th May 2008. Over 12 L of process effluent was 

collected in 4.0 L amber glass bottles and stored at 4 °C for less than 24 h until sample 

extraction. The collected effluent was homogenised by blending the effluent from the 

different collection bottles and split into 12 1.0 L replicate samples. Half of these 1.0 L 

samples were acidified with concentrated H2S04 to pH;::::2 in preparation for extraction 

using Oasis HLB columns while the other six samples were acidified using 10 mL of 

acetic acid:water:methanol mixture (1 :9:90). All samples were then filtered through a 

1.2 µm pore size glass fibre filter (Advantec GC50) and the filtered sample spiked with 

28 ng of E2 to ensure a detectable estrogenicity signal. 

Six samples were extracted using the extraction protocol described below for Empore 

C 18 disks and six samples were extracted using the Oasis HLB column protocol 

described in section 2.3.2 in the General Methodology section. Briefly the Oasis 

extraction method involved passing the sample through a 1.0 g 20cc Oasis HLB column 

(Waters, Australia), drying the column under vacuum and eluting with 30 mL of 

dichloromethane:diethylether:methanol mixture (DCM:DE:MeOH) ( 40: 10: 1 ). 

For the Empore extraction method the sample was prepared for extraction by adding 

10 mL of acetic acid:water:methanol mixture (1 :9:90) to a 1.0 L sample and filtering 

through a 1.2 µm pore size glass fibre filter (Advantec GC50). The 4 7 mm Empore C 18 
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disk was placed in one of the glass filtration units on a six station filtration vacuum 

manifold and conditioned with l 0 mL of MeOH followed by 20 mL of purified water. 

The sample was passed through the Empore disk under vacuum at an approximate flow 

rate of 200 mL/min. The disk was then dried at 35 °C on a slide warming tray for at 

least 60 min until dry. The Empore disk was placed in a clean glass filtration unit with a 

glass centrifuge tube underneath to collect the eluate. Ten mL ofMeOH was added to 

the filtration flask and a small amount of vacuum was briefly applied to ensure the disk 

was fully wetted by the MeOH. After 1 min, vacuum was applied to draw the methanol 

through the disk and into the collection tube. 

The eluates for all 12 samples were evaporated to dryness under a gentle stream of N2 

gas. Half of the Oasis HLB extracted samples (n=3) and half of the Empore disk 

extracted samples (n=3) were redissolved in 100 µL of DMSO, while the other half 

were resuspended in 1 mL 3: 1 hexane:DCM mixture and quantitatively transferred onto 

a 0.5 g 3 mL Bond-Elut FL florisil cartridge (Varian). Drawn through by vacuum, the 

eluate from the florisil column was collected in a glass centrifuge tube, and washed 

through with an additional 2.5 mL of hexane:DCM mixture. A second fraction was 

collected in a separate glass centrifuge tube by washing 5 mL of 1 :9 mixture of 

acetone:DCM though under vacuum and a final fraction collected in a third glass 

centrifuge tube by washing through with 5 mL of MeOH. The three fractions were then 

evaporated under a gentle stream ofN2 gas and redissolved in 100 µL of DMSO. All 12 

sample concentrates in DMSO, including all three separate fractions of the florisil 

fractioned samples were tested using the hER and medER two-hybrid yeast assays. 

4.3.2.2 Florisil clean-up test 

The use of florisil as a c1ean-up step (as opposed to a fractioning method) was tested on 

sewage influent samples for the reduction of sample toxicity to the yeast. Untreated 

influent was used for this investigation as it has the most complex matrix of all sewage 

samples and therefore provides the highest toxicity to the yeast. 

Samples taken over the November 2008 fish flow-through experimental period were 

used for this comparison. After acidification with H2S04 raw sewage influent samples 

of 1.0 L were pre-filtered through a 1.2 µm pore size glass fibre filter (Advantec GC50) 
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with a 0.5-1 cm bed of solvent rinsed Hyflo Supercel filter aid (BHD). Solid phase 

extraction was performed using a l .Og 20 cc Oasis HLB cartridge (after conditioning 

with MeOH and purified water). The cartridge was partially dried under vacuum before 

passing N2 gas through to push out bulk water remaining in the cartridge. Two 10 mL 

aliquots of 95% DCM and 5% MeOH were used for elution. The eluate was then 

rotovaporated to near dryness , 5-10 mL of 1: 1 toluene: ethanol mixture was then added 

to evaporate remaining water in the sample. The samples were then reconstituted to 

exactly 1.0 mL in a Buchner vial and split into two aliquots of 500 µL. One aliquot was 

then added to a 1.0 g 6 mL (Varian) florisil column with a layer ofNa2S04 and washed 

through with 30 mL of DCM:MeOH mixture. All samples were evaporated under N2 

gas and reconstituted in 100 µL of DMSO for two-hybrid yeast assay. The two hybrid 

yeast assay was run using the standard protocol described in section 2.4.1 in the General 

Methodology chapter. 

4.3.3 Synthetic mixture testing 

To further investigate the reliability of the response of the two-hybrid yeast assay when 

assessing sewage effluent extracts~ synthetic samples were prepared based on the 

concentrations ofE2, E 1, E3, BPA, TNP, 4tOP, 4tAP, 4tOP and 4nOP measured in 

sewage effluent samples. Samples were collected from the GGSTP on three occasions 

each over November 2008 and February 2009 from all stages of treatment. The results 

of the chemical analysis are presented and discussed in Chapter 7; however, for the 

purpose of this exercise the chemical analysis data were not corrected for recovery or 

blanks as the extraction and clean-up processes for the samples used for chemical 

analysis and two-hybrid yeast assay were the same. Synthetic samples were constituted 

to represent concentrations of EDCs measured in samples that had quantifiable 

estrogenic responses in the two-hybrid yeast assay. This was mostly samples taken from 

the raw sewage influent, post-DN tank, clarifier, sandfilter and the holding dam 

(Sampling locations 1-4 and 9 in Figure 2.1 ). A total of 27 samples was emulated based 

on the concentrations of the EDCs in a 100 µL concentrate volume. The synthetic 

samples were made by adding aliquots of stock EDCs in acetone using a calibrated 

positive displacement pipette, evaporating the acetone to dryness under a gentle stream 

ofN2 gas and redissolving the mixture in 100 µL ofDMSO. 
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The chemical analysis derived estradiol equivalent concentration (EEq) was calculated 

using the simple summation method (Equation 4 ), where the total EEq is the sum of the 

concentration of each EDC multiplied by its relative potency to estradiol: 

EEQ = I Concentration x Relative Potency 

Equation 4-4 

4.4 Results 

4.4.1 Estradiol standard dose-response relationship and LOD/LOQs 

The difference between the hER and medER modified yeast response to estradiol and 

the inter-assay variability of the estradiol standard dose-response curve is shown in 

Figure 4.1. The estradiol dose response relationship for the two types of yeast is very 

different. The hER yeast produced greater concentrations of ~-galactocidase at lower E2 

concentrations than the mER yeast. This produces a very steep gradient in the linear 

portion of the dose-response curve for quantifying the ECx 1o for the hER yeast tests and 

a much gentler gradient in the medER. 

A much lower concentration of estradiol elicited a response in the hER yeast than that in 

the medER yeast with the ECx 10 of the estradiol standard being 3-4 times lower in the 

hER two-hybrid yeast test than that in the medER two-hybrid yeast (Table 4.1 ). 

Consequently, the LOD and LOQ for the hER yeast was also substantially lower in that 

in the medER yeast based on a 1.0 L sample. Sub ng/L sample concentrations can be 

detected and quantified when testing with the hER yeast assay, whereas the medER 

yeast is not as sensitive and has higher LODs/LOQs. 
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Figure 4.1: Estradiol standard dose response curves for hER and medER two-hybrid yeast with 
95% confidence interval. The solid line represents the average total/blank (T/B) chemiluminescent 
response for standard curve for 25 separate assays conducted over a 12 month period. The 95% 
confidence interval is represented by the dashed lines. 

The linear portion of the hER estradiol dose-response curve used to calculate the ECx 10 

started at lower concentrations and had a steeper slope than that of the medER yeast; 

therefore, the linearity over the quantification range was much more stable and the 

interassay variability was lower for hER yeast than for medER yeast (Figure 4.2). Both 

assays had good regression statistic (R2=0.994 and R2=0.995 for hER and medER, 

respectively) for the average dose response calibration regression. As can be seen in 

Figure 4.2, the regression is used to quantify the lowest quantifiable response of the 

assay and is equal to the definition of the limits of detection for many analytical 

methods. 

Table 4.1: Two-hybrid yeast assay ECxio ±standard deviation (n=18) and the equivalent LOQ for a 
1.0 L sample concentrated to 100 µL before assaying. Sample LOO based on blank+ 3 standard 
deviations. 

hER 

med ER 

ECxlO 

EEQ (pg) 

7±4 

31 ± 15 

sample LOQ 

EEQ (ng/L) 

0.6 ± 0.3 

2.6 ± 1.2 

sample LOD 

EEQ (ng/L) 

0.4 ± 0.2 

1.8 ± 0.7 
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Figure 4.2: Regression equations for the linear portion of the average dose response relationship of 
estradiol in the hER two hybrid yeast assay (solid line) and the medER yeast assay (dashed line). 
The quantification point of T/B=lO is shown with a dotted line. Low concentration data points of 
the dose response relationship including those not part of the linear portion, for the hER 
(diamonds) and medER (squares) are also shown, however y-axis is cropped for clarity and 
regression also includes data points above T/B 100. 

4.4.2 Model compounds 

Model compound responses in the two-hybrid yeast bioassay demonstrate the large 

variability in the different compounds to elicit an estrogenic response. In general, 

steroidal estrogens are much more potent than synthetic phenols, with the exception of 

estriol which is less potent than the other steroidal estrogens (Table 4.2). For both the 

hER and medER two-hybrid yeasts the ranking of potency for steroidal estrogens is 

EE2>E2>E 1>aE2>E3 with most having similar potencies in both yeasts. Only aE2 has a 

notable difference; it was twice as potent in the hER yeast than in the medER yeast. For 

the synthetic phenols, the potency in the hER yeast is 1-3 orders of magnitude lower 

than that in the medER yeast, although the most potent synthetic phenol 4tOP (when 

considering potency in both yeast strains) is still > 1000 times lower in potency than that 

of estradiol. The phytoestrogen, genistein , is of similar potency to that of synthetic 

phenols in both assays, and the pharmaceuticals diethylstilbestrol has a potency that is 
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80 % higher than that of estradiol in the medER yeast, although only a quarter of the 

potency than that of estradiol in the hER yeast. Tamoxifen did not elicit ~-galactosidase 

activity in either type of yeast at the concentrations tested. The dose response curves are 

shown in Figure 4.3 and Figure 4.4 for the hER and medER two-hybrid yeasts, 

respectively. 

Table 4.2: Potency of estrogenic EDCs relative to estradiol in the two-hybrid yeast test (E2 EC 10/ 

compound ECxio) based on molar response ratios. 

Steroids 

17~-estradiol 

17 a-estradiol 

Estrone 

Estriol 

l 7a-ethynylestradiol 

Industrial/household 

4-nonylphenol 

4-n-nonylphenol 

4-tert-octylphenol 

4-n-octylphenol 

4-tert-am ylph eno I 

Bisphenol A 

Phytoestrogens 

Genistein 

Other 

Diethylstilbestrol 

4-hydroxy-tamoxifen 

hER 

1.0 

0.10 

0.51 

4.3 x 10-3 

1.1 

5.1x10-6 

5.9 x 10-5 

1.9 x 10-3 

3.3 x 10-5 

3.4 x 10-5 

2.8 x 10-5 

3.8 x 10-4 

0.26 

No induction 

medER 

1.0 

0.051 

0.47 

1.9 x 10-3 

1.2 

1.7 x 10-3 

2.0 x 10-3 

7.4 x 10-3 

9.3xl0-3 

5.2 x 104 

3.9 x 10-4 

2.8 x 10-3 

1.8 

No induction 
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Figure 4.3: Model compound response for hER two-hybrid yeast with 95% confidence intervals 
(n=3). Solid lines are regression models using Equation 4-1. 
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Figure 4.4: Model compound response for medER yeast with 95% confidence intervals (n=3). Solid 
lines are regression models using Equation 4-1. 
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4.4.3 Optimising sample processing for maximum response 

4.4.3.1 Extraction method and fractionating of samples 

The differences between the Empore disk and Oasis column extractions for 1.0 L of 

sandfilter water with a 28 ng estradiol spike were not significant (p>0.34) for the final 

EEq calculated from the dose response curve (Table 4.3). Similar results had also been 

found when using the ERBA as the test assay (results not shown). Fractionating the 

sample caused a substantial loss of analyte, especially in the Empore extracted samples. 

The FL fraction was the only fraction with detectable estrogenicity and the EEq of this 

fraction was around 50% lower than that of the unfractionated Oasis extracted sample 

and at least 64% lower for the Empore disk extracted replicates. 

Table 4.3: ECxio averages± standard deviation (n=3) for replicate samples extracted using either 
Oasis column or Empore disk, with and without florisil fractionation. The samples are 1.0 L 
sandfilter process water spiked with 28 ng of estradiol. Responses are reported in EEq (ng/L). 
"RSD" is the relative standard deviation. 

Sample Treatment hER mER 
average RSD average RSD 

Empore fractionated 16.4 ± 2 12 18.9 ± 1.0 6 

Empore whole 65.1 ±5 .5 8 51.4 ± 3.6 7 

Oasis fractionated 30.4 ± 2 6 31.4 ± 2.6 8 

Oasis whole 61.3 ± 1 2 61.5 ± 9.3 15 

The dose response curves show that one of the benefits of fractionating a sample is the 

removal of toxicity, with the Empore and Oasis extracted samples showing toxicity at 

high equivalent sample volumes for the unfractionated samples (Figure 4.5). Toxicity 

was particularly high in the Oasis extracted samples. However, the point where toxicity 

started to inhibit response was above the linear portion used for calculating the ECx 1 o, 

which is why the unfractionated Oasis samples still converted to an EEq similar to that 

of the Em pore extracted samples. The linear regression for calculating the EEQs for 

Oasis extracted samples was still adequate; R2 >0.987 for hER assay and R2 >0.992 for 

medER assay. There was a greater differential between the results of the Empore disk 

whole sample response in the hER yeast compared to that in the medER yeast, which 
94 



may be indicative of a lower extraction of phenolic compounds such as 4tOP that can 

significantly contribute to the medER response. 
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Figure 4.5: Sample dilution curves for the spiked sandfilter samples tested with Oasis and Empore 
extraction protocols, with and without florisil fractionation. Only the curve for the semi-polar 
fraction is shown as the non-polar and polar fractions had no response in the assay. Error bars 
represent the 95% confidence intervals. 

4.4.3.2 Florisil clean-up test 

Passing Oasis column extracted sample concentrates of raw sewage influent through a 

florisil column, as a clean-up process improved the response of the assay and led to 

significantly higher estimations of EEqs compared to samples that were not passed 

through the florisil column (t=-4.415 , df=5 , p=0.00692). The hER and medER EEqs 

were 13-79% and 1-38% higher respectively, after florisil clean-up compared with 

samples that did not undergo florisil clean-up (Figure 4.6). 
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Figure 4.6: Difference in EEq (ng/L) measured for three different influent samples with and 
without florisil clean-up. The black bars represent direct assays without florisil clean-up and the 
white bars are those that have been put through florisil 

The significance of the effect of the florisil clean-up in reducing toxicity can be seen by 

the higher maximum T/B responses of the treated samples (Figure 4.7). Without florisil 

clean-up of the raw sewage influent samples, their toxicities were sufficient to 

completely inhibit yeast response at equivalent sample volumes (eV) >3 mL. At eV less 

than 1.5 mL the replicates that were put through the florisil clean-up had no apparent 

reduction in response from toxicity. The quanification point. ECx1o, was well below the 

point where toxicity interferred with ~-galactosidase production. 
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Figure 4.7: Reduction in sample toxicity in the two-hybrid yeast assay after florisil clean-up. 
Diamonds represent the untreated samples and squares represent the response of the same sample 
with florisil clean -up prior to testing. Graphs la-3a are the hER response curves while graphs 1 b-
3b are the corresponding medER response curves. T/B =total/background chemiluminescence. EV 
=equivalent volume. 

4.4.4 Synthetic mixture tests 

The relationship in estrogenic response between the hER and medER two-hybrid yeast 

assays for sewage influent and effluent samples is close to 1: 1 (Figure 4.8). The medER 

yeast had a slightly higher response than the hER yeast. The predicted EEqs from the 
' chemical data, had the majority of the calculated responses being contributed by E1 and 

E2, with small percentages in the influent samples coming from E3 and small to large 

percentages in the influent samples coming from 4tOP, especially in the medER yeast 

assay (1-54%). Generally, for the secondary treated samples, the response was almost 

purely determined by the concentrations of E 1 and E2 due to the low potency of the 

synthetic phenols. In both the hER and medER two-hybrid yeasts, both the chemical 

data prediction and synthetic sample assay response was less than that of the actual 

sample (Figure 4.9). When scaled for potency, the major EDCs measured in the effluent 

samples were usually able to predict the order of magnitude of bioassay response. The 

predicted EEqs were on average equally able to predict the bioassay response in both 

the hER and medER yeasts, predicting a response that was 52.7±25.5 % and 
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48.8±27.3 % of the sample bioassay response. For both yeasts the chemically predicted 

response accounted for a higher percentage of the actual response, yet was more 

variable for the sandfilter samples. This does not necessarily represent an effect due to 

better quantification of chemistry/bioassay in a ' cleaner ' matrix as the clarifier samples 

were under-predicted more than the raw influent and post-DN tank samples. 
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Figure 4.8: Relationship between the hER and medER two-hybrid yeast assays response to effluent 
samples. The solid line is the regression line (y=l.0535x + 0.7213, R2=0.832) and the dotted line is 
the I :1 isometric line. 
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Figure 4.9: Relationship for a) hER and b) medER responses with either the chemical predicted 
EEqs of the effluent samples or to the bioassay response of synthetic simulated effluent samples. 
Diamonds are EEqs predicted by the chemical data vs the actual bioassay response, solid line is the 
actual chemical data regression, triangles are synthetic bioassay responses vs the bioassay response 
to the real effluent samples, dashed line is synthetic sample data regression, and the dotted line is 
the isometric line 

Despite a greater variability in how similar to the real bioassay response in the hER 

two-hybrid yeast (R2=0.583), the synthetic sample results had closer concurrence with 

the actual bioassay responses than that in the medER, with a slope of 1.45 (Figure 4.9a). 

The responses of the synthetic samples were on average 88.5±38.4 % of the actual 

bioassay response in the hER yeast compared to 54.8±17.0 % when assayed with the 

medER yeast (Table 4.4 ). In the medER yeast, the synthetic samples and chemically 

predicted EEqs had a very similar relationship to the actual bioassay response, with 

similar slopes (Figure 4.9b ). 

Table 4.4: Average percentage (%) of the real bioassay sample response measured in the synthetic 
sample simulations tested with the two hybrid yeast assay and predicted EEq calculated from the 
chemical data. 

Synthetic Samples Chemical data prediction 

hER medER hER medER 

Influent 50.7±23.0 39.3±12.7 43 .7±11.3 41.8± 15.4 

Post-DN tank 97.4±29.5 59.2±18.0 57.2±13.3 55.0±7.5 

Clarifier 97.5±42 .1 48.2±17.3 43 .1±26.6 33.9±16.0 

Sandfilter 108.5±58.9 72.6±20.0 66.7±50.8 64.5±70.6 
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4.5 Discussion 

The hER and medER yeast assays are able to detect ~-galactosidase activity that equates 

to sub ng/L (0.4 ± 0.2 EEq in hER) or low ng/L (1.8 ± 0.7 in the medER) when an eV of 

12 mL is assayed. Quantification limits are only slightly higher due to the use of the 

ECx 1o quantification value; it takes a lower eV to generate an ECx 1o value than it does to 

generate an EC50 value, which greatly improves the quantification limits of this assay. 

The use of an ECx 1o value also greatly reduces the impact of cytotoxicity on the assay as 

lower dilutions of raw sewage influent samples are not affected by cytotoxicity, 

especially if the sample has undergone clean-up with florisil. However, the use of a 

lower quantification point may introduce some additional variability in the quantified 

result as it relies on applying a regression at the lowest part of the linear portion of the 

dose-response curve. This is pai1icularly a problem in the medER two-hybrid yeast as it 

has a shallower slope for the estradiol standard curve. 

As previously reported in Terasaki et al. (2005), the medER yeast was more sensitive 

than the hER yeast to most of the synthetic phenols tested. Model compound dose-

response curves of the EDCs most commonly detected in sewage effluent, demonstrate 

that not only are steroidal estrogens more potent than synthetic phenols in vitro, they 

have steeper dose response curves and higher maximum ~-glactosidase production than 

synthetic phenols (Figure 4.3 and Figure 4.4). Both the hER and medER yeast were 

often much less responsive to the synthetic phenolics than steroidal estrogens, with 

lower potencies and very 'flat' sigmoid dose-response curves. This is particularly the 

case in the hER yeast, where 4nOP and 4nNP have very shallow dose-response curves 

and reach a maximal ~-galactosidase concentration that is only 20-40 times more than 

that in the blanks. In the mER yeast, this effect occurs for 4tOP and E3 . Saito et al. 

(2002) were unable to calculate potencies for 4nOP using the EC50 value in a two-

hybrid yeast containing a rat ER. This is not surprising considering the very low 

maximum ~-galactosidase being produced in the hER two-hybrid yeast for 4nOP. Using 

the ECx1o measure allowed quantification of the 4nOP response relative to estradiol. All 

other synthetic estrogens had much steeper slopes and higher maximum responses in the 

medER yeast than that in the hER yeast, especially BPA which had a maximum 

response similar to that of E 1 and EE2• 
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Being a cellular based assay it is not only the interaction with the ER that leads to the 

production of ~-galactosidase, but also a number of other cellular interactions in the 

yeast including passage of the compounds through the cell wall and actual activation (as 

opposed to just binding to) the estrogen responsive element. Sub-maximal dose-

response curves in yeast assays may be due to a combination of a number of factors 

such as solubility, bioavailability, receptor binding affinity, carrier solvent used, seeding 

density of the yeast and incubation period (Beresford et al. 2000). Chemicals that 

demonstrate sub-maximal responses are considered partial agonists, and in the E-screen, 

the degree of agonist behaviour termed the relative proliferation effect (RPE) is 

commonly reported with the relative potency of a chemical. The RPE is calculated as 

the minimum concentration of a chemical that produces maximum proliferation divided 

by the minimum concentration of E2 required for maximum proliferation, multiplied by 

100 (Soto & Sonnenschein 1995). 

Saito et al. (2002) found that the two-hybrid yeast assay was not able to detect 

estrogenicity in 9 out of 13 influent samples and 5 out of 13 effluent samples due to 

their toxicity. This highlights the importance of sample preparation, as all influent 

samples tested in the current study were not only able to detect and quantify EDC 

effects, but also were almost twice a high as that predicted by the chemical data. The 

raw sewage influent tested had high estrogenic responses that are comparable to those 

found by other assays such as vitellogenin expression in cultured fish hepatocytes 

(106.7 and 159.5 ng/L EEq) (Jin et al. 2008), the ERBA (averages between 15 and 185 

ng/L EEq across STPs) (Leusch et al. 2006b ), in the lower range of the E-screen (108-

356 ng/L EEq averages across STPs) (Tan et al. 2007). Although the estrogenicity of 

sewage influent can vary greatly due to the concentration and types of EDCs, the 

similarity of results to other influents tested with other assays, confirms that cytotoxicity 

is not inhibiting the two-hybrid yeast response under this testing protocol. Use of Oasis 

HLB extraction resulted in a higher co-extraction of toxic matrix components; however, 

it did not produce estrogenicities different to Empore disk extraction and the florisil 

clean-up protocol was able to reduce the impact of cytotoxicity. At higher sample eV, 

toxicity did begin to impact on the bioassay response in raw sewage influent samples, 

and it is a combination of reduction in toxicity by the florisil clean-up process and the 

lower quantification point that allowed quantification even in raw sewage matrices. 
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Bioassay responses in general for both the hER and medER yeast were frequently 

higher than that predicted by the chemical data. In the medER yeast assay the linear 

regressions between the actual bioassay responses and both the predicted responses and 

synthetic sample responses had very similar regression equations, indicating that it is 

the unmeasured chemicals in the samples contributing to the higher responses in the 

bioassay. In the hER yeast, the synthetic samples more closely represent the real 

bioassay result and it is perhaps an underestimation of the potency of some of the 

chemicals measured that limits the predictions of the chemical data. From these 

differences it can be assumed that it is chemicals that show higher potency in the 

medER yeast, that have not been measured by the chemical analysis as the medER 

synthetic samples were responding more closely to what the chemical data predicts than 

the actual bioassay. The hER yeast was less responsive to synthetic chemicals than the 

medER yeast and the major steroidal estrogens have a more dominant effect on the total 

bioassay response. E 1, E2 and E3 were responsible for the majority of the bioassay 

response in the hER yeast. The much steeper dose response curves caused by exposing 

the yeast to steroidal estrogens seen in Figure 4.3 and Figure 4.4 mean that smaller 

changes in concentrations of these chemicals lead to major differences in bioassay 

response. The fact that the slope is not used when applying relative potencies, may be 

contributing to the chemical under-estimation in the response of the hER yeast. E3 has a 

very different dose-response curve to that of the other estrogens, which may be driving 

the differences seen in influent samples and why the hER synthetic samples were much 

less able to account for the actual sample response. 

Effect summation was used to calculate the chemically predicted EEqs for this study. 

More complicated methods of predicting bioassay response through chemical potencies 

include the use of isoboles (Kortenkamp & Altenburger 1998) and the concentration 

addition method (Payne et al. 2000; Thorpe et al. 2006). Although it shows promise 

with model compound mixtures, the EEq predicted by the concentration addition model 

frequently overestimated the response in the recombinant YES, by at least 2-3 fold and 

even up to 24 fold in effluent samples. Thorpe et al. (2006) suggest that one of the 

major limitations for the model being applied to environmental samples is the inability 

to accurately quantify EDCs in the sewage effluent matrix, which is a limiting factor in 

the effect summation method used here. Kortenkamp and Al ten burger ( 1998) argue that 

it is inappropriate to use simple summation to estimate mixture effects for 
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xenoestrogens as the dose-response relationship is not linear. Although this is true, to 

apply the isobole method, an understanding of the dose response relationship of at least 

equimolar binary mixtures is needed and as such it has not been taken up as a method of 

comparison. There is also the additional problem of differences in the maximum 

response for different chemicals in effects-based bioassays, making the isobole method 

not suitable beyond mortality studies which have a clearly defined maximum response 

(i.e. 100% mortality) (M. van den Huevel, pers. comm.). Either way, the testing of 

synthetic mixtures has clearly shown how well the chemical data can predict or explain 

bioassay response in this study. 

4.6 Conclusions 

The two-hybrid yeast assay can be successfully applied to assess estrogenic potential of 

sewage effluent samples without significant impacts due to cytotoxicity, especially if 

the florisil clean-up protocol is used. At the EC50 quantification point, the influent 

samples may not have been accurately quantified; however, at the ECx 10 point all 

samples could be quantified in both assays down to sub to low ng/L levels. Full dose 

response curves showed that the medER yeast was more sensitive to synthetic phenols 

and that synthetic phenols were not full agonists in either strains of yeast. The higher 

potencies of synthetic phenols in the medER yeast and the lower response in synthetic 

samples compared to that of the hER yeast, may indicate that the chemical analysis did 

not completely account for all xenoestrogens. This supports the use of in vitro bioassays 

as robust tools for monitoring EDCs in sewage effluent. 
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Chapter 5 Bioassay directed assessment of ER, RAR, AhR 
disruption potential and genotoxicity of sewage effluent at 
GGSTP 
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5.1 Abstract 

It has been well documented that estrogenic endocrine disrupting chemicals (EDCs) are 

found in wastewater effluents. However, other pathways of endocrine disruption have 

received less attention in the study of sewage treatment. In this study, the efficacy of an 

advanced tertiary sewage treatment plant - the Gerringong-Gerroa Sewage Treatment 

Plant (GGSTP) was assessed for the removal of estrogen receptor (ER), aryl 

hydrocarbon receptor (AhR), retinoic receptor (RAR) agonists and genotoxicity using 

recombinant gene bioassays. Untreated sewage influent was genotoxic and contained 

ER, AhR and RAR agonists. Generally, activated sludge treatment removed a 

substantial proportion of the aqueous phase activity with the hER (human ER), medER 

(medaka fish ER), AhR and RAR being reduced by more than 69% except in one 

instance where AhR activity was only reduced by 9%. Advanced tertiary treatment 

processes of ozonation and biologically activated carbon were able to remove the 

activity of genotoxicity and all receptor agonists to below detection limits in all but one 

instance of high residual AhR activity after activated sludge treatment. Estrogenic 

activity was mostly associated with the semi-polar fraction of the aqueous phase 

components, with some of the activity in the influent being associated with the non-

polar phase (maximum 30%). Generally the particulate phase of the effluent showed no 

estrogenic activity throughout the treatment process. AhR and RAR activity was found 

in both the aqueous and particulate phase of the raw sewage influent. Only RAR activity 

was frequently found in the polar fraction of aqueous and particulate phases of the 

process effluent. In the influent the greatest RAR activity was found in the polar 

fraction of the aqueous phase (>65%). The results showed that through the partitioning 

between aqueous and particulate phases due to the degree of polarity, ER, AhR and 

RAR agonists in the effluent were greatly reduced by the advanced tertiary treatment 

processes at the GGSTP. 
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5.2 Introduction 

Traditionally, research on endocrine disrupting chemicals (EDCs) in sewage effluent 

has focused on estrogenic compounds and their potential biological effects (Sumpter 

2005). However, endocrine active chemicals are a much broader issue than just 

estrogenically active compounds and sewage effluent contains a wide range of 

chemicals that are able to interfere with other endocrine pathways in the body. Many 

known forms of endocrine disruption are receptor mediated. There are at least 48 known 

nuclear/cystolic receptors including receptors for progestins (progestin receptor: PR), 

estrogens (ER), androgens (AR), glucocoriticoids (GR), mineral-corticoids (MR), 

thyroid (TR) vitamin D (VDR), retinoids (RXR), all-trans-retinoic acid (RAR), 

peroxisome proliferator activated receptor (PPAR) and aryl hydrocarbon (AhR) and 

pregnane x receptors (PXR) (Jacobs, Dickins & Lewis 2003). Receptors play a role in 

the expression of multiple genes and the detection of receptor agonist activity in 

contaminated waters is indicative of potential to cause endocrine disruption. The 

assessment of multiple receptors is important as there is a lot of 'cross talk ' between 

receptors, and some EDCs are agonists to more than just one type of receptor. Some 

alkylphenols are not only estrogenic EDCs, but research shows that they are also RAR 

(Kama ta et al. 2008), AhR and PXR agonists (Meucci & Arukwe ). Parabens are both 

weakly estrogenic (Golden, Gandy & Vollmer 2005) and are RAR agonists (Kamata et 

al. 2008). Steroidal estrogens may act as antagonists of the AhR receptor. They have 

been shown to reduce the expression of AhR dependent expression of CYPlAl and 

ethoxyresorufin-0-deethylase (EROD) activities and that the process is not mediated by 

estrogen dependent protein transcription, and therefore, it is likely that it is direct 

interference with AhR agonism (Lai, Wong & Wong 2004). Other xenoestrogens do not 

have the same effect as steroidal estrogens with either weak in vivo (Kirby et al. 2007) 

or no in vitro (Navas & Segner 2000) EROD suppression even when alkylphenol 

concentrations are high enough to induce the estrogen dependent vitellogenin protein in 

fish. These are but a few examples of the complexity of nuclear receptor interactions 

that are continually being discovered and reported in the literature. 

Although there is a lot of cross-talk between receptors and more research is needed to 

fully understand the role of many receptors to better evaluate modes of endocrine 
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disruption (ED), there are already known functions and impacts of EDC exposure. For 

example, the AhR has been widely studied, especially in terms of environmental 

pollution as it can be induced by a wide range of hydrophobic compounds of the 

halogenated aromatic hydrocarbons (HAHs) and non-halogenated polycyclic aromatic 

hydrocarbons (PAHs) groups of which 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is 

the most potent (Denison & Heath-Pagliuso 1998). These compounds include some 

manufactured chemicals such as PCBs, but often they are by-products of incomplete 

combustion of fossil fuels , wood and household wastes. In the review by Denison and 

Heath-Pagliuso (1998) dietary plant compounds such as indoles and flavones , meat 

cooking by products - heterocyclic amines, drugs such as methylenedioxybenzenes and 

benzimidazole, and the pesticide Carbaryl are all AhR agonists. The role of the AhR is 

not completely understood; however, the most well defined role is in the metabolic 

pathway for detoxifying such chemicals and it is also involved in immune function, 

function of regulatory T-cells and as a transcriptional regulator in many tissue types 

(reviewed in Swedenborg & Pongratz, in press) . There may be many potential impacts 

of AhR ED, as the deleterious effects of TCDD, including teratogenisis, 

immunosuppression and tumour promotion are likely to be mediated through the AhR 

(reviewed in Mimura & Fujii-Kuriyama 2003). 

Another receptor that is under increased scrutiny for potential ED impacts is the RAR. 

There are three forms of RARs; a , ~ and y and the natural ligand for the RARs are 

retinoids (active forms of vitamin A) of which all-trans retinoic acid (atRA) and 9-cis-

retinoic acid (9cRA) have the highest affinity for the RARs (Allenby et al. 1993). 

Retinoids and the RAR and the RXR are involved in a broad range of biological 

functions including cell differentiation, vision, immune response and embryonic 

development (Sporn, Rogerts & Goodmann 1994 ). All three RAR types are responsible 

for different receptor specific tetrogenic effects when excessive retinoids are present, 

including ear, mandible and limb malformations, defects of the liver and urinary system 

as well as defects of the stemebrae and vertebral body (Elmazar et al. 1996). There is 

evidence to suggest that environmental exposure to RAR agonists are the cause of 

deformities found in frogs in the USA, although there are competing hypotheses such as 

UV radiation and parasite induced deformities (Gardiner et al. 2003). Exogenous 

agonists of the RARy include organochlorine pesticides, styrene dimmers, 

monalkylphenols and parabens (Kamata et al. 2008). Some of these chemicals have 
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been detected in sewage effluents. However, a toxicity identification evaluation (TIE) of 

RAR agonists in sewage effluent identified natural retinoic acid metabolites; all-trans-4-

oxo-RA and 13-cis-4-oxo-RA as the causative compounds of RAR activity (Zhen et al. 

2009). Of particular interest was 13-cis-4-oxo-RA, which had a potency 3.87 times that 

of atRA. 

Currently, there are a suite of in vitro bioassays that have been developed for 

investigating the ability of chemicals to bind to different receptors. Although originally 

developed for exploring the mechanisms of receptor mediated transcriptional activity 

and the potency of different endogenous and exogenous compounds, these bioassays 

can be applied to environmental samples with complex matrices to give an indication of 

whether exposure to these waters can lead to endocrine disruption in wildlife or, 

whether there may be risks to human health from exposure to recycled sewage effluent. 

Estrogenic in vitro bioassays have been applied to the assessment of sewage effluent in 

many studies (Aerini et al. 2004; Bicchi et al. 2009; Desbrow et al. 1998; Hu et al. 

2007; Huggett et al. 2003; Korner et al. 2000; Ma, Rao & Wang 2007; Nelson et al. 

2007; Tan et al. 2007; Tanaka et al. 2001; Ying et al. 2009). However, few studies have 

investigated the ability of EDCs in sewage effluents to mediate ED through other 

receptor pathways. In this study, we used genetically modified yeast to assess the 

capability of an advanced sewage treatment plant (STP) to reduce not only ER, but also 

RAR and AhR activity, as well as assessing genotoxicity through the luminescent umu 

test. The two-hybrid yeast assay system, developed by Nishikawa et al. ( 1999) has been 

modified to a high throughput method for analysing environmental samples by Shiraishi 

et al. (2000), where the yeast Saccromyces cerrivisiae Yl 90 is transfected with either 

the human ERa, the medaka fish ( Oryzias latipes) ERa or the human RAR y and a co-

activator necessary for transcriptional activity. The yeast also contains an expression 

plasmid with the lacZ gene downstream of the receptor response element and the 

production of ~-galactosidase is quantified as the measure of transcriptional activity. A 

similar yeast system for the detection of human AhR activity (Miller, Martinat & 

Hyman 1998; Miller 1997) was assayed using Shiraishi et al. 's (2000) methodology and 

a high throughput standardised luminescent umu test using genetically modified 

Salmonella typhimurium TL2 l 0 (Kageyama et al. in prep.), was also used to assess the 

removal of genotoxicity. 
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5.3 Methodology 

5.3.1 Sample collection and preparation 

On 24th January and i 11 September 2007 a sample was collected under normal flow 

conditions at GGSTP from each stages of the treatment train except the ozone contactor 

(sampling locations 1-4, 6-9 in Figure 2.1 ). Samples were collected in solvent rinsed 

amber glass bottles and kept at 4 °C for less than 24 hours until extracted. To each 1.0 L 

sample from each treatment stage, 10 mL of acetic acid:H20:MeOH (1 :9:90) was added 

before being filtered through 1.2 µm pore size Whatman glass fibre GF/C filters. The 

filtered samples were extracted using solid phase extraction (SPE) Empore SBD-XC 

disks for the January sampling and Empore Cl 8-FF disks for the September samples. 

The full 1.0 L ( + 10 mL preservative) was extracted for all samples except the raw 

sewage influent sample, in which 100 mL was extracted. Even after filtering the sample 

matrix through Whatman GF/C glass fibre filters , the filtrate of the raw influent still 

caused clogging of the extraction filter at higher volumes. A smaller volume; 100 mL 

was an appropriate volume to extract for the raw influent, as a low concentration factor 

was required to detect a response in the bioassays. Extractions were performed on a 

multi-station glass filtration manifold. Extraction disks were preconditioned with 10 mL 

ofMeOH and 20 mL of purified H20 before drawing the sample through under vacuum 

at a flow rate of approximately 200 mL/min. The extraction disks were dried on a slide 

warming tray for at least an hour at 35 °C and individually wrapped in aluminium foil. 

The dried disks were sent to the National Institute for Environmental Studies (NIES) in 

Tsukuba, Japan for assaying using the hERa (human estrogen receptor), medERa 

(Japanese medaka fish; Oryzias latipes estrogen receptor) and RARy (human retinoic 

acid receptor) two-hybrid yeast assays and the AhR (human arylhydrocarbon receptor) 

recombinant yeast assay. Some of the glass fibre filters were also dried and sent to 

Japan for extraction and analysis by the yeast bioassays. The September samples were 

additionally analysed for genotoxicity using the luminescent umu test. 
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5.3.2 Sample fractionation process 

The dry Empore disks were each extracted in a glass filtration manifold with 10 mL of 

MeOH. The disks were allowed to soak and then the MeOH was drawn through under 

vacuum and into a screw cap glass centrifuge collection tube. The dry Whatman GF/C 

glass fibre filters were placed in a 50 mL screw cap glass tube with 20 mL ofMeOH 

and ultrasonicated for 10 minutes. After ultrasonication, a 10 mL subsample of the 

extract was filtered through a Millex-HN filter (0.45 µL pore size Nylon) into a 10 mL 

glass screw cap centrifuge tube. 

After the extraction procedure, the concentrated extracts from both the particulates and 

aqueous phases underwent solvent polarity based fractionation. The sample (in MeOH) 

was evaporated to dryness under a gentle stream ofN2 gas and resuspended in 1 mL 3: 1 

hexane:DCM and quantitatively transferred onto a 500 mg 3 mL Bond-Elut FL florisil 

cartridge (Varian). Drawn through under vacuum, the eluate from the florisil column 

was collected in a glass centrifuge tube, and washed through with an additional 2.5 mL 

of hexane:DCM (non-polar fraction). A second fraction (semi-polar) was collected in a 

separate glass centrifuge tube by washing 5 mL of l :9 mix acetone:DCM through the 

florisil column under vacuum and a final fraction (polar) was collected in a third glass 

centrifuge tube by washing through the florisil column with 5 mL of MeOH. The three 

fractions were then evaporated under a gentle stream of N2 gas and redissolved in 

100 µL of DMSO. The glass fibre filter samples were fractioned using the same method 

as that of the Empore disk extracts. 

5.3.3 Yeast assay protocol 

The hER, medER and RARy two-hybrid and AhR recombinant yeast bioassays were 

run on the three sample fractions using the protocol described in section 2.4. l .2. The 

only variation is the standard used for the RAR two-hybrid yeast was all-trans retinoic 

acid (atRA) and the standard for the AhR recombinant yeast was ~-naphtoflavone. 
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5.3.4 Luminescent umu genotoxicity bioassay 

The application of the luminescent umu test to environmental samples is based on the 

method published by Nakajima et al. (2005; 2007) and Tanada et al. (2001) with 

modifications to a more rapid, high-throughput assay, using a standard reference 

material (Kageyama et al. in prep.). The method used a stain of Salmonella typhimurium 

TL2 l 0 that has been transfected with the plasmid construct pTL2 l 0, containing the 

luxA-E luminescent genes (from the luminescent bacteria Vibro fisheri) downstream of 

umu D, C gene. 

The stock bacterium culture was prepared by incubating S. typhimurium TL2 l 0 at 30 °C 

with shaking for 16 hours in TG culture medium (containing 1 % triptone/peptone, 

0.5 % sodium chloride, and 0.2 % glucose). The culture was then diluted with TG 

medium so that the turbidity had an absorbance of 2.0 when measured at 600 nm. The 

diluted yeast culture was then made to 18 % sterilised glycerine before aliquots were 

stored at -80 °C until used for the bioassay. 

For the bioassay 24 mL of TG culture medium was inoculated with 10 µL of the frozen 

bacterium suspension and shaken for 16 hours at 30 °C. After 16 hours, 1000 µL of the 

culture was transferred to 48 mL of TG medium, which was then shaken at 30 °C for 

1.5-2.0 hours. The second culture was adjusted to an OD600 of 2.0 for the bioassay. 

The bioassay was run under conditions that simulated mammalian metabolic activation 

( +S9) by addition of a commercially available rat liver S9 mix (Oriental Yeast Co. Ltd., 

Osaka, Japan) and also under conditions without metabolic activation (-S9) by adding 

0.1 mol/L phosphate buffer (pH 7.4). 

Twenty µL of the concentrated samples in DMSO were diluted in 480 µL of TG 

medium and 60 µL of three of the TG diluted sample was then transferred in triplicate 

to the A row of a black 96 well microplate. 4-nitroquinoline-N-oxide ( 4NQO) was 

added to the remaining three wells of the A row. This plate tests for genotoxicity under 

the -S9 condition. A second black mi crop late also had 60 µL of the same three TG 

diluted sample added in triplicate to the A row. This plate had benzo[a]pyrene (BaP) 

added to the last three wells for testing under the +S9 condition. Both reference 

chemicals were prepared in the same manner as the sample - 2 % DMSO in TG 
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medium. The next stages of reagent addition and sample dilution were performed using 

an automatic diluting device (NSP-7000R, NICHIR YO, Saitama, Japan). Sixty µL of 

DMSO free TG medium was added to the remaining wells on the plates and doubling 

dilutions of the A row were made down the plate leaving 60 µL remaining in each well 

and the final H row containing no sample was the reagent blank. All wells had 60 µL of 

bacteria culture added using the respective +S9 or -S9 modified bacterial culture. On 

the +S9 plate, the final S9 protein density was 0.3 7 mg/mL. The plates were then gently 

massaged over a vortexer to mix the solutions for 40 seconds before being incubated at 

30 °C for 4 hours (static conditions). Luminescence was then measured by a 

luminescence reader (JNR, AB2 l 00, ATTO) set to a dwell time of 1 second per well. 

Total luminescence was calculated as the average of the triplicate wells and corrected 

with each individual plate's positive controls. 

5.4 Results 

5.4.1 hER and medER bioassays 

Most of the estrogenicity measured by the hER two-hybrid yeast assay was in the semi-

polar fraction of the influent samples (Figure 5.1). However, in the January influent 

sample, the non-polar fraction contributed 9 % of the total 38.5 ng/L EEq. The non-

polar fraction of the influent sample contributed more frequently to the total 

estrogenicty as measured by the medER yeast bioassay. Both influent samples and the 

secondary stages of the September sampling had quantifiable activity in the non-polar 

fractions (Figure 5.2). The medER yeast also measured low level activity (<0.91 ng/L 

EEq) in the polar fractions of the September samples from secondary treatment stages. 

Overall the majority of the estrogenicity was measured in the semi-polar fraction 

regardless of treatment stage or ER type. There was a trend of increasing removal of 

estrogenicty with increasing number of stages of treatment as measured by the hER and 

medER yeast bioassays. Neither of the bioassays detected estrogenicity in all fractions 

of the wastewater after the 0 3/BAC treatment stages (Figure 5.1 and Figure 5.1). Low 

responses were measured in the semi-polar fraction of the January dam sample at 0.17 

and 1.1 ng/L in the hER and medER yeasts, respectively. 
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Figure 5.1: hER activity measured by the hER two-hybrid yeast assay. Results are the ECxio of the 
sample fractions expressed as the equivalent concentration of estradiol (ng/L). Black bars represent 
the response in the non-polar fraction, grey bars represent the response in the semi-polar fraction 
and white bars represent the response of the polar fraction. 
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Figure 5.2: medER activity measured by the medER two-hybrid yeast assay. Results are the ECxio 
of the sample fractions expressed as the equivalent concentration of estradiol (ng/L). Black bars 
represent the response in the non-polar fraction , grey bars represent the response in the semi-polar 
fraction and white bars represent the response of the polar fraction. 

The medER two-hybrid yeast response in the January raw influent sample was much 

higher than in the September sample, and the response was more than five times higher 

than the hER response compared with only 2 Yi times greater for the medER response to 

that for the hER response in the September sample. 
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5.4.2 AhR bioassay 

AhR activity in the influent was very different between the two sampling events. In 

January, the influent concentrations were only 11 and 71 ng/L ~-NP Eq. in the non-

polar and semi-polar fractions , respectively. In the September sample the response in 

the non-polar fraction (96 ng/L ~-NP Eq) was higher than that of the combined total 

response of the January fractions while the semi-polar fraction had a response of 

1396 ng/L ~-NP Eq, which was 20 times higher than that in the January sample. The 

polar fraction of the January raw sewage influent sample was toxic to the yeast and the 

response of the assay could not be quantified. Interestingly, an Empore C 18-FF replicate 

extraction of the raw influent had toxicity in both the semi-polar and polar fractions , 

indicating that there may be more toxic compounds co-extracted when using C 18 disks 

than compared to SDB-XC disk. Concentrations in the secondary treatment stages of 

post-DN through to sandfilter were more similar between seasons with the combined 

response in the September sample being only 58-96 % higher than that of the January 

sample (Figure 5.3). Secondary treatment samples had AhR responsive compounds in 

all three fractions, although the majority was eluted in the semi-polar fraction. In 

January, lower levels of response were measured in all fractions of the advanced tertiary 

treatment stages, which were actually lower after 0 3/BAC treatment than in the final 

effluent. In the September, despite the much higher initial influent concentrations 

measured and higher responses of the secondary treatment samples than those of the 

January samples, advanced tertiary treatment samples had AhR responsive activity 

consistently below the detection limit ( 4.0 ng/L ~-NP Eq). During both sampling events 

the dam sample displayed some activity in the AhR yeast, with a total of 43 and 

22 ng/L ~-NP Eq in January and September, respectively. It must be noted that the AhR 

yeast responses were the only bioassay that required blank correction as the non-polar 

and semi-polar fractions had quantifiable activity in the procedural blanks of 3.1 and 

3.0 ng/L ~-NP Eq, respectively. 
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Figure 5.3: AhR activity measured by the AhR two-hybrid yeast assay. Results are the ECxio of the 
sample fractions expressed as the concentration equivalent to P-naphtoflavone. Black bars 
represent the response in the non-polar fraction, grey bars represent the response in the semi-polar 
fraction and white bars represent the response in the polar fraction. 

5.4.3 RAR bioassay 

RAR activity of the influent was found in all three polarity fractions during both 

sampling events (Figure 5.4). The highest activity was measured in the polar fraction 

with 98 ng/L atRA Eq activity in the polar fraction of the September influent, and at 

least 116 atRA Eq in the polar fraction of the January influent. The polar fraction of the 

January influent was affected by toxicity and the true RAR activity is likely higher than 

116 atRA Eq measured. The secondary treatment stages of post-DN, clarification and 

sandfiltration had low level responses in the polar fraction in the September sample and 

in the polar and semi-polar fractions in the January sample. Samples from the advanced 

tertiary treatment stages showed no detectable RAR yeast response, expect for the 

January UV sample that recorded 3 .4 ng/L atRA Eq in the polar fraction. The January 

dam sample also had an elevated response in the polar fraction of 33 ng/L atRA Eq, 

whereas there was no detectable response in the September dam sample. 
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Figure 5.4: RAR activity measured by the RAR two-hybrid yeast assay. Results are the ECx10 of the 
sample fractions expressed as the equivalent concentration of all-trans retinoic acid (ng/L). Black 
bars represent the response in the non-polar fraction, grey bars represent the response in the semi-
polar fraction and white bars represent the response in the polar fraction. 

5.4.4 Umu test 

The September sample was also analysed for genotoxic potential using the luminescent 

umu test. The results of the umu test have two components - 1. direct genotoxicity as 

measured by the response in the assay when run without S9 mammalian metabolic 

activation mixture, and 2. genotoxicty that may occur due to metabolic activation. Only 

the raw influent and sandfilter samples displayed direct genotoxicty with the non-polar 

fraction inducing responses equal to exposure of 0.31 ng/L and 0.01 ng/L of 4NQO, 

respectively. Metabolically activated genotoxicty was detected in samples of the raw 

influent, post DN, clarifier and sandfilter stages in the semi-polar fraction, and in the 

polar fraction of the influent and post-DN tank samples (Figure 5.5). After 0 3/BAC 

treatment and including the final storage dam, there was no detectable genotoxicity in 

any of the three fractions of these samples. Overall the raw sewage influent had a much 

higher response than the other three stages where genotoxicity was measured, and 

03/BAC treatment removed the low levels of response remaining after secondary 

treatment. 
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Figure 5.5: Genotoxicity as measured by expression of the umu gene in S. typhimurium TL210. 
Sample responses are expressed as the equivalent concentration in either 4-nitroquinoline-1-oxide 
(4NQO) in ng/L for the samples not incubated with metabolic activator (-S9) and as 
benzo(a)pyrene (BaP) in ng/L for samples incubated with metabolic activator (+S9). Analysis was 
conducted on the September 2007 samples. 

5.4.5 Activity of particulate material 

Particulate material was analysed for a limited number of samples. Samples containing 

particulate material were collected from the sandfilter, BAC, microfiltration treatment 

stages, and the dam in January and from the raw influent, post-DN tank and the dam in 

September. The highest response measured in the particulate fraction was that of the 

AhR yeast when exposed to the raw influent sample with a combined response of 

860 ng/L ~-NP Eq, however the majority (680 ng/L) of the response was from the semi-

polar fraction. The high response in the particulate fraction in the AhR yeast, coincided 

with the high response in the aqueous phase. The particulate phase accounted for 38 % 

of the total AhR response in the raw influent. Quantifiable responses in the particulate 

phase were measured in the AhR yeast for the post-DN, sandfilter, BAC and both dam 

samples, although not for the microfiltration sample. This indicates decreasing 

particulate AhR activity with increasing treatment (Figure 5.6a). Particulate AhR 

activity was often a major contribution to the total AhR activity and was anywhere from 

11-56 % of the total activity (Table 5 .1 ). 
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Figure 5.6: a) AhR and b) RAR activity from particulate fraction of sewage samples taken from 
different stages of treatment. Particulate samples were for the raw, post-DN and dam (daml) were 
collected on the 7 September 2007 and samples from the sandfilter, 03/BAC, microfiltration and 
dam (dam2) were collected on the 25 .January 2007. Black bars represent the response in the non-
polar fraction, grey bars represent the response in the semi-polar fraction and white bars represent 
the response of the polar fraction. 

RAR activity of the particulate fraction was the only instance where the raw sewage 

influent response was not the highest response for all treatment stages. The sandfilter 

sample had a higher response in the RAR yeast than that in the influent with a total of 

20 ng/L compared to 7.3 ng/L atRA Eq, respective ly (Figure 5.6b). Most of the 

response in the sandfilter sample was detected in the semi-polar phase, while the 

response in the raw influent sample was entirely in the non-polar fraction. This suggests 

that the activated sludge treatment removes most of the influent RAR activity as there 

was no detectable RAR activity in the post-DN stage and only a small proportion of the 

sandfilter response was in the non-polar fraction (0.44 ng/L atRA Eq, 6%). The elevated 

response in the sandfilter stage also equated to a much higher percentage of the total 

RAR activity in the sandfilter sample being present in the particulate phase (69 %). 

RAR activity was detected in the BAC sample and the January dam sample, but not in 

the microfiltration sample, indicating that microfiltration removed the low level 

particulate response that remained after 0 3/BAC treatment. The BAC sample had 100 % 

of the RAR activity in the particulate phase, with no detectable activity in the aqueous 

phase. 
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Table 5.1: Relative percentages of the total AhR or RAR yeast response between the particulate 
and aqueous phases for the total response of the three solvent fractions. n.a. =not applicable as 
both phases were below the detection limits 

AhR RAR 

Particulate Aqueous Particulate Aqueous 

Raw 38 62 7 93 

Post-DN 40 60 0 100 

Dam 1 56 44 0 100 

Sandfilter 11 89 69 31 

03/BAC 23 77 100 0 

Microfiltration 11 89 n.a. n.a. 

Dam2 12 88 12 88 

The only estrogenic response detected in the particulate fraction was 77 ng/L EEq 

measured in the non-polar fraction of the raw sewage influent when tested with the 

medER two-hybrid yeast. This was almost equal to the combined response of the 

aqueous phase for this sample. The same sample did not have a corresponding 

particulate phase response in the hER two-hybrid yeast and 100 % of the estrogenicity 

measured by the hER yeast was in the aqueous phase. 

5.5 Discussion 

The presence and removal of estrogenic activity from the sewage influent was as 

expected from the previous assessment of the GGSTP (Chapter 3). Both hER and 

medER results reflected the fact that estrogenic EDCs are amenable to biodegradation 

through activated sludge treatment, but not completely removed. Advanced tertiary 

treatment was able to remove estrogenic activity in the wastewater to below detection 

limits. Estrogenic activity was preferentially associated with the semi-polar fraction of 

the aqueous phase from the influent and throughout the treatment process until it was 

undetectable after the 0 3/BAC treatment. Only the influent had appreciable estrogenic 

activity found in the non-polar phase. Of the low levels of estrogenicity measured by 

Ma et al. (2005) in the influent of a Beijing reclamation pilot plant, non-polar and polar 

fractions had similar levels of estrogenicity. During treatment, Ma et al. (2005) found 
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varying levels of estrogenic activity in the different polarity fractions , with the semi-

polar fraction only dominating after secondary treatment and ozonation. It is likely that 

this reflects the diversity of source effluent between the two STPs, as GGSTP is of a 

purely domestic origin and contains high concentrations of steroid estrogens in the 

influent which generate lO's-low lOO ' s ofng/L EEqs. The influent investigated by Ma 

et al. (2005) had influent estrogenicities in the pg/L range, which is extremely low for 

STP influent. 

The only unexpected result was the activity (77 ng/L) detected in one influent sample in 

the non-polar fraction of the particulate component by only the medER two-hybrid 

yeast. The non-polar fraction is suppose to contain a greater portion of synthetic phenols 

which are more potent in the medER assay; however, the magnitude of the response was 

particularly high considering the fact that no hER activity was detected at all and the 

potency of synthetic phenols in the medER are still at least 1000 times less than E2 (see 

Table 4.2). Low levels of activity have been found in the particulate phase of other 

wastewater influents; however they were less than 15% of the total estrogenicity of the 

influent (Mnif et al. in press). 

There are very few published studies to compare the results of the AhR activity to, as 

sewage effluent is generally not assessed for AhR activity. Due to the hydrophobic 

nature of AhR agonists, most studies are either focused on sediments of aquatic 

environments, landfill leachates, incineration waste or on wastewater sludge, 

particularly from industrial waste (Behnisch, Hosoe & Sakai 2001 ). However, there are 

a few studies where sewage effluent has been studied. Secondary treated STP effluent in 

Tunisia used for irrigation had AhR activity in the HeLa cell line equal to 319.5pM 

(102.9 ng/L) TCDD Eq/L (Mahjoub et al. 2009), while in an advanced wastewater 

treatment plant in south-east Queensland, Australia influent EC20 was 0.83 ng/L TCDD 

Eq in the AhR CAFLUX assay and was reduced to 0.33 ng/L TCDD Eq after 

coagulation, flocculation, DAFF (dissolved air floatation filtration) , sandfiltration, 0 3 

and BAC treatments (Macova et al. 2010). At this level of treatment the final effluent 

response was not significantly different to that of the blank. Similarly to the AhR 

response of samples collected after clarification and sandfiltration in the current study, 

Macova et al. (2010) also noted that sandfiltration did not reduce AhR activity after 

secondary treatment. 
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In the current study advanced tertiary treatment had variable results in reducing AhR 

activity to below detection limits. Tqe January sample had low levels of activity 

remaining in all three fractions after 0 3/BAC treatment while for the September sample 

AhR activity was reduced to less than 4.0 ng/L ~-NP Eq. This may be due to poor 

performance of the BAC treatment at this sampling period as other studies found that 

ozonation alone appeared to be unable to completely remove AhR activity. Macova et 

al. (2010) found that the activity after ozonation was not significantly different to that 

after secondary treatment and Ma et al. (2005) measured a spike in activity after 

ozonation. Both studies found that biological treatment applied after ozonation was able 

to significantly reduce AhR activity. This is comparable to the results of the current 

study that showed that secondary treated effluent had a higher AhR activity that was 

then reduced by the combination of 0 3/BAC treatment. 

Ma et al. (2005) utilised a similar fractionation procedure as used in the current study. 

They found that in the influent, the polar fraction had the most AhR activity, at around 

8 pg/L TCDD Eq (as measured by EROD in H4IIE rat hepatoma cells), the non-polar 

fraction had about one third of the activity of the polar fraction and the semi-polar 

fraction had less than one tenth the activity of the polar fraction. This is different to the 

results of the current study where the majority of AhR activity in the influent was 

measured in the semi-polar fraction and no activity was detected in the polar fraction. 

The different fraction results are likely due to the different polarity of the solvent 

mixture used to partition the semi-polar fraction. Ma et al. (2005) used a 7:3 

hexane: DCM, while the current study used 1 :9 acetone: DCM which may have eluted 

compounds of greater polarity than the hexane:DCM mixture, although they suggest 

that as most potent non-polar agonists are likely to partition to the solids, what remains 

in the aqueous phase may be the more polar AhR agonists. 

In Croatia, untreated sewer effluent of domestic and industrial origins as well as street 

run-off had an average EROD response in rainbow trout hepatocytes of 6.4 ng/L TCDD 

Eq (Grung et al. 2007). When applying a fractionation procedure using HPLC, Grung et 

al. (2007) detected AhR activity in 12 out of the 30 different fractions. The nine most 

polar fractions had no AhR activity, which is more comparable to the results of the 

current study. Using TIE methods Grung et al. (2007) identified over 40 likely causative 

compounds including several PAHs such as alkylated pahthalenes, benzo(a,b,c,)fluorine 
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and bnez[ a ]anthracene, alkylated biphenyls and polyaromatic compounds, alkylated 

carbazoles, triclosan , nicotine, phenobarbital, and the pesticides acetochlor and 

metolachlor. Despite identifying so many contributing compounds, only 12 % of the 

activity could be attributed to the concentrations of the measured agonists. 

Converting the ~-NP Eq response data generated in the current study to a TCDD Eq is 

not practical due to adsorption problems associated with assaying TCDD in the yeast 

based assay in plastic containers. When assayed in glass TCDD has a higher potency 

than ~-NP for the AhR yeast assay, which is as expected compared to mammalian tissue 

studies; however in plastic, TCDD was less potent in the yeast assay (Miller 1999). As 

such, the potency of TCDD is dependent on the material used for conducting the 

bioassay. Kawanishi et al. (2003) found that the human AhR receptor yeast had an EC50 

of 10 nM for TCDD and 5 nM for ~-NP . So theoretically the molar responses of the 

effluent samples in the current study could be doubled to convert to TCDD Eq for 

comparison with other studies, however there may be some variability in the response 

relationship. This is one of the disadvantages of using the yeast based assay, as TCDD 

is the accepted standard for reporting equivalent AhR activity. 

Removal of RAR activity was mostly achieved by activated sludge treatment with 

0 3/BAC treatment removing the remaining active compounds to below detection limits 

on both sampling occasions. The influent had a high proportion of the RAR activity 

associated with the polar fraction of the aqueous phase, which is very different to where 

influent ER and AhR activity was primarily measured. Most of the RAR activity was in 

the aqueous phase except in the sandfilter sample, which had a higher semi-polar 

particulate response than the total response of the aqueous phase. Very few studies have 

been conducted on RAR activity in wastewater. However, an environmental study by 

Inoue et al. (2009b) in Japan showed that two-hybrid yeast RARa activity in rivers was 

not elevated downstream of STPs and that RAR activity was more likely to be caused 

by general surface run-off. One of the studies on STPs found that across seven STPs in 

China, influent RAR activity is mostly found in the semi-polar fraction with no 

significant activity found in the polar fraction (Zhen et al. 2009). This is different to the 

results of this study where variable activity between fractions was found. Zhen et al. 

(2009) also detected antagonistic effects in influent samples. Spiking experiments 

showed that whole (unfractionated) samples had 86-103 % inhibition. The concentration 
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of RAR activity measured in the influent by Zhen et al. (2009) ranged from 6.6-

13 .4 ng/L atRA Eq, which is approximately 10 times lower than what was measured in 

the current study. The higher RAR activity measured coupled with the presence of 

activity in more fractions probably indicates a wider range of RAR agonists in the 

current study compared to the retinoid metabolites all-trans-4-oxo-RA and 13-cis-4-

oxo-RA identified by Zhen et al. (2009). Although the influent concentrations were 

higher the advanced tertiary treatment processes were able to reduce effluent RAR 

activity to levels similar or lower than activity measured in the secondarily treated 

effluents of Zhen et al. (2009) study. In a laboratory scale study, Inoue et al. (2009a) 

compared the efficacy of different advanced treatment to reduce RAR activity after 

secondary treatment. Inoue et al. (2009a) found that the most effective treatments for 

reducing RAR agonist activity was RO or NF and removal by ozonation > MF > UV > 

coagulation with ferric sulphate >> coagulation with PAC. Cao et al. (2009b) also 

compared RAR removal using different treatment technologies and found that the 

original two-hybird yeast response of 13.4±2.7 ng/L atRA Eq. in secondary effluents 

was completely removed by ozone treatment even at the lowest dose tested (2 mg/L). 

UV and ultrafiltration provided little removal, while chlorination and RO were only able 

to remove about 75 % of the activity. 

AhR and RAR activity in the particulate phase appeared to have no relationship to each 

other. AhR activity in the recombinant yeast test had a high response in the influent and 

appeared to be progressively reduced by the treatment process. Conversely, RAR 

activity was lower in the influent than the sandfilter despite having been undetectable in 

the post-DN tank. Low levels were still present after 0 3/BAC treatment, but no activity 

was detected in any fraction after microfiltration. Generally,_ both the AhR and RAR 

activity was preferentially associated with the aqueous phase during treatment of the 

effluent. However, for the AhR activity the particulate phase still contained a reasonably 

high proportion of the activity (up to 40%) and RAR activity in the sandfilter and 

0 3/BAC treatment stages were preferentially associated with the particulate phase. The 

RAR activity in the sandfilter and 0 3/BAC particulate phase may indicate the 

generation of hydrophobic RAR agonists during the treatment process. Overall the 

results show that the advanced tertiary treatment process reduced the presence of AhR 

and RAR active compounds in the particulate phase; however, as there was no 
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replication of the particulate sample analysis, these results should be interpreted with 

caution. 

No studies were found in the literature that analysed sewage effluent particulate material 

for RAR activity and only one study was found that analysed AhR activity of the 

particulate phase. Mnif et al. (in press) analysed the partitioning of AhR agonism in 

sewage effluent between the aqueous and particulate phases using the AhR transfected 

cell line HAhLP. For the three STPs studied, the particulate fraction of the influent had 

a higher AhR activity by mass (µg/g) than the sludge, and a higher activity per volume 

(µg/L) than the aqueous phase when taking into account the volume of influent used to 

obtain the particulate sample. This is different to the current study where to aqueous 

phase of the influent had higher activity than the particulate fraction. However, in the 

current study a 1.2 µm pore size filter was used, which would allow colloidal material to 

be associated with the aqueous phase, whereas Mnif et al. (in press) used centrifugation 

to separate particulates from the aqueous phase. 

The umu luminescent genotoxicity assay measures the potential of genotoxic, mutagenic 

and carcinogenic effects as upregulation of the umu gene is in response to lesions in the 

DNA. Most studies using the umu test do not standardise sample response to a known 

genotoxin and use a within-assay threshold activity of 1.5 times higher than the negative 

control as advised in fSO 13829 (2000). However, the method used in the current study 

uses a standard to correct for inter-assay variability. Cao et al. (2009a), also used 4-NQO 

to standardise measurements of luminescent umu tests in a study of a sewage treatment 

plant in Beijing, China. Cao et al. (2009a) reported a much higher activity than recorded 

in the current study at the equivalent level of treatment. The final effluent after AS 

treatment, coagulation and sandfiltration had a genotoxic response of 7.0 ng/L 4-NQO, 

which is 700 times higher than the 0.01 ng/L of -S9 umu activity measured in samples 

collected after sandfiltration and seven times higher than the total genotoxic activity in 

the influent of the current study. 

Although the magnitude of response in the umu assay cannot be directly compared to 

studies not using a standard, the performance of treatment for removing genotoxic 

activity can be compared. At the GGSTP the influent genotoxicity was much higher 

than that after activated sludge treatment, clarification and sandfiltration. After the 

0 3/BAC treatment no genotoxicity was detectable regardless of whether or not 
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metabolic activation was used . Some studies have found that the influents of some STPs 

are not genotoxic under the assessment criteria of the 1.5 sample: negative control ratio 

(Zegura et al. 2009). However, this is clearly dependent on influent characteristics. In a 

study by Dizer et al. (2002) only one out of five STP influents tested was not genotoxic 

and the differences between samples assayed with and without metabolic activation also 

varied between STPs. Although all of the STPs studied by Dizer et al. (2002) had 

secondary effluents that were not above the 1.5 ratio, a study by Zegura et al. (2009) 

found one STP that had no genotoxic activity in the influent, had genotoxic secondary 

treated effluent (measured in the -S9 assay). Daily measurements of samples from 

secondary STP effluent by Ono et al. (1996) consistently showed no genotoxicity in the 

-S9 assay, but was genotoxic when metabolic activation was applied ( +S9) . In an 

advanced STP genotoxicity was not significantly different in samples between the 

influent and after denitrification and 'pre-ozonation ' treatments (Macova et al. 2010). 

After coagulation/flocculation/DAFF and ozonation, genotoxicity was still detectable in 

the samples, but was significantly lower than that in the influent. However, it was not 

until after BAC treatment that genotoxicity of the sample was undetectable, which 

concurs with the genotoxicity findings of the effluent from the GGSTP. Removal of 

genotoxicity by ozone treatment improves linearly with increasing ozone dose and 

removal to a level not different to the negative control can be achieved when applying 

ozone to secondarily treated effluent (Cao et al. 2009a). However, a higher ozone dose 

is needed to remove genotoxicity compared with that needed to remove RAR activity. 

5.6 Conclusions 

The sewage influent at the GGSTP contained AhR, RAR, ER active and genotoxic 

compounds. Out of all the analyses, it was only the AhR activity on one sampling day 

that was not greatly removed by activated sludge treatment and even persisted after 

0 3/BAC treatment in both the aqueous and particulate phases of the effluent. Otherwise 

activated sludge treatment greatly reduced activity of ER, AhR, RAR agonists and 

genotoxicity in the raw influent and 0 3/BAC treatments removed these activities to 

below the detection limits of the assays in all polarity fractions of the aqueous samples 

tested. Further investigations are required to draw adequate conclusions in regard to 
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particulate phase activi ty; however, no activity was detected for hER, medER, AhR and 

RAR in particulates after microfiltration, indicating the final effluent also have no 

activity. Although the advanced tertiary treatment process removed the activity of 

receptor agonists and genotoxicity in the effluent, environmental exposure of the treated 

effluent while in the holding dam resulted in increased activity in all but the 

genotoxicity assay, indicating natural environmental processes in aquatic systems can 

produce ER, AhR and RAR agonist activity 
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Chapter 6 Partitioning of estrogenic EDC chemicals throughout 
the treatment process at the Gerringong-Gerroa STP 
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6.1 Abstract 

The concentration and removal of estrogenic endocrine disrupting chemicals (EDCs) 

from sewage effluents have been studied around the world. Frequently only the aqueous 

phase is analysed as this contains the bioavailable fraction . However, to better 

understand the removal processes, the whole effluent should be assessed. In this study 

the partitioning of EDCs between the dissolved and particulate phases of the sewage 

influent and process effluent throughout the treatment train was assessed at an advanced 

tertiary sewage treatment plant. It was found that high percentages of EDCs were 

associated with the particulate phase after activated sludge treatment ranging from 

71±31 % for estrone (E 1) to 97.5±1.0% for technical nonylphenol (TNP). After activated 

sludge treatment and the associated reduction in suspended solids, EDCs were more 

often associated with the dissolved phase ( 49-89% ). Although bi ode gradation during 

activated sludge treatment provides significant removal of EDCs, there were still 

concentrations of 4-t-octylphenol, TNP, bisphenol A, E 1, estriol and triclosan remaining 

in both the dissolved and particulate phases of the effluent. Adsorption contributed a 

maximum of 35% of the removal of EDCs remaining after biodegradation. More 

significantly advanced treatment provided up to 65% removal and the concentrations by 

the final effluent were below detection limits in both phases. Thus, advanced tertiary 

treatment process, in particular ozonation coupled with biological activated carbon 

filtration can contribute significantly to reducing endocrine disruption risk of treated 

sewage effluents . 
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6.2 Introduction 

It is well known that estrogenic endocrine disrupting chemicals (EDCs) are present in 

sewage effluents. Many studies have investigated the presence of steroidal estrogens 

and xenoestrogens in the aqueous phase of the sewage effluent. Like many 

micropollutants, EDCs need to be extracted from a large volume of water and 

concentrated to enable detection of such low ambient concentrations. Solid phase 

extraction (SPE) methods are very effective at selectively retaining dissolved organic 

compounds; however, any particulate material present will clog the extraction media 

and prevent the sample from passing though the SPE. As such, it is common practice to 

pre-filter environmental and sewage samples prior to extracting the aqueous phase. 

Frequently, the particulate phase is then discarded and the analysis focuses solely on the 

compounds extracted from the aqueous phase. This is often done simply due to 

convienience, but also under the assumption that the filterable phase is also the most 

bioavailable. A full analysis using both the aqueous and particulate phases is rarely done 

when investigating EDCs in sewage effluents. However, organic carbon nonnalised 

sorption coefficient; the log Koc of many EDCs is moderate to high, and removal by 

sorption to the particulate fraction can represent a significant removal process 

(Campbell et al. 2006). A meta-analysis of chemicals in wastewater found that 

compounds with a log Koc> 4.4 will concentrate in wastewater sludges (Heidler & 

Halden 2008). This indicates that synthetic xenoestrogens such as Bisphenol A (BPA), 

nonylphenol (NP) and octylphenol (OP) will have a greater affinity to the particulate 

phase within wastewater process streams than the steroidal estrogens due to their higher 

log Koc (Table 6.1 ). 

Spiking experiments conducted with radiolabelled 17~-estradiol (E2) at realistic raw 

influent concentrations (50 ng/L) demonstrated that the greater proportion of E2 (86-

100%) is present within the aqueous phase of wastewater in fluents (Furhacker, 

Breithofer & Jungbauer 1999). However activated sludge treatment can efficiently 

mineralise steroidal estrogens and batch experiments demonstrate the proportion of 17~

estradiol in sludge solids may not be that much less than that in the aqueous phase 

following treatment (Layton et al. 2000), in some cases higher proportions may be 

found in the solids (Suzuki & Maruyama 2006). The removal of steroidal estrogens by 
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activated sludge is strongly dependent on biodegradation processes. In comparison 

sterile sludge did not significantly reduce aqueous concentrations of E2 or E 1, despite a 

higher proportion of both compounds being adsorbed to sterile sludge compared to 

viable sludge (Suzuki et al. , 2006). 

Alkylphenols (APs) and short chained akylphenol ethoxylates (APnEOs) are 

degradation products of longer chained APnEOs (n=3-30). Longer chain APEOs 

dominate the APEO composition in raw sewage influent; however this changes 

dramatically following activated sludge treatment and longer chain APEOs (nE0>8) are 

no longer present (Ahel et al. , 1994 ). The removal of the estrogenically active APs and 

short chain APEOs during biological treatment is difficult to assess as they are both 

simultaneously produced and removed during biological treatment. However, it is clear 

is they preferentially partition and concentrate on the particulate phase of waste water 

effluents, whereas the longer chained APEOs will be preferentially present in the 

aqueous phase (Cespedes et al. 2008). Despite this, the partitioning behaviour is not 

always found to be greatly different between the phases of sewage effluent. For 

example, the synthetic phenolics; 4nNP, NPlEO, NP2EO, BPA and the antimicrobial 

triclosan were all approximately equally distributed between particulate and aqueous 

phases in sewage influents in Greece, with lower proportions associated with the 

effluent particulate fraction (18-35%) (Stasinakis et al. 2008). However, these results 

must be treated with caution as the separation of wastewater effluent samples into 

particulate and dissolved phases is operationally defined, and as such, is dependent upon 

the particular filtration media and method being employed. Similarly, the extraction 

efficiency of EDCs from the separated particulate phase of waste water effluents is 

generally lower than that from the filtrate (so called dissolved phase) and may reflect 

irreversible binding to particulate matter. This artefact may be responsible for the 

apparent preferential partitioning of estrogenic activity into the aqueous phase than that 

predicted by the physico-chemical properties of EDCs (Holbrook et al. 2002). 
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Table 6.1: Ranges of Log Koc a (Campbell et al. 2006) and Log K0 w b(Yoon et al. 2007)/(Ahel & 
Giger 1993) found for some estrogenic EDCs. 

Compound Log Koc (L/kg)a LogKow 

17~-estradiol (E2) 3.10-4.01 4.01 b 

Estrone (E 1) 2.45-3.34 3.13 b 

Ethynylestradiol (EE2) 2.91-3.04 3.67 b 

Estriol (E3) 2.13-2.62 2.45 b 

Bisphenol A (BP A) 2.50-6.60 

Nonylphenol (NP) 3.56-5.67 4.48c 

NP ethoxylates (NPlEO-NPnEO) 3.91-5.64 4.17-4.20c 

Octylphenol 3.54-5.18 4.12c 

The fact that EDCs bind to the particulate fraction in sewage effluents, means many 

studies that have chosen to ignore this component may underestimate the concentration 

of EDCs in effluent. It fo Hows, that the true impact of ED Cs will also be 

underestimated, particularly if the particulate associated EDCs remain bioavailable. 

Advanced waste water treatment processes improve the removal of EDCs from sewage 

effluents; however it is important to confirm that this removal occurs from both the 

aqueous and particulate phases. Under these conditions the final effluent concentrations 

may be underestimated by preferential investigation of the aqueous phase. 

In this study, the efficacy of an advanced te11iary STP to remove EDCs was investigated 

by analysing their concentration/mass in the aqueous and particulate phases of sewage 

effluents. The relative contribution of EDCs from the two phases to the total effluent 

concentration was assessed as the process effluents progressed through the various 

stages within the sewage treatment train. 
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6.3 Methodology 

6.3.1 Sample collection 

Samples were collected at the Gerringong-Gerroa STP from the raw influent, following 

each major treatment stage and the final effluent storage dam (sampling points 1-9 in 

Figure 2.1 ). Samples were collected on the 7th, 10th and 12th November 2008, 25th, 

27th of February, and the 3rd of March 2009. Sampling was conducted simultaneously 

with onsite flow-through tank fish exposure experiments (see Chapter 7 for results). 

Samples of whole effluent were collected between 0630 and 1100 hours and were 

immediately acidified to pH~2 using concentrated H2S04 . Preliminary extraction 

procedures including filtration and solid phase extraction (SPE) of the filtered effluent 

(dissolved phase) were conducted at the on-site laboratory to minimize sample 

degradation through transport and storage. Acidified samples were filtered through 

1.2 µm pore size glass fibre filters (Advantec GC50) in volumes up to 4.0 L. Filter aid 

(Hyflo Supercel, BHD) was used to prevent blockage of the filter for the raw influent 

and post-DN samples. The particulate material retained on the filter was frozen at -

20 °C for later extraction. A separate and reduced sub-sample of 200-300 mL post-

denitrifying tank (post-DN) effluent was filtered for particulate analysis due to the high 

suspended solid content blocking the filters . The filtered effluent was split into two 

duplicate 1.0 L samples for the raw sewage influent, post-DN, clarifier and sandfilter 

effluents. While the filtrate was split into duplicate 2.0 L for samples obtained from the 

ozone (03), biologically active carbon filter (BAC), microfiltration unit, UV 

disinfection (final effluent) and for the sample taken from the post-treatment holding 

dam. Samples for chemical analysis were spiked with 50 ng (1.0 L early treatment stage 

samples) or 25 ng (advanced treatment stages and dam) of 13C labelled estrone (E1-

13C 12), 17~-estraciol (E2-
13C 12), ethynylestradiol (EE2-

13C 12), triclosan (triclosan-

13C 12), bisphenol A (BPA- 13Cl2) and dueterated 4-n-nonylphenol (4nNP-d4) as 

recovery standards. The duplicate filtered samples destined for bioassay analysis were 

not spiked with recovery standards. 

Extraction of the filtered aqueous phase was performed by passing the samples through 

Oasis HLB 1.0 g 20 cc columns using the protocol described in section 2.3.2 of the 
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General Methodology chapter. EDCs were eluted from the Oasis SPE cartridges with a 

solvent mixture of dichloromethane with 5% methanol. 

6.3.1.1 Particulate material extraction 

Particulate samples were extracted using a combination of ultrasonication and shaking. 

The glass fibre filters with the retained particulates were placed into 30 mL PTFE tubes 

with 15 mL of 4: 1 isopropanol:water. Filters containing retained particulates from the 

raw influent, post-DN, clarifier, sandfilter ozone and dam were placed into individual 

PTFE tubes. Filters containing retained particulates from the BAC, microfiltration, UV 

and procedural blank were combined into two composite samples. One of the composite 

samples containing the three filters of the treatment stage collected in November 2008, 

while the other composite consisted of the three filters collected in February/March 

2009. 25 ng of the 13C surrogate standard mix was spiked onto the contents in each 

PTFE tube. The samples in the PTFE tubes were extracted by sonicating on full power 

for 15 minutes in a water bath at a temperature of 25 °C. The tubes were next shaken for 

30 minutes at 235 rpm on a flat bed shaker and centrifuged for 10 minutes at 3500 rpm 

at a temperature of 15 °C. The solvent was decanted into a 250 mL Schott bottle. The 

samples were extracted a second time using 10 mL of a 1: 1 mixture of isopropanol and 

water by sonicating for 10 minutes and shaking for 30 minutes . After centrifugation the 

second solvent extract was decanted into and combined with the first solvent extract in 

the Schott bottle. Then 170 mL of phosphate buffer ( 1 % K2HP04, KH2P04, pH 7) was 

added to the combined solvent extract. The buffer diluted extract was passed through a 

preconditioned Oasis HLB SPE column under vacuum at a rate of 5-10 mL/min 

(Waters, Australia). The preconditioning process is outlined in section 2.3.2 of the 

General Methodology chapter. Oasis HLB 1.0 g 20 cc SPE columns were used to 

extract samples from the raw influent, post-DN tank, clarifier and sandfilter to provide 

additional capacity for these high organic matter containing samples. 500 mg 12 cc 

columns were used to extract all other samples. After the buffered extract had passed 

through, the cartridges they were dried under full vacuum followed by positive pressure 

of N2 gas (30 psi). The Oasis HLB SPE cartridges were connected in series above a 

500 mg !solute FL florisil cartridge (IST) containing a layer ofNa2S04 on top of the 

sorbent bed. The target EDCs were simultaneously eluted from the Oasis HLB column 
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and purified by passing through the florosil column with 30 mL of DCM:MeOH (95:5). 

The eluant was collected in 40 mL amber glass EPA vials, evaporated under N2 gas and 

quantitatively transferred to 2 mL tapered glass vials. The final volume of the extracts 

was adjusted to 500 µL in a 90: 10 mixture of DCM:MeOH for Gel Permeation 

Chromatography (GPC). 

Solvent extracts of aqueous phase samples from the influent and post-DN tank effluents 

and filtered particulates were subjected to further clean up by GPC as described in 

section 2.3.3 of the General Methodology chapter. The purified extracts were silylated 

using MSTF A ,analysed by GC-MS detection and quantified as described in sections 

2.3.4 and 2.3.5 of the General Methodology chapter. 

6.3.2 Data analysis 

The average and standard deviation for the concentration of each compound at each 

treatment stage was calculated using the Kaplan-Meier (K-M) empirical cumulative 

distribution functions (ECDFs) method described by Lee and Helsel (2007). The 

analysis was performed using the NADA package for the freeware software R version 

2.9.1. The average technical nonylphenol equivalence (TNP) was also calculated using 

this method. This method allowed the inclusion of measurements determined to be 

'below the detection limit' in the calculations without the addition of biases created 

when measurements below the detection limit are arbitrarily set to 0, the detection limit 

or half the detection limit. General data processing and graphing was carried out using 

Microsoft Excel 2007 and SigmaPlot l 0.0. Dunnett's test for multiple comparisons 

against a control were used to compare the recovery of 13C labelled surrogate standards 

in the different wastewater matrices to that of the procedural blank using the multicomp 

package in R 2.9.1. In cases where variance was significantly different the sandwich 

package for R 2.9. l software was used to apply confidence intervals based on treatment 

vanance. 
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6.4 Results 

6.4.1 Recovery of 13C labelled analogues 

The procedural blank recoveries for the aqueous extraction methodology demonstrate 

differences in recovery between the 13C labelled recovery analogues. Triclosan- 13C 

demonstrated the highest recovery (88±3%), followed by BPA- 13C (77±7%), E2-
13C 

(75±7), E 1-
13C (65±4) and EE2-

13C (51±4). Recovery of target 13C labelled analogues in 

aqueous effluent samples was highest for triclosan (90±13%) and lowest for EE2 

(58±7%). The raw influent sample extracts retained matrix interferences affecting the 

detection of E 1-
13C and E2-

13C (Table 6.2) and for the affected samples the 

concentration of the E 1, aE2 and ~E2 were recovery corrected against EE2-
13C. 

Excluding the raw influent recoveries, the average recovery in aqueous effluent samples 

73± 10% for E 1-
13C was and 80± 11 % for E2-

13C. The overall recovery ofBPA- 13C was 

74± 14 in aqueous effluent samples. 

The effect of matrix on recovery can be seen in Table 6.2. Dum1ett's tests modified for 

unequal variances showed significantly higher recoveries were obtained for triclosan-

13C, E 1-
13C and EE2-

13C (p<0.05) in clarifier and sandfilter samples compared to the 

recoveries calculated for the procedural blank samples. The recovery ofBPA- 13C from 

post-DN tank samples was significantly lower than in the procedural blank while the 

recovery ofE 1-
13C and EE2-

13C was significantly higher (p<0.001). The influent 

samples had significantly higher (p<0.01) recovery ofE 1-
13C, Er 13C and EE2-

13C 

compared to the procedural blank. 

The recovery of 13C labelled analogues as well as natural compounds through GPC 

clean up was also assessed. Recovery tests using standard mixtures at 50 and 500 pg/µL 

demonstrated recovery of target compounds ranged from 71±26 % for E 1-
13C to 

121 ± 16 % for TNP (n=3). 
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Table 6.2: Percentage recovery± standard deviation of 13C labelled concentrations from aqueous 
samples. n=6, difference to the recovery measured in the blank was tested using Dunnett's test with 
unequal variance correction, significance is represented by *p<0.05, **p<0.01, ***p<0.001 

location Triclosan-13C BPA- 13C E1- 13C E2- 13c EE2- 13C 

564±78** 
influent 80±15 61±13 143±57** * 76±7*** 

post-DN 79±5 62±6*** 93±5*** 78±4 63±3*** 

clarifier 94±6** 78±19 73±5** 79±5 56±3* 

sandfilter 96±10* 76±13 75±7* 84±8 58±7 

ozone 103±42 86±34 78±31 85±30 59±19 

BAC 89±7 80±8 68±5 80±10 52±3 

microfiltration 92±9 79±7 71±6 82±6 52±3 

final (UV) 90±6 73± 12 67±4 80±7 52±5 

dam 84±18 71±17 61±14 72±20 50±12 

blank 83±3 77±7 65±4 75±7 51±4 

Procedural blank recoveries for the particulate fraction extraction procedure were lower 

for triclosan- 13C, BPA- 13C and E2-13C compared to the aqueous samples, but higher for 

E 1- 13C and EEr 13C (Table 6.3). Estrone- 13C recovery (107±9%) was notably higher and 

E2- 13C recovery ( 45±9%) was notably lower for particulate extractions compared to 

aqueous sample procedural controls. This could be indicative of some conversion of E2-

13C to E 1-13C during sample processing. The recovery of E 1-13C was particularly high in 

the ozone samples, but also highly variable and therefore was not able to be determined 

as significantly different to the blank recovery. The only significant difference in 

particulate fraction recovery was that sandfilter and clarifer E 1-13C recoveries were 

significantly higher than those measured in the particulate procedural blank (Dum1ett's 

test with unequal variance, p<0.001 ). 
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Table 6.3: Percentage recovery± standard deviation of 13C labelled analogues from particulate 
samples. n=6 for post-DN, clarifier, sandfilter and dam samples. Ozone, microfiltration, final and 
blank are average recoveries of two composite samples. BAC is only one composite sample. 
Difference to the recovery measured in the blank was tested using Dunnett's test with unequal 
variance correction, significance is represented by ***p<0.001 

Location Triclosan BPA E1 E2 EE2 

Post-DN 50±18 40±15 60±72 45±20 39±12 
Clarifier 57±14 40±11 38±15*** 49±14 45±14 
Sand filter 60±15 43±20 40±15*** 52±21 48±16 
Ozone 75±7 57±8 192±80 51±6 64±7 
BAC 62 63 139 45 59 
Microfiltration 53±20 50±19 109±5 36±19 49±22 
Final 59±2 57±3 111±16 44±1 57±3 
Dam 54±11 50±13 121±18 39±10 53±11 
Blank 61±11 57±12 107±9 45±9 61±12 

6.4.2 Limits of detection 

Limits of detection (LODs) were calculated by assessing target ion peaks providing a 

minimum peak height 3 times higher than the background signal noise of the baseline in 

the region of the eluting target compound. The presence of residual sample matrix and 

resulting mass ion interferences had a significant effect on the detection limits achieved 

for most of the target analytes (Table 6.4). As a result, the influent samples had higher 

LODs due to the high matrix interference of the baseline ion signals. Unsurprisingly the 

cleaner the sample matrix, the lower the detection limits. Samples collected from ozone 

treatment stage and subsequent treatment stages had LODs similar to, or in the case of 

the particulate samples, better than those of the field blank. 
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Table 6.4: Detection limits for the EDCs analysed for in different sample matrices. Concentrations 
are in ng/L 

Aqueous Particulate 

post- field post- field 
raw DN ozone blank DN clarifier ozone blank 

4tAP 4.4 1.7 0.6 0.7 0.2 0.2 0.8 1.8 

4tOP 6.4 1.3 0.6 0.9 0.2 0.2 1.1 2.0 

TNP 22.7 5.7 1.6 1.6 20.9 1.7 1.2 2.4 

4nOP 15.9 3.0 0.7 1.0 10.7 0.9 1.4 2.7 

4nNP 23.1 3.6 0.8 0.7 10.1 0.8 1.5 2.9 

Triclosan 16.2 14.1 3.6 1.6 14.5 1.4 1.4 2.9 

BPA 2.0 1.3 0.1 0.2 5.9 0.6 1.2 2.6 

aE2 21.5 13.9 2.3 1.6 16.6 1.6 3.2 6.2 

E1 11.8 5.9 1.5 1.0 25.2 2.3 1.5 3.2 

~E2 13.6 4.8 0.9 0.8 14.8 1.0 1.2 2.6 

EE2 13.4 22.9 1.3 1.4 19.8 1.5 2.1 3.8 

E3 32.2 8.6 4.2 1.3 23.9 3.1 2.8 5.7 

6.4.3 Concentration of EDCs in effluent 

Concentrations of EDCs were measured in the effluent at different stages of treatment 

for both the aqueous and particulate fractions. Quantification of EDC concentrations in 

the particulate phase of the raw influent was not possible due to extensive matrix 

interferences throughout the chromatogram. For the rest of the samples, mean and 

standard deviations were only able to be calculated for compounds providing at least 2-

3 measurements above the detection limit. Means and standard deviations were 

calculated using Kaplan-Meier ECDFs to model the concentration distribution of 

samples below the detection limits. The mean concentrations of EDCs detected in the 

aqueous and particulate fractions of the effluent as it progressed through the treatment 

train are displayed in Figure 6.1 and Figure 6.2. The overall trend showed that activated 

sludge treatment (post-DN tank measurement) greatly reduced the concentration of 

EDCs in the aqueous fraction , with some increase in the particulate fraction, with the 
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ozone and/or BAC stages providing a final reduction in both fractions to below 

detection limits. 

The estrogenic steroid aE2 was not detected in the dissolved phase in any of the 

analysed samples, including the raw influent. EE2, 4nOP, 4nNP and 4tAP were only 

occasionally detected in the dissolved phase the sampled effluent. Although EE2 was 

not detected in the dissolved phase of the influent, it was detected on one occasion in 

the particulate fraction of the post-DN tank effluent at a concentration of 21.1 ng/L. 

This represented the single detection of EE2 and it was not measured in any other 

samples, particulate or aqueous. The compound providing the highest concentration in 

the dissolved phase of influent entering the treatment plant was 4tOP followed by 

triclosan> BPA> E3> E2> E1> 4tAP. Other compounds were generally not detected in 

the influent. 

The most potent steroid estrogen, E2, was usually only detected in the dissolved phase 

of the influent and the post-DN tank effluents (Figure 6. la). However it was detected on 

a single occasion in the particulate fraction of the post-DN tank effluent at a 

concentration of 40.2 ng/L and on one occasion in the dissolved phase of the ozone 

effluent (2.3 ng/L ). Estriol consistently provided the highest concentration of the 

steroidal estrogens in the dissolved phase of the influent with an average concentration 

of 367.3± 111.0 ng/L. This concentration was reduced by around 20 fold by activated 

sludge treatment to an average concentration of 13.7± 1.8 ng/L. Estriol was also detected 

in the particulate fraction of the post-DN samples and continued to be detected in the 

particulate phase in three clarifier and four sandfilter effluent samples with mean 

concentrations of 5.48±5.98 and 4.28±1. 73 ng/L, respectively. 

The aqueous phase of the influent had a mean E 1 concentration of 28.9±8.9 ng/L which 

was progressively reduced by treatment until it fell below the detection limit following 

BAC (Figure 6.1 b ). In comparison, E 1 was detected in the particulate phase of three out 

of the five analysed post-DN effluent samples. The measured concentration of E 1 in the 

particulate phase of these effluents was highly variable with concentration of 

496.6 ng/L, 42.6 and 30.3 ng/L. E 1 remained detectable in two of the particulate phase 

clarifier effluent samples (2.85±0.4 7 ng/L ), but decreased below detection limits after 

passing through the sandfilter. 
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The antimicrobial triclosan was detected in the aqueous fraction of the influent with an 

average concentration of 386.7±64.8 ng/L and was progressively reduced by treatment 

to below detection limits after BAC treatment (Figure 6.1 d). Triclosan was also detected 

in the particulate phase of the post-DN, clarifier, sandfilter and ozone treatment stage 

effluents. The concentration of triclosan in the particulate phase of post-DN tank 

effluent was consistently high, with an average of 103 7 .1±363 .1 ng/L. This reduced by 

three orders of magnitude after clarification. 

The mean concentration of BPA in the dissolved phase of influent was 381.9±50.3 ng/L. 

This is more than 45 times greater than the residual concentration of 8.4±3.3 ng/L 

following activated sludge treatment (post-DN tank). The concentration in the 

particulate phase of post-DN effluent was 93.3±99.9 ng/L , more than ten times the 

concentration in the dissolved phase. However, the concentration of BPA in the 

dissolved and particulate phases of clarifier and sandfilter effluents were low and not 

always detected in the particulate phase (Figure 6.2a). Following BCA treatment, BPA 

was only detected in two samples and only in the particulate phase of the effluent. 

Although not detectable in the final effluent (UV stage), BP A was frequently detected in 

both dissolved and particulate phases in the dam samples at concentrations between 0.8-

107.2 ng/L in the aqueous phase and 1.2-5 ng/L in the particulate phase. 
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Figure 6.1: Average concentration of steroid estrogens a) E2, b) E., c) E3 and 4) the anti-microbial 
triclosan in the aqueous and particulate phases of effluent samples from different stages of 
wastewater treatment at GGSTP. Black bars represent the aqueous concentration while the grey 
bars are the particulate concentrations. Error bars are the standard deviation. n=6 for each 
grouping, though the BAC, microfiJtration and UV particulate fractions were analysed as two 
composite samples containing 3 individual samples each. 

The metabolites/degradation products of APEOs were present in effluents of the initial 

treatment stages in considerable concentrations. 4tOP was the dominant synthetic alkyl 

phenol analysed in the dissolved phase of the raw influent at concentrations double that 

of TNP. However, following activated sludge treatment this was reversed and the 

concentration of 4tOP in the dissolved phase of post-DN tank effluents was lower than 

that of TNP (Figure 6.2b and c ). The concentration of 4tOP and TNP in the particulate 

phase of post-DN tank effluent was significantly higher than the dissolved phase with 

mean concentrations of 125.6±79.4 and 603.2±153.7 ng/L respectively. 
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Figure 6.2: Average concentrations of a) BPA, b) technical NP, c) 4tOP and 4) 4tAP in the aqueous 
and particulate phases of effluent samples from different stages of wastewater treatment at 
GGSTP. Black bars represent the aqueous concentration while the grey bars are the particulate 
concentrations. Error bars are the standard deviation. n=6 for each grouping, though the BAC, 
microfiltration and UV particulate fractions were analysed as two composite samples containing 3 
individual samples each. 

Following ozonation the concentration of 4tOP and TNP in the particulate phase of 

effluent were consistently reduced to below detection limits, but they persisted in the 

dissolved phase at mean concentrations of 1.4±1.1 and 5.1±2.6 ng/L, respectively. 4tOP 

and TNP were not subsequently detected in any effluent sample following BAC 

treatment. 4tAP was only detected above detection limits on four occasions in the 

dissolved phase of the raw influent, twice in the clarifier effluents and once in the 

sandfi lter effluent (1.0 ng/L). The mean concentration of 4tAP in the influent and 

clarifier effluents was 20.4±9. 7 and 1.6± 1.6 ng/L respectively. 
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6.4.4 Partitioning between fractions 

Only samples providing measured concentrations of the target analytes above the 

detection limits in both the dissolved and particulate phases were used to examine the 

partitioning between the two phases. The partitioning of compounds observed in the 

post-DN tank effluent was generally different from that observed in effluents during the 

later stages of treatment (Figure 6.3). During the two periods of sampling, the GGSTP 

had an average MLSS of 4.2 g/L in the activated sludge tank. Our results demonstrate 

all analysed EDCs were preferentially partitioned onto the particulate phase of effluent 

within the post-DN tank (Figure 6.3a). Steroidal estrogens maintained higher 

proportions in the dissolved phase of effluent within the post-DN tank, compared to the 

synthetic phenolic estrogens, with mean concentrations of 29±23, 28 and 19±8% 

respectively for E 1, E2 and E3• Of the synthetic phenolic compounds, BPA demonstrated 

the highest proportion within the dissolved phase ( 14±9% ), but this was lower than the 

steroidal estrogens. The compounds with the highest affinity for the particulate phase of 

the post-DN effluent were TNP, triclosan and 4tAP with percentages remaining in the 

aqueous phase of 2.5±1.0, 2.8±1.3 and 7.4± 1.9% respectively. 
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Figure 6.3: Partitioning of EDCs between the aqueous and particulate phases a) in the post-DN 
tank, n=6 for BPA, triclosan and TNP, n=3 for El and E3, n=l for E2 and b) from the 
clarifier/sandfilter/ozone treatment stages. n= 2 for E2, n=8 for triclosan, n=l for 4nNP, n=lO for 
4tOP, n=I3 for TNP, n=9 for BPA. Black bars represent aqueous fraction and grey bars represent 
particulate fraction. Values on bars represent the standard deviation. 

When both the dissolved and particulate phase had quantifiable concentrations of EDCs 

in the clarifier, sandfilter or ozone reactor effluents, all EDCs were preferentially 

associated with the dissolved phase (Figure 6.3b ). Samples collected immediately after 
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BAC treatment or further in the treatment train were not commonly above detection 

limits in either phase of the effluent and an assessment of partitioning between the 

phases could not be made for these treatment stages. E2 was not detected in either 

fraction of effluent after the post-DN tank and E3 was generally only quantifiable in the 

particulate fraction of clarifier and sandfilter samples. Of the EDCs that were frequently 

measured in both phases of the clarifier, sand filter and ozone effluents, BP A had the 

smallest shift in partitioning from that observed in the post-DN tank with 49±23% now 

being associated with the dissolved phase. BP A was also detected in both fractions of 

the post-treatment holding dam samples and the partitioning behaviour was more 

similar to that observed in the post-DN tank than to the other treatment stages. 

Settling out of solids in the clarifier reduced the available particulate material within the 

effluent. EDCs other than BPA had a minimum of 66% of the concentration associated 

with the dissolved phase in the clarifier, sandfilter and ozone effluents. Not only was 

there an overall shift to higher association with the dissolved phase compared to the 

post-DN tank, but there was also a reordering of which synthetic phenols had the 

highest percentage associated with the dissolved phase. As BPA partitioning between 

the phases did not change as much as other EDCs as it moved through the treatment 

train; in the clarifier, sandfilter and ozone samples it now had the greatest association 

with the particulate phase of all the EDCs. Conversely, triclosan was now more likely to 

be found in the dissolved phase compared to the synthetic phenols, whereas in the post-

DN tank it had a greater association with the particulate phase than BPA and 4tOP. 

6.4.5 Percentage removal 

Figure 6.4 shows the apparent removal achieved by each treatment stage, based on the 

average concentrations calculated by K-M EDCF and presented in Figure 6.1 and 

Figure 6.2. Concentrations of 4tOP, TNP, BPA, triclosan, E 1 and E3 consistently 

persisted beyond the post-DN tanks indicating incomplete removal by activated sludge 

treatment. Each treatment stage generally provided some additional removal of EDCs 

above and beyond that of the previous treatment stage (Figure 6.4 ). Only BPA had a 

negative average percentage removal after the sandfilter stage, indicating an apparent 

increase in quantifiable BP A from the clarifier to the sandfilter stage. Although it is an 
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important EDC due to its potency, E2 was frequently only detected in the raw influent 

and the post-DN tank and as such its removal through the treatment process could not 

be determined. 

It is difficult to interpret the overall mass balance of the treatment process in the 

absence of concentration data for the EDCs in the particulate phase of the influent, or 

the solids waste streams (biosolids). Perhaps with the exception of E 1, the aqueous 

concentrations of EDCs from the raw influent are greatly reduced by activated sludge 

treatment, however the biodegradation of the fraction of EDCs bound to the particulate 

phase in the raw influent cannot be determined. 

By evaluating the difference between the concentrations of EDCs in the post-DN tank 

and clarifier, an estimation of removal by adsorption to suspended solids can be made, 

as clarification is the process of removing the suspended solids generated by the 

activated sludge treatment. After activated sludge treatment and the settling out of the 

solids produced by the activated sludge (i .e. after clarification), many EDCs persisted in 

the effluent. aE2 and EE2 were the only analysed EDCs that were not detected in either 

the dissolved or particulate phases of effluent following clarification. These compounds 

were never ( aE2) or almost never (EE2) detected in the influent. Perhaps of greatest 

concern is the persistence of E 1, 4tOP, triclosan, BPA and TNP in both dissolved and 

particulate phases of effluent following clarification. These EDCs required advanced 

treatment to be reduced to concentrations below detection limits. 

Overall the reduction of individual EDCs from the post-DN tank to the final effluent 

may be as high as 100% as all compounds were below detection limits in the final 

effluent. The minimum average removal of EDCs remaining after bi ode gradation and 

based on the detection limits, were >98.8% for 4tOP, >98.9% for TNP, >99.5% for 

triclosan, >98.6% for BPA, >97.7% for E 1 and >89.4% for E3• Average removal was 

unable to be determined for E2 as it was detected on only one occasion above the 

detection limit for the particulate fraction in the post-DN tank; however, the estimated 

removal based on this one sample was >94. 7%. 
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Figure 6.4: Average percentage of EDCs remaining in the aqueous and particulate fractions after 
each treatment stage and the implied removal based on the concentration reduction for a) E 1 b) E3, 

c) triclosan d) BPA, e) TNP and t) 4tOP. Black bars represent the concentration remaining in the 
aqueous phase, grey bars the particulate phase, white bars the apparent removal and cross-hatched 
bars represent the maximum additional removal if concentrations below detection limits were 
actually complete removal to nil. 

The apparent removal due to adsorption to suspended material during activated sludge 

treatment ranged from 5.3% for E2 to 43.5% for E3. These estimates are best viewed as 

maximal values by adsorption as some further biodegradation during clarification 

cannot be ruled out. These estimates are also only reflective of the post-biodegradation 

process from the activated sludge treatment and do not represent a true mass balance. 

After TNP (35.0%) the order of greatest removal by adsorption to the suspended 

material in the activated sludge was tricolsan (29.8%) > BPA (26.1 %) > 4tOP (22.4%) > 
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E 1 (14.2% ). After accounting for adsorption to suspended solids, the removal of EDCs 

remaining in effluent after activated sludge treatment, resulted from advanced treatment 

processes which subsequently achieved average removal of the target EDCs ranging 

from a minimum of 56.5% (E3) to 94.7% (E2) above that achieved by standard activated 

sludge treatment. 

6.5 Discussion 

Detection limits achieved in this study were comparable to those reported in other 

studies using single quad GC-MS instrumentation for analysis. The detection limits 

achieved for the raw influent are good when compared against studies that have 

properly characterised/calculated the limits of detection in the presence of sample 

matrix. For example Gatidou et al. (2007) reported LODs for GC-MS quantification of 

4nNP, triclosan, and BPA of 30 ng/L, 130 ng/L and 140 ng/L respectively. These LODs 

are similar to that achieved for 4nNP and around 10 times higher than those achieved 

for triclosan and BPA in this study. Ballesteros et al. (2006) reported similar LODs 

using GC-MS to analyse sewage efflu ents for 40P (4nOP) and 4tOP at 12 and 8 ng/L 

respectively, better LODs for 4NP ( 4nNP) at 7 ng/L and higher LODs for BPA at 

50 ng/L. LODs reported by Cespedes et al. (2008) for HPLC-MS analysis of 4tOP and 

branched 4-nonylphenol isomers (::::::TNP) in sewage effluents, were 60 and 70 ng/L 

respectively, higher than the LODs determined for raw influent in this study. 

Improved instrumental detection limits, LODs and hence recoveries, can be achieved 

for EDCs using GC-MS-MS due to improved selectivity of mass ion capture and 

detection. However, comparison of LODs determined from matrix affected samples 

using GC-MS-MS (Gomez et al. 2006), demonstrated similar LODs were obtained for 

E2 and EE2, and a higher LOD for E 1 in influents, compared to those obtained in this 

study. Although, the use of GC-MS-MS provided the advantages of being able to 

analyse estrogens without any clean-up or derivatisation, and from a lower sample 

volume to that used in this study. 

The recoveries reported by Komori et al. (2004) for extraction of dissolved phase 

steroidal estrogens using Oasis HLB were better than those achieved in this study, with 
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103, 100 and 97% recovery being obtained for E1, E2 and E3 in effluent from a 

secondary settling tank (:=::;post-DN) for . However the extraction method employed by 

Komori was optimised and applied for the extraction of steroidal estrogens only. Nie et 

al. (2009) reported recoveries of E1, E2, EE2, E3, BPA and NP from the dissolved phase 

of secondary settling tank effluent ranging from 87.2-117.8% using GC-MS analysis. 

However, the recoveries for BP A, EE2 and E3 sometimes exceeded these average 

recoveries and increased to 120.6±9.2%, 129.1±7.7% and 128.7±8.5%, respectively 

under certain sample preparation and processing conditions. 

Bisphenol A was sometimes higher in concentration in the process effluent after 

sandfiltration than what it was after clarification (treatment stage before sandfiltration), 

which created an apparent negative removal effect. This is likely an artefact of the 

variability in concentration of BP A in the effluent stream and not due to BP A being 

produced or released into the effluent during sandfiltration. The treatment process from 

the influent, through to clarification is a flow-through process; however the sandfilter is 

a batch treatment process, which could account for these differences. Although in this 

round of sampling, only BPA showed higher concentrations in the sandfilter than the 

clarifier, Tables 3.4 and 3.5 show that most compounds have had higher maximum 

concentrations in the sandfilter than in the clarifier. 

The recovery of 13C labelled analogues used as surrogate/recovery standards in this 

study was consistently below 100% except for the recovery ofE1-13C and E2- 13C in raw 

influent samples, which had elevated recoveries of 143±57% and 543± 78% 

respectively. With an average recovery of 58± 7%, EE2-13C was the only compound 

consistently recovered from the dissolved phase of effluents below the recommended 

minimum recovery of 70% (US EPA). Only the influent samples had an average EE2-

13C recovery above 70% (76%) in the dissolved phase. The higher recoveries reported 

by Nie et al. (2009) are achieved in part due to the use of multiple elution solvents. 

Similar to the current study, previous investigations have reported higher and more 

variable recoveries for EDCs from sewage effluent particulate phases compared to the 

dissolved phase (Cespedes et al. 2008; Nie et al. 2009). 

The high variability in recovery of most 13C labelled compounds was observed for the 

dissolved phase influent samples and particulate phase of the post-DN effluent. An 

inter-laboratory study analysing steroid estrogens by 11 laboratories in Europe 
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demonstrated in- house and inter-laboratory reproducibility to be best when analysing 

stream samples followed by tap water, and sewage effluent. Notably, sewage influent 

samples provided the poorest performance (Heath et al. in press) . 

Overall, the analytical method employed in this study compared favourably to other 

published methods for the analysis of EDCs in WWTP effluents by providing 

equivalent or superior detection limits for the target EDCs. While EDCs in the 

particulate phase of most effluent samples could be analysed further improvements in 

the removal of matrix interferences are required for the analysis of EDCs in the 

particulate phase of raw waste water influent. 

The absence of aE2 and single detection of EE2 in the particulate phases of the analysed 

post-DN tank in this study is consistent with other investigations of EDCs in Australian 

STP effluents. Tan et al. (2007) only detected aE2 in Australian sewage influents when 

using a passive sampler. Braga et al. (2005) did not detect EE2 in sewage influents, but 

reported an average concentration of 0.42±0.32 ng/g in activated sludge Based on the 

average MLSS concentration (4.2 g/L) at the GGSTP, the single detection ofEE2 in the 

post-DN tank effluent particulate phase corresponds to ;::::; 5.0 ng/g which is significantly 

higher than that reported by Braga et al. (2005). However, this value may be misleading 

because EE2 was not detected in the particulate phase of five of the six analysed 

samples. 

As expected from their higher log Koc values, the synthetic phenols were more strongly 

associated with the pa1iiculate phase of the effluents than steroidal estrogens (Heidler & 

Halden 2008). All compounds were preferentially associated with the particulate phase 

of post-DN tank effluents, ranging from 77-99%. This can be partly explained by the 

significantly higher suspended solids loading of this effluent, providing an abundance of 

particulate organic matter to adsorb the EDCs. This trend was reversed after activated 

sludge treatment and EDCs persisting in effluent following clarification were found at 

higher concentrations in the aqueous phase. Following settling and removal of the bulk 

suspended solids only 15-51 % of the analysed EDCs were associated with the 

particulate phase of the effluent. Similar observations were made by Stasinakis et al. 

(2008) who reported 45-50% of EDCs associated with the particulate phase of influent 

but only 18-35% in final effluent. 
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Distribution coefficients (Kd) determined by Andersen et al. (2005) for MLSS predict 

54-75% E 1, E2 and EE2 will be associated with the particulate phase for a typical MLSS 

concentration of 3-5 g/L, with E 1 being on the lower end, E2 being in the middle and 

EE2 being on the higher end of this range. This is consistent with the finding of this 

study where a higher proportion of E2 was associated with the particulate phase than E 1• 

The absence of 4nOP and 4nNP in the dissolved phase of the influent is not unusual 

considering they contain aromatic structures and will exhibit an affinity for the organic 

matter of the particulate phase of effluents. In a previous study 4nOP and 4nNP were 

only detected in the aqueous phase of influents when the particulate phase concentration 

was correspondingly high (Cespedes et al. 2008). However, the general absence of 

4nOP in the particulate phase of the activated sludge effluent in this study may be due to 

the type of parent OPEOs in the influent to the GGSTP as indicated by the higher 

concentration of 4tOP compared to that of other studies (Drewes et al. 2006; Leusch et 

al. 2006b; Tan et al. 2007; Vethaak et al. 2005). 

It is important to remember when assessing the partitioning of EDCs between aqueous 

and particulate phases of STP effluents, the pore size of the filter (1.2 µm for GF/C 

grade filters for this study) will allow colloidal material to pass through the filter and be 

combined with the operationally defined dissolved phase of contaminants. EDCs have a 

high affinity for colloidal organic carbon and Holbrook et al. (2004) suggests colloidal 

organic carbon normalised partition coefficients (colloidal Koc) for E2 and EE2 in 

MLSS is higher than the organic carbon normalised particulate partition coefficient 

(Koc). They estimate that up to 60% of the aqueous phase (<1.5 µm) concentration of 

EDCs may actually be associated with colloidal material. Similarly, Zhou (2007) has 

reported 10-29% of EDCs, including 4tOP, 4NP, E2, E 1 and EE2, in the dissolved phase 

of final sewage effluent is associated with the colloidal fraction (Zhou et al. 2006). 

Therefore, it is logical to assume a similar proportion of EDCs measured in the 

dissolved phase of effluents in this study will similarly be associated with colloidal 

organic substances. 

It has already been established by batch experiments that the major removal pathway for 

steroidal estrogens during activated sludge treatment, occurs by biodegradation and 

sorption processes represent a minor loss pathway (Andersen et al. 2005; Layton et al. 

2000; Li et al. 2005; Suzuki & Maruyama 2006; Ternes, Kreckel & Mueller 1999). In 
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this study the total loss of EDCs by bi ode gradation could not be quantified due to the 

absence of data for EDCs in the particulate phase of influent. However, although 

biodegradation is the dominant process, the removal of steroidal estrogens by activated 

sludge processes is often incomplete and EDCs may persist in final effluents (Baronti et 

al. 2000; Carballa et al. 2004; D'Ascenzo et al. 2003 ; Servos et al. 2005). As such the 

process of adsorption of EDCs to sludge and additional removal by advanced tertiary 

treatment processes following activated sludge treatment, can result in significant 

additional degradation/removal of EDCs. In this study, EDCs remaining in process 

effluents following biodegradation by activated sludge/DN treatment were reduced by 

>89.4% by subsequent advanced treatment stages to levels below the detection limits. 

Removal of steroid estrogens by sorption to particulate material in the MLSS following 

activated sludge treatment was limited. In comparison, sorption contributed up to 22.4-

35 .0% of the removal of the synthetic phenols remaining in the effluent after 

biodegradation. With 29.8% removed by adsorption to activated sludge, triclosan also 

exhibited a higher proportion of post-biodegradation removal due to sorption. Removal 

efficiencies of triclosan reported in the literature are highly variable and much lower 

than those for steroidal estrogens and synthetic phenols (Nakada et al. 2006). However, 

in the current study, the advanced tertiary treatment processes were able to reduce 

triclosan to non detectable concentrations in both the particulate and dissolved phases of 

the effluent. Gatidou et al. (2007) reported the detection of 4nNP, NPlEO, NP2EO, 

triclosan and BP A in the particulate phase of final WWTP effluents, even though 4nNP, 

NPlEO, and BPA were not always detectable in the aqueous phase of the effluent. In 

the current study, the aqueous and particulate phase concentration of all synthetic ED 

phenols were reduced to below detection limits following BAC treatment and into the 

final effluent. 

6.6 Conclusions 

The partitioning of estrogenic EDCs is dependent upon the availability of particulate 

material for adsorption, as demonstrated by the higher proportion of EDCs present in 

the particulate phase of post-DN tank effluent compared to effluent from the 

downstream treatment stages. All the analysed EDCs were preferentially associated 

with the particulate phase during activated sludge treatment; however, the removal by 
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adsorption is not considered to be a significant removal pathway, as association with 

activated sludge is a prerequisite for biodegradation by sludge microbes. Advanced 

tertiary treatment was shown to remove EDCs in the dissolved and particulate phases of 

the process effluents as they progressed through the treatment train. The assessment of 

the removal was only limited by the analytical detection limits and was >89.4% for all 

analysed EDCs by combined biodegradation, sorption and advanced treatment, 

regardless of their log Koc values. Secondary treatment by activated sludge with 

nitrification/denitrification was highly successful in reducing the concentrations of 

EDCs, but still had measurable concentrations of EDCs in both the aqueous and 

particulate phases. Considering the potency of some EDCs, such as E 1 which was still 

present after activated sludge treatment, the additional EDC removal by advanced 

tertiary treatment may be significant in terms of reducing ED risk from sewage 

effluents. That being said, with the knowledge of how EDCs partition and are removed 

by activated sludge treatment, target optimisation could further enhance the activated 

sludge efficacy in removing EDCs. 

152 



Chapter 7 Characterisation of the efficacy of an advanced tertiary 
sewage treatment plant to remove estrogenic activity using 
on-site real-time fish exposure studies 
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7. 1 Abstract 

The biological significance of exposure to estrogenic endocrine disrupting chemicals 

EDC in sewage effluents is difficult to evaluate due to the variety of EDC chemicals 

present and their greatly different potencies. For a comprehensive assessment, chemical 

analysis, in vitro bioassay and in vivo bioassays were all employed to quantify 

estrogenic ED potential at an advanced tertiary sewage treatment plant. On-site, real-

time exposure of the feral mosquitofish ( Gambusia holbrooki) and the Australian native 

rainbowfish (Melanotaeniafluviatilis) to the final effluent and to process effluent taken 

after biological treatment and sandfiltration were undertaken. Daily 24-hour composite 

samples were collected for chemical analysis of common estrogenic EDCs and two-

hybrid yeast assay. The fish were exposed to the effluent for seven days and control 

tanks and 17~-estradiol (E2) dosed positive control tanks were also included in the 

experimental design. Twenty-four hour composite samples showed that all treatment 

waters had measurable concentrations of synthetic phenols technical nonylphenol and 

Bisphenol A; however, the concentrations were not high enough to cause detectable ED, 

based on relative potency to E2, in the two-hybrid yeast assay. The sandfilter process 

effluent had measurable concentrations of the more potent estrogen, estrone (E 1) during 

the exposure of the mosquitofish (6.2±0.5 and 7.0±0.8 ng/L). The estrogenicity 

measured by the human estrogen receptor (hER) two-hybrid yeast assay was not 

significantly different (p>0.05) between the final effluent and the control water for all 

exposure periods. It was, however, significantly higher (p<0.05) in the sandfilter 

process effluent compared with the control water for all exposure periods. The response 

of the fish ER (medER) two-hybrid yeast to the final effluent and sandfilter process 

effluent was more variable in relation to the control water. Despite the differences 

detected between the control and treatment tanks in the two-hybrid yeast assay, the up-

regulation of vitellogenin mRNA in the mosquitofish and the rainbowfish in tanks 

containing the final effluent or the sandfilter process effluent was not significantly 

different (p>0.05) to that in fish from the control tank. The positive control fish 

confirmed that under the experimental conditions it is possible for vitellogenin to be up-

regulated in the mosquitofish and rainbowfish when exposed to an average 

concentration of 107.6±32.9 and 73.8±16.9 ng/L E2, respectively. From this it can be 
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concluded that despite residual estrogenic EDCs being present in the sandfilter effluent, 

the concentrations were not high enough to elicit vitellogenin upregulation in the 

effluent exposed fish. 
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7.2 Introduction 

Current sewage treatment practices are often inadequate for the removal of estrogenic 

endocrine disrupting compounds (EDCs) (see Auriol et al. 2006; Kbanal et al. 2006; 

Liu , Kanjo & Mizutani 2009 for review). Of particular concern is the evidence that fish 

living in water bodies receiving sewage effluents are at risk of developing reproductive 

abnormalities associated with exposure to estrogenic compounds. Steroidal estrogens 

and xeno-estrogens can cause male fish to have developmental abnormalities such as 

ovotestis (Lange et al. 2009; Metcalfe et al. 2001) and reduced development of 

secondary sex characteristics such as the gonopodium length in Gambusia species 

(Angus et al. 2005; Doyle & Lim 2002). The reproductive success of adult fish can also 

be affected, as demonstrated by reduced egg laying (Kramer et al. 1998; Oshima et al. 

2003; Santos et al. 2007), decreased hatching success (Shioda & Wakabayashi 2000) 

and skewed sex ratios of offspring (Hartley et al. 1998; Nimrod & Benson 1998). Signs 

of estrogenic endocrine disruption have been found in wild populations of fish living in 

waters receiving treated effluent (Batty & Lim 1999; Jobling et al. 1998; Rawson, Lim 

& Warne 2008; Vajda et al. 2008), as have fish experimentally exposed to treated 

sewage effluents (Diniz et al. 2005 ; Liney et al. 2006; Thorpe et al. 2009). 

Despite the evidence of endocrine disruption (ED) from some sewage effluents, it 

cannot be automatically assumed that all STP effluents will cause endocrine disruption. 

There are studies that found no conclusive evidence of estrogenic endocrine disruption 

in fish living in waters contaminated with treated sewage effluent (Carballo et al. 2005; 

Douxfils et al. 2007; Leusch et al. 2006a). The application of advanced tertiary 

treatment technologies can significantly reduce the concentrations of EDCs in sewage 

effluent (Drewes et al. 2006; Liu, Kanjo & Mizutani 2009) and studies of advanced 

tertiary sewage treatment plants suggest that in practice, advanced treatment is 

successful in reducing EDC concentrations that do not produce measurable estrogenic 

responses in in vitro bioassays (Braga et al. 2005; Leusch et al. 2005a; Ma, Li & Wang 

2005). 

Vitellogenin (vtg) upregulation is a popular biomarker used in in vivo assessment of 

endocrine disruption in fish exposed to sewage effluent (for examples see Aerini et al. 
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2004; Barber et al. 2007; Purdom et al. 1994; Routledge et al. 1998; Sole, Porte & 

Barcelo 2001 ). Vtg is an egg yolk precursor protein that is produced in the liver of 

sexually mature oviparous animals (Arukwe & Goksoyr 2003). These highly 

phosphorolated proteins are transformed and incorporated into the egg yolk in 

reproductively active females. Although males have the vtg gene, the endogenous 

hormone homeostasis is not conducive to vtg production due to the low levels of 

estrogens produced by males. However, when exposed to exogenous (xeno-)estrogens 

production of vtg can be stimulated in males. Quantification of the vtg protein 

circulating in the blood plasma or the upregulation of mRNA signalling for vtg 

production (particularly in the liver) can be used as a biomarker of estrogenic ED even 

though it is not causally linked to inhibition of reproductive outputs. 

The risk of ED from exposure to treated sewage effluents is dependent on the 

composition and concentrations of estrogenically active chemicals remaining in the final 

effluent. Primarily it is the steroidal estrogens that are of concern due to their potency; 

however, alkylphenol polyethoxylate (APEO) degradation products may also contribute 

to the estrogenicity of sewage effluent. The application of advanced tertiary treatment 

technology has the potential to successfully remove EDCs. However, knowledge of the 

mechanisms of ED is still evolving and there is no simple global assessment technique 

appropriate to evaluate the risk of ED. Chemical analysis coupled with in vitro bioassay 

and in vivo biomarkers provide different levels of infomiation that can be used to assess 

the risk of ED to humans and wildlife exposed to treated effluent. ED risk is one of the 

concerns when assessing the feasibility of different reuse applications of highly treated 

sewage effluents and more research is needed to address this issue. 

In this study, treated sewage effluent from the Gerringong-Gerroa sewage treatment 

plant (GGSTP) was assessed for the potential to cause upregulation of vtg in two 

species of fish. The GGSTP is an advanced tertiary treatment plant incorporating 

continuous backwashing sandfiltration, ozonation (03), biological activated carbon 

filtration (BAC), microfiltration and UV disinfection after the activated sludge 

treatment with nitrification/denitrification (Biodenipho) and clarification. Previously, 

final sewage effluent from the GGSTP was found to not contain significant 

concentrations of known estrogenic EDCs or to induce an estrogenic response in four in 

vitro bioassays (Chapter 3). The last stage where the potent steroidal estrogens were 
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detected and the in vitro bioassays had consistent estrogenic responses was after 

sandfiltration and before ozonation. 

Exposure tests were conducted to determine whether the final effluent and the process 

effluent taken from the sandfilter stage were able to induce vtg up-regulation in the 

model test fish , the mosquitofish ( Gambusia holbrooki) and the native crimson spotted 

rainbowfish (Melanotaenia fluviatilis ). The objective of this study was to confirm 

whether the negative responses in in vitro bioassays measured in the final effluent 

correlated with an inability to induce vtg in vivo and whether or not the estrogenicity of 

process water equivalent to activated sludge treatment plant operations, was able to 

induce an in vivo vtg response. 

7.3 Methodology 

7.3.1 Flow-through exposure system 

A series of 20 L glass tanks was set up in the microfiltration room at the GGSTP. Feed 

water from the sandfilter outlet, final effluent outlet and potable water were plumbed to 

the room . During the first exposure test in May 2008, each of the test waters of final 

effluent, partially treated effluent and negative control were set up with four replicate 

tanks. During the November 2008 and Febrnary 2009 exposure tests, the replicate tanks 

were reduced to three so that three tanks were available for a positive control. The 

negative control consisted of aged potable water in a partially recirculating system so 

that the header tanks could act as an aerating and aging stage for the removal of any 

residual chlorine. The water was recirculated using 4.7 mm 1116 inch ID FEP tube 

(Cole-Palmer) and Masterflex pumps. The positive control was set up by dosing the 

final effluent with 10 µg/L estradiol (Sigma) in purified water (in-house Satorius 

system) at a dosing rate of 46.9±2.9 mL/h in the November 2008 and 48.0±1.2 mL/h in 

the February 2009 exposure experiments. Dosing was achieved by using PTFE tubing 

and Gilson peristaltic pumps. Each tank was individually dosed. The dose rate was set 

to achieve a nominal exposure concentration of 100 ng/L 17~-estradiol (E2). 

Concentrations of E2 were measured in 24 hour composite water samples from each 

tank over the exposure period. 
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Every exposure tank had its own header tank to avoid confounding effects of pseudo-

rep lication and to ensure continuous flow to the exposure tanks, including the periods 

when the advanced tertiary treatment stages were not running. Continuous flow also 

ensured mixing, aeration and consistent dosing of the positive control. Discontinuous 

flow to the header tanks of the post-sandfilter tanks usually occurred overnight when the 

flow through the treatment plant was low and the sandfiter and BAC tanks were filling 

up rather than running as they operate on a batch rather than continuous flow system. 

Exposure tanks were gravity fed water from the header tank via a 1116 inch ID FEP tube 

(Cole-Palmer) to the exposure tank. Glass overflows tubes were installed for both the 

header and exposure tanks to ensure that the tanks were continuously emptied as they 

were replenished. The average flow rate from the header tank to the exposure tank was 

5.6±0.9 L/hour during the May 2008 test, 5.4±1.5 L/h during the November 2008 test 

and 6.9±1.5 L/hour during the February 2009 test. This gave an average 99% 

replacement rate of 16.6±3.1, 18.0±4.5, and 13.8±2.7 hours for May, November and 

February, respectively. As the objective of the study was to compare the relative 

differences in estrogenicity between partially treated and final effluents to that of the 

controls, the actual flow rate was not considered an important factor, instead 

consistency between tanks during each testing period, especially for the stabilization of 

the positive control dose rate. 

7 .3.2 Preparation of estradiol stock solution 

The E2 dosing of the positive control tank was conducted by initially directly spiking the 

20 L of final effluent water in the tanks with 10 µL of 400 ng/µL E2 stock in methanol 

(0.05 x 1 o-3% v/v methanol). The stock dosing solution was prepared by adding 100 µL 

of 400 ng/L E2 in methanol to 4.0 L of final effluent water (0.0025% v/v methanol). At 

the E2 dosing rate and final effluent replenishment rate, the methanol concentration in 

the tank was expected to be 5.0 x 1 o-3% v/v. 

7 .3.3 Selection of test fish species 

The mosquitofish, G. holbrooki (Girhard 1859) was chosen as a test species as it is a 

small, fast growing, common feral species in Australian waters that has previously been 
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studied for developmental and reproductive changes caused by E2 exposure (Doyle and 

Lim 2002, Doyle and Lim 2005 , Rawson et al. 2006, Leusch et al. 2005b ). The crimson 

spotted rainbowfish, M jluviatilis (Castelnau 1878) was chosen as a test species as a 

small, fast growing indigenous species that has the potential to be used as a native 

model species for ED as it has already been adopted as a test species in other types of 

environmental toxicological studies. 

7 .3.4 Fish stocking and maintenance 

In the May and November 2008 exposure experiments each tank was stocked with eight 

adult male mosquitofish while in the February 2009 exposure experiment each tank was 

stocked with four adult male crimson spotted rainbowfish. Details of mosquitofish 

collection and the rainbowfish supplier can be found in section 2.5.1. Fish were fed 

daily with commercially available fish food flakes except for the first and last days of 

the exposure test. Water temperature, dissolved oxygen, conductivity and pH of each 

tank were monitored daily. 

7 .3.5 24 hour composite water sample collection 

An eight channel peristaltic pump (Gilson) was used to take daily 24 hour composite 

samples from one of the exposure tanks of each treatment type. The samples were 

delivered to a solvent rinsed 4 Lamber glass bottle via a FEP tube (Cole-Palmer) that 

was stored on ice during the sampling period. Each morning the sample bottle was 

replaced and the samples acidified with concentrated H2S04 to a pH below 2 before 

being filtered (1.2 µm pore size Advantec GC50 filter) and split into two 1.0 L samples 

to be extracted for chemical analysis and assessment using the in vitro two-hybrid yeast 

bioassay. Extractions were conducted at the on-site laboratory immediately upon 

collection. Briefly samples were extracted after a 25 ng deuterated (May 08 exposure 

experiment) or 13C labelled (Nov 08 and Feb 09 exposure experiments) mixed surrogate 

spike was added to the samples for chemical analysis. Samples were extracted using a 

500 mg Oasis HLB cartridge (Waters) and eluted using a solvent mixture of either 

dichlonnethane: diethylether: methanol ( 40: I 0: 1) or dichloromethane: methanol (95 :5) 
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mixture. Samples were passed through a 500 mg !solute florisil column (IST) with 

500 mg of sodium sulfate layered on top of the sorbent bed. 

7 .3.6 Chemical analysis 

Samples for chemical analysis were derivatised using MSTF A and analysed for 

estrogenic EDCs 17~-estradiol (E2), estrone (E 1), estriol (E3), l 7a-ethynlestradiol (EE2) , 

17 a-estradiol ( aE2), Bisphenol A (BPA), technical nonylphenol (TNP), 4-t-octylphenol, 

4-n-octylphenol, 4-n-nonylphenol and 4-t-amylphenol. The detailed methodology for 

the chemical analysis can be found in sections 2.3.4-2.3.6 in the General Methodology 

chapter. 

7 .3. 7 Two-hybrid yeast bioassay 

Extraction eluates for bioassay analysis were evaporated under a gentle stream of N2 

and immediately redissolved in 100 µL of dimethyl sulfoxide. The 24 hour composite 

samples were analysed using the estrogenic hER and medER transfected two-hybrid 

yeast test using the protocol outlined in section 2.4.1 in the General Methodology 

chapter. 

7.3.8 Vitellogenin analysis by quantitative PCR 

At the end of the fish exposure period, fish were removed from the exposure tanks, 

euthanized and the livers removed and immediately added to 2.0 mL microcentrifuge 

tubes containing 200 µL RNAlater (Qiagen). 

RNA was extracted using QIAGEN®RNeasy® micro or mini total RNA isolation kit 

(QIAGEN®) following the manufacturer's protocol. For mosquitofish, vtg was 

quantified using a multiplex one-step PCR reaction using LUX (Invitrogen) labelled 

primers as described in Leusch et al. (2005b ). For the rainbowfish, RNA reverse 

transcription to cDNA was performed using RT primer mix (oligo-dT and random 

primers) QuantiTect Reverse Transcription Kit (QIAGEN®) prior to quantification of 

vtg using QuantiTect SYBR Green PCR mix (QIAGEN®) (Woods, in prep.). Both 
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methods normalised vitellogenin up-regulation to the housekeeping gene 18S ribosomal 

RNA. The vtg analysis procedure is described in greater detail in sections 2.5.2 and 

2.5.3 in the General Methodology chapter. The up-regulation of vtg in the fish from the 

treatment tanks was evaluated graphically using the relative quantification method 

(2-MCt) described by Livak and Schmittgen (2001) using standard error of the mean 

calculations described by Bookout and Mangelsdorf (2003). Vtg Ct values were 

converted to LiCt for each fish by subtracting the l 8S rRNA Ct. Relative fold change 

L1L1Ct for each treatment was calculated by subtracting the average Li Ct of the control 

tank from the average L1Ct for each treatment. Relative up-regulation was calculated as 

r~LiCt. For statistical analysis L1Ct values for individual fish were used. 

7 .3.9 Data analysis 

Due to the data being highly left censored, data analysis techniques were employed that 

included the limits of detection (LOD) data when calculating means and standard 

deviations and when performing statistical analyses. The average concentration of 

EDCs and the average response in the two hybrid yeast assay measured in the 24-hour 

composite samples were calculated using Kaplian-Meier empirical cumulative 

distribution functions (ECDF) generated using the NADA package in R software 2.9.1. 

The difference in responses of the two-hybrid yeast between the treatment tanks was 

tested by comparing the K-M ECDFs using the cendiff function in the NADA package 

as described by Lee and Helsel (2007). Bonferroni corrected p-values were used for 

post-hoc paired comparisons. 

There was no significant difference in the LiCt vitellogenin up-regulation between fish 

in replicate tanks of the May 2008 or Feb 09 exposure experiment by one-way ANO VA 

or Kruskal-Wallis non-parametric rank test (p>0.05). For the November 2008 tanks, the 

final effluent tanks had a significant difference (p<0.05) between replicate tanks. 

However, considering the other three treatments were not significant, it was decided to 

still use the individual fish responses as individual replicates. One-way ANOV A or 

Kruskal-Wallis tests were also used to test for differences between treatments (control, 

sandfilter, final (UV) and positive control tanks) for each fish flow-through exposure 

experiment. Dunnett' s test was used for comparing the Li Ct values for each treatment to 
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those of the control tank using the multicomp function in R software 2.9.1 and using the 

sandwich function which uses treatment variance when the variance was significantly 

different between treatments. 

7.4 Results 

7.4.1 Experimental conditions 

In each fish exposure experiment, temperature was generally similar between the tanks 

and there were minimal differences in the pH (Table 7 .1 ). In the May 2008 fish 

exposure experiment, the dissolved oxygen (DO) content was also similar between 

treatments because aerators were used in all tanks. In subsequent exposure experiments, 

aerators were only used in the header tanks of the control (for dechlorination) which led 

to greater variation in DO content between the treatment tanks, with the control tanks 

generally having a slightly higher DO content than that in the other tanks (Table 7 .1 ). 

The major difference in general water quality parameters between the treatment types 

was conductivity, with the control tanks having a much lower conductivity than the 

treatment tanks (Table 7.1). The conductivity of the sandfilter and final effluent was not 

different to each other. 

7.4.2 Concentrations of EDCs in the water of the fish exposure tanks 

Concentrations of EDCs in the water of the exposure tanks were monitored by analysing 

daily 24 hour composite samples. The limits of detection (LODs) for the different 

sample matrices are reported in Table 6.4 in Chapter 6. Blank LODs were used for the 

negative control. Recovery of surrogate standards for the 24-hour composite samples 

was higher for the May 2008 samples, which had deuterated analogues of 4nNP BPA, 

E 1, E2 and EE2 (Table 7.2). The steroidal estrogens in particular had recoveries that 

were generally above 125%. Recovery of 13C labelled analogues was more similar to 

expected recoveries, as they were almost always below 100%. The difference is likely 

due to interference of isomers within the isotopically labelled compounds that create 
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different interferences when used at different concentration ratios in the surrogate and 

internal standards. 

The concentrations of EDCs in the water of the sandfilter and final effluent exposure 

tanks were low in all three fish exposure experiments (Figure 7 .1 ). Of the highly potent 

steroidal estrogens, only E1 was detected in the sandfilter water in the May 2008 and 

November 2008 exposure experiments with average concentrations of 6.2±0.5 and 

7.0±0.8 ng/L, respectively. E2, aE2, EE2 and E3 were generally not detected in the 

treatment tanks. However, E3 was measured at 40.6 ng/L in one of the 24-hour 

composite sandfilter samples taken during the November 2008 fish exposure 

experiment. 

The concentrations of synthetic phenols in the treatment tanks were higher than 

expected considering concentrations measured directly from the sandfilter and final 

effluent as reported in Chapters 3 and 6. Generally, only TNP and BPA had 

concentrations above 10 ng/L. In the May 2008 exposure experiment, 4tOP was also 

elevated in the sandfilter exposure tanks with an average concentration of 

101.6±29.2 ng/L. The average concentrations ofTNP and BPA were lowest in February 

2009 and highest in November 2008. BPA in particular was high in the control tanks 

with concentrations of 1394±306 ng/L in May 2008, 2237±227 ng/L in November 2008 

and 182.6 ±46. 7 ng/L in February 2009 fish exposure experiments. It is suspected that 

synthetic phenols were elevated above the expected concentrations due to leaching from 

the piping installed to deliver the process effluent to the microfiltration room where the 

exposure tanks were housed. The control tanks also had elevated concentrations of 

BPA, especially during the May 2008 and November 2008 fish exposure experiments. 

Tests on potable water taken from the on-site laboratory confirmed that the BPA was 

not coming from the potable water as it had an average BPA concentration of 2.9 ng/L. 

Thus, it is likely that BPA was coming from the plumbing of tap points to supply the 

tanks with potable water. 
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Table 7.1: Water quality conditions measured during on-site flow-through fish exposure experiments. Averages 
are from daily measurements of all tanks during the experimental period. 

pH Dissolved 0 2 Conductivity Temperature 
(%) (µSiem) (oC) 

May 2008 

Control 7.53±0.17 96.1±5.4 169.3±4.8 17.3±1.1 

Sandfilter 7.29±0.08 92.1±2.2 756.8±28.8 16.4±2.1 

Final Effluent 7.37±0.07 93.2±2.2 752.3±32.9 16.7±0.8 

November 
2008 

Control 7.33±0.21 94.6±3.4 161.5±2.3 21.2±0.7 

Sandfilter 7.18±0.06 80.7±6.5 594.4±10.6 21.7±0.8 

Final Effluent 7.17±0.12 76.8±5.5 590.3±7.5 22.7±0.5 

Positive 7.16±0.04 81.4±7.2 587.6±21.7 22.5±0.6 Control 

February 2009 

Control 7.15±0.11 83.7±2.6 168.1±3.4 24.4±0.6 

Sandfilter 7.07±0.16 79.2±6.0 638.4±7.6 24.3±0.8 

Final Effluent 6.86±0.12 71 .9±4.2 638.5±12.7 25.6±0.7 

Positive 6.91±0.07 69.9±5 .2 638.3±5.4 25.4±0.7 Control 

Dosing of E2 for the positive control tanks included in the November 2008 and February 

2009 fish exposure experiments, maintained an average measured E2 concentration of 

107.6±32.9 and 73.8±16.9 ng/L, respectively. The initial concentration ofE2 was higher 

and decreased over each exposure period, presumably as E2 was degraded to E1, since 

E1 conversely increased in concentration over each exposure period. The average 

concentrations ofE1 in the positive control tanks were 9.9±10.7 and 12.6±5.7 ng/L in 

the November 2008 and February 2009 fish exposure experiments, respectively. 
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Table 7.2: Average± standard deviation of recovery(%) for different sample matrices and different isotopic 
labelled EDC analogues. The 13C labelled compounds were used as the surrogate standard in the November 2008 
and February 2009 samples, while the deuterated (d4 or d16) compounds were used for the May 2008 samples. 

Control 
Sandfilter 
Final 
Positive 
Blank 
Potable 

Control 
Sand 
Final 

triclosan- 13C 
87±9 
95±22 
76±10 
80±3 
80±3 
90±8 

BPA-13C 
81 ±10 
79±22 
70±10 
74±3 
77±5 
67±10 

BPA-d16 
104±8 
108±25 
114±5 

E1-
13C 

79±9 
92±2 1 
73±14 
82±5 
77±4 
62±14 

E1-d4 

129±41 
125±28 
129±34 

E2-
13C 

79±9 
88±24 
71±11 
107±13 
78±4 
58±18 

151±8 
148±28 
160±6 

EEr
13C 

64±6 
78±22 
61±5 
60±4 
65±3 
47±11 

180±13 
171±46 
186±22 
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Figure 7.1: Average± standard deviation (n=6) concentrations of EDCs measured in 24 hour composite samples 
taken from a representative tank for each treatment of the fish flow-through exposure experiments a) May 2008, 
b) November 2008 and c) February 2009. Error bars represent the standard deviation. N.D. - not detectable 
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7 .4.3 Two-hybrid yeast response in the 24 hour composite samples 

The responses in the two-hybrid yeast bioassays demonstrated that there was low level 

estrogenicity in the water of the control tanks in the May 2008, November 2008 and 

February 2009 fish exposure experiments (Figure 7.2). 

The medER two-hybrid yeast is more responsive to synthetic phenols than the hER two-

hybrid yeast. During all three testing periods the medER had a higher response than that 

of the hER two-hybrid yeast in the control tanks, indicating that this response may be 

due to synthetic phenolic chemicals. The average hER yeast responses in the control 

tanks were <0.6, 2.0±0.7, 1.2±0.6 ng/L EEq for the May 2008, November 2008 and 

February 2009 fish exposure experiments, respectively. The average medER yeast 

responses in the control tanks were 5.1±0.5, 11.4±1.4 and 7.6±1.8 ng/L EEq for the 

May 2008, November 2008 and February 2009 fish exposure experiments, respectively. 

There was a significant difference (p<0.05) between treatments in the May 2008, 

November 2008 and February 2009 fish exposure experiments for both the hER and 

medER two-hybrid yeast responses. Paired testing between treatments using Bonferroni 

corrected p-values showed that in the May 2008 fish exposure experiment, the final 

effluent was not significantly different (p>0.05) to that of the control, but the sandfilter 

had a significantly higher response for both the hER and medER yeast compared to both 

the control and final effluent (Bonferroni corrected p<O.O 17). 

In the November 2008 and February 2009 fish exposure experiments, the sandfilter 

water had a significantly higher hER response to the respective control tank and final 

effluent tank (Bonferroni corrected p<0.008). Also in November 2008 and February 

2009 fish exposure experiments, the final effluent had a significantly lower response in 

medER yeast than that in the control tank and sandfilter tank (p<0.008). In the 

November 2008 and February 2009 fish exposure experiments, a set of positive control 

tanks were incorporated in the exposure testing. Both the medER and hER two-hybrid 

yeast responses were significantly elevated (p<0.008) in the positive control tanks 

above that of the control , sandfilter and final effluent tanks. 
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Figure 7.2: Average± standard deviation (n=6) of estrogenic response in the hER (black bars) and medER (white 
bars) two-hybrid yeast assay for the 24-hour composite samples taken in a) the May 2008, b) the November 2008 
and c) the February 2009 fish flow-through exposure experiment. Columns with the same letter above them are 
not significantly different (p>0.05). Lower case letters are for hER and upper case for medER responses. 
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Generally, the responses of the two-hybrid yeast assays were higher than predicted by 

the chemical data. Only the positive control samples had similar responses in the hER 

and medER yeasts to that expected from the chemical concentrations of E2 and E 1 

present in the 24-hour composite samples. In the November 2008 fish exposure 

experiment, the expected response in the two-hybrid yeast assays, based on chemical 

potencies in the bioassays (see Chapter 4), were on average, 85 and 108% of the actual 

response in the hER and medER yeast, respectively. In the February 2009 fish exposure 

experiment, the two-hybrid yeast assay responses were higher than expected and the 

responses predicted by the chemical data were only 43 and 63% of the actual hER and 

medER yeast responses, respectively. For the negative control, final effluent and 

sandfilter process effluent treatment stages, the potencies of EDCs measured in the 

samples were poor predictors of responses in the two-hybrid yeast assays. The 

relationship was particularly poor for the February 2009 fish exposure experiment, with 

only 0.1-3% of the average hER and medER responses being predicted by the chemical 

data. In the May 2008 and November 2008 fish exposure experiments, the range was 7-

20% of the average hER and medER responses. 

7.4.4 Vitellogenin up-regulation in Gambusia holbrooki (Girhard 1859) 

and Melanotaenia jluviatilis (Castelnau 1878) 

Vtg was not significantly up-regulated above that of the control tanks for either the 

sandfilter or final effluent exposed mosquitofish in the May 2008 exposure experiment 

(Kruskal-Wallis rank sum test, chi-squared=2.0, df=2, p=0.352). The relative fold 

induction was in fact, below one for fish from the sandfilter and UV tanks when 

comparing vtg up-regulation to that in the control tank (2-MCt) (Figure 7 .3 ). 

It is clear that vtg up-regulation is possible under the experimental conditions as the fish 

in the positive control tanks had significantly lower ACt values than the fish in the 

(negative) control tank for both G. holbrooki (November 2008) and M jluviatilis 

(February 2009) (Dunnett multiple contrasts test, November 2008 p<0.001 , February 

2009 p<0.05). Despite the capacity for vtg up-regulation, the ACt values for fish in the 

sandfilter and final effluent exposure tanks were not significantly different to the ACt 
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values for the fish in the (negative) control tank in both the November 2008 and 

February 2009 fish exposure experiments (Dunnett multiple contrasts test, p>0.05). 

It must be noted that the control samples from the November 2008 fish exposure 

experiment had no detectable vtg up-regulation in many of the fish and as such for 

statistical analysis the ~Ct for individual fish was calculated as 45 minus l 8S Ct and 

relative fold induction was calculated with only the samples that had detectable vtg 

(n=2). This was not due to problems with the samples or the qPCR reaction, as the l 8S 

Ct was not significantly different for fish from the different treatment tanks (one-way 

ANOV A, df=3 ,32, F=O.O 192, p=0.9963) indicating equal reaction efficiencies between 

treatments. The Ct and delta Ct values for all three fish exposure experiments are 

presented in Table 7.3. 

Table 7.3: Average cycle thresholds (Ct) for of vitellogenin and the housekeeping gene 185 and the average 
normalised vtg up-regulation (l\Ct) and change in Ct relative to the normalised vtg up-regulation in control tank 
fish (-l\l\Ct) . Error (±) is the standard deviation and brackets contain number of quantifications for treatments 
that did not have quantifiable vtg for all fish (n). 

Treatment 18S rRNA Ct VtgmRNA Ct ~Ct -~~Ct 

May 2008 G. holbrooki 

Control 8.8±0.5 42.2± 1.3 33.4±1.4 0.0 

Sandfilter 8.4±0.2 42.7±0.5 34.3±0.5 -0.9 

Final (UV) 8.8±0.5 42.7±0.5 33 .9±0.6 -0.5 

November 2008 G. holbrooki 

Control 8.3±0.5 43.0±0.4 (2) 34.7±0.6 0.0 

Sandfilter 8.4±0.6 42. 9± 1.2 (8) 34.5±1.3 0.21 

Final (UV) 8.4±0.4 43.2±1.2 ( 4) 34.8±1.3 -0.12 

Positive Control 8.4±0.8 33 .8±2.9 (9) 25.5±3.0 9.2 

February 2009 M jluviatilis 

Control 17.2±0.4 26.6±3.6 9.4±3.6 0.0 

Sandfilter 16.9±0.3 28.1±3.9 11.2±3.9 -1.8 

Final (UV) 17.2±0.8 28.6±4.1 11.6±4.1 -2.1 

Positive Control 16.4±0.5 21.4±2.1 5.0±2.1 4.5 
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Figure 7.3: Vitellogenin upregulation relative to the average vitellogenin up-regulation in fish from the control 
tanks for the a) May 2008 exposure experiment and b) the November 2008 exposure experiment for G. holbrooki 
and c) the February 2009 exposure experiment for M. fluviatilis. Error bars represent the standard error of the 
mean (SEM). *indicates <0.05 and * * * indicates <0.001 for the significant difference to the control by Dunnett 
test. 
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7 .5 Discussion 

Although the concentrations of BP A were elevated in the control tanks, it is unlikely to 

cause up-regulation of vtg in the fish in the three fish exposure experiments. Studies on 

the Japanese medaka ( Oryzias latipes ), the fathead minnow (Pimephales promelas) and 

Chinese loach (Misgurnus anguillicaudatus) have shown that BPA is only weakly 

estrogenic in vivo (Kang et al. 2002; Lv et al. 2007 I respectively ; Sohoni et al. 2001 ). 

Kang et al. (2002) found that ovotestes occurred in 13% of male medaka exposed to 

837 µg/L BPA and vtg was up-regulated at 3120 µg/L BPA, with no reduction in 

reproductive outputs at these concentrations. Sohoni et al. (2001) exposed fathead 

minnows to concentrations as low as 1 µg/L, which showed no notable effects. Vtg was 

not up-regulated until the exposure concentration was 160 µg/L, while signs of ovotestis 

occurred at 16 µg/L. Decrease in reproductive output occurred at concentrations higher 

than that which elicited responses in these biomarkers. Interestingly, in the Chinese 

loach, long term exposure to concentrations as low as 10 µg/L could induce vtg up-

regulation , but 500 µg/L of BPA was required to induce vtg up-regulation over a 7 day 

exposure period (Lv et al. 2007). The concentrations of BPA in the control tank during 

the flow-through fish exposure experiments at the GGSTP was highest in the November 

2008 exposure experiment with G. holbrooki at a concentration of 2237±227 ng/L. This 

concentration was 7-1400 times lower than the concentrations causing vtg up-regulation 

in other species. The low frequency of male fish in the November 2008 control tanks 

that had quantifiable vtg (2 out of 9 fish) is further evidence that the BP A 

concentrations in the control tank are too low to cause vtg up-regulation. 

Based on the potency of BPA as measured in the two-hybrid yeast assay, it would be 

expected that the concentrations of BPA in the control tank should cause a maximum 

response of 1.0 ng/L EEq. The medER yeast is more sensitive to synthetic phenols than 

the hER yeast, which is why the response for the control tank was higher for medER 

than hER yeast assay. Conversely, the positive control tank had a higher response in the 

hER than the medER yeast assay due to the dominance of steroidal estrogens driving the 

high estrogenic response. The actual responses of both the hER and medER two-hybrid 

yeasts were higher than that predicted by the concentrations of EDC chemicals 

measured. As such, it is suspected that the two-hybrid yeast assay may over-estimate 
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ED risk as the vtg up-regulation did not indicate the same differences between the 

waters of control and treatment tanks compared with that measured in the two-hybrid 

yeast assay. This is opposite to the effect seen by Schlenk (2008), with the yeast 

estrogen screen (YES) assay. In a review of four studies employing TIE procedures for 

the assessment of wastewater, it was found that the YES assay concurred with vtg up-

regulation in fish when the effluent assessed was of purely domestic origins; however, 

the YES assay underestimated the vtg responses when there was a significant industrial 

component to the wastewater. Specifically, Huggett et al. (2003) found that after using 

TIE processes to fractionate extracts, the YES assay response was 10 times less than 

that of plasma vtg induction in Japanese medaka. The overestimation of ED risk by the 

two-hybrid yeast assay may be due to the combined effects of greater sensitivity to 

synthetic phenols and the clean-up procedure utilised in the current study to reduce the 

toxicity of the sample to the yeast. However, Aerini et al. (2004) found that the YES 

assay returned positive results for sewage effluents that did not elicit vtg up-regulation 

in male rainbow trout ( Oncorhynchus mykiss) indicating it may also be a function of 

differential sensitivities in eliciting vtg up-regulation among species. 

Potential over-estimation from the two-hybrid yeast is an important consideration when 

evaluating the results of the in vitro bioassays without the support of chemical analysis 

or in vivo testing. However, the greater sensitivity of the two-hybrid yeast assay to 

variations in chemical concentrations make it a useful tool when comparing between 

sewage treatment stages, as it is able to distinguish a difference in ED risk between the 

sandfilter process effluent and the final effluent, which do have differences in EDC 

concentrations. Vtg up-regulation in both the mosquitofish and rainbowfish were 

insensitive to these differences as both were not significantly different to that of the 

control. This is somewhat surprising considering the sandfilter process effluent still 

contained traces of E 1 in the May 2008 and November 2008 mosquitofish exposure 

experiments. Although the potency of E 1 for vtg up-regulation in mosquitofish is 

unknown, in other species the potency of E 1 is not as great as E2 in vivo (Routledge et 

al. 1998; Tilton, Benson & Schlenk 2001) and the concentrations found in the sandfilter 

process effluent were perhaps too low to induce vtg up-regulation. Although potencies 

will vary between species, APEO degradation products inc1uding 4NP and 4tOP are at 

least 10 000 times lower in potency in the rainbow trout ( 0. mykiss) hepatocytes 

(Job ling et al. 1998) and in a review by Mills (2005) the range of LOECs for NP and OP 
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are 1-100 µg/L in three different fish species. The highest concentrations of TNP and 

4tOP were detected in the sandfilter process effluent tanks in the May 2008 fish 

exposure experiment with maximum concentrations of 142.1 ng/L and 115.6 ng/L, 

respectively, which is 10-10 000 times lower than the LOECs summarised in Mills and 

Chichester (2005). The fact that E2 concentrations of 20 ng/L are unable to significantly 

up-regulate mRNA vtg in G. holbrooki (Leusch et al. 2005b ), also supports the 

likelihood that the combined concentration of xeno-estrogens in the sandfilter process 

effluent sample was not sufficient to up-regulate vtg in mosquitofish. 

Mosquitofish, including G. holbrooki and the closely related G. affinis have been used 

in a number of studies on estrogenic ED from exposure to treated sewage effluent (Batty 

& Lim 1999; Leusch et al. 2006a; Rawson, Lim & Warne 2008). Gambusia is a 

sexually dimorphic genus that undergoes gender differentiation within the first few days 

after birth (Koya et al. 2003). Male mosquitofish develop an elongated anal fin called 

the gonapodium, which is used to transfer sperm packets to the female gonopore during 

copulation. Developmental studies using juvenile males have demonstrated that dietary 

exposure of EE2 for G. affinis (Angus et al. 2005) and waterboume exposure of 

G. holbrooki to E2 (Doyle & Lim 2002 · Rawson et al. 2006) affects the development of 

the gonapodium. Exposure to estrogenic compounds has also been shown to decrease 

sexual activity and impregnation success by adult males, regardless of whether the 

estogenic exposure occurred during (Angus et al. 2005) or after (Doyle & Lim 2005) 

full sexual development. The lowest concentration of E2 where developmental and 

behaviour abnormalities were detected was 100 ng/L and 20 ng/L respectively (Doyle & 

Lim 2002, 2005). Vtg mRNA up-regulation from exposure to E2 has previously been 

found to be significantly different to control fish when G. holbrooki were exposed water 

concentrations of 190 ng/L (Brown 2005) and 250 ng/L E2, but not at 20 ng/L (Leusch 

et al. 2005b ). The study at the GGSTP demonstrates that exposure to a concentration of 

107 .6±32.9 ng/L E2 can also cause significant vtg up-regulation in G. holbrooki. The 

actual LOEC for vtg up-regulation in mosquitofish is therefore likely to be above 

20 ng/L but below 107.6±32.9 ng/L E2• 

M jluviatilis is a native Australian fish species that has only recently been investigated 

as a biomonitor for ED. As such, not much is known about the sensitivity of 

M. jluviatilis to estrogenic EDCs. However, a baseline study by Pollino et al. (2007) 
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found that exposure to high E2 doses ( 1000 ng/L) resulted in reduced number of eggs 

laid by females, although the hatchability and size of the larvae appeared not to be 

affected. Phosphoprotein, a surrogate for vtg was found to be up-regulated in male fish 

after 14 days of waterboume exposure at concentrations as low as 30 ng/L E2• In the 

testis y-glutamyltranspeptidase activities (an indicator of spermatogenisis), was reduced 

after three days of exposure to 30 ng/L E2, but after 14 days of exposure, only fish 

exposed to 1000 ng/L E2 were significantly affected. In another study, the vtg protein 

was detected in the liver of male M fluviatilis individuals exposed for 7 days to 

500 ng/L of waterbourne E2 but not at 50 ng/L E2 (Woods et al. 2009). In the current 

study at the GGSTP, in the positive control, vtg mRNA up-regulation was significantly 

different (p<0.05) to that of the negative control at an average E2 exposure 

concentration of 73.8± 16.9 ng/L. This study and the studies by Pollino et al. (2007) and 

Woods et al. (Woods et al. 2009) all used different quantification methods for vtg. 

However, from the results of Pollino et al. (2007), it would appear that the LOEC for 

vtg up-regulation in rainbowfish may be lower than 30 ng/L. 

Vtg up-regulation as a biomarker of higher level biological implications such as 

developmental and reproductive abnonnalities varies greatly between species. Some 

studies have found vtg up-regulation to be more sensitive than physiological, 

behavioural or reproductive end-points (Kang et al. 2003; Sohoni et al. 2001) while 

others have found other end-points to be more sensitive than vtg up-regulation (Thorpe 

et al. 2009). However, it must be kept in mind that the mechanisms of high level 

biological impact are more complicated and may not solely be reflective of EDC 

presence. 

In rainbowfish vtg up-regulation has been shown to be more sensitive than reproductive 

outputs (Pollino, Georgiades & Holdway 2007). In mosquitofish, the situation is less 

clear as male sexual behaviour is suppressed at 20 ng/L, but the impregnation rate is not 

significantly reduced until 100 ng/L (Doyle & Lim 2005) making vtg up-regulation as 

sensitive to reproductive output, but not as sensitive as behavioural modification. 

However, the lack of vtg up-regulation in both species when exposed to sewage effluent 

from the GGSTP does indicate that endocrine disruption is unlikely to occur from 

exposure to advanced tertiary treated effluent from the GGSTP. 
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There are many studies that have shown that the input of sewage effluent into 

waterways or level of sewage dilution is associated with increased vitellogenin up-

regulation (Ma et al. 2005 ; McArdle et al. 2000; Porter & Janz 2003; Scott et al. 2006; 

Sole, Barcelo & Porte 2002; Sole et al. 2003 ; Thorpe et al. 2009) or the intersex 

( ovotestes) condition (Bjerregaard, Korsgaard & Bjerregaard 2006; Diniz et al. 2005). 

However, most studies do not consider the implications of treatment technology 

employed at the STP being studied. Some of the studies consider the volume of effluent 

leaving the STP to be a good predictor, and a wide scale predictive assessment model 

using this predictor was successful in predicting the severity of ED in roach (Rutilus 

rutilus) in the UK (Jobling et al. 2006). However, this assumes that all treatment plants 

have the same average removal efficiency through activated sludge treatment. Although 

activated sludge treatment is the most common treatment technology employed in STPs, 

other treatment technologies can produce dramatically different EDC concentrations in 

the final effluent. For example, Vajda et al. (2008) reported that that high concentrations 

of steroidal estrogens and at times APEO degradation products causing vtg up-

regulation at a STP outfa11 and downstream were not just associated with the total outlet 

flow of the STP, but was also due to the known poor EDC removal capacity of trickling 

filters. Many advanced treatment technologies are highly effective at removing EDCs, 

but few studies have used in vivo endpoints to assess the ED risk of effluents treated by 

such advanced tertiary treatment technologies. Gunnarsson et al. (2009) compared the 

application of different treatment technologies when applied to the same wastewater 

stream. Gunnarrson et al. (2009) found that addition of a sandfilter to the conventional 

activated sludge treatment improved general water quality and reduced E 1 and BPA, 

leading to a reduction in vtg up-regulation in juvenile rainbow trout ( 0. mykiss). 

However, it was the further addition of ozonation that reduced vtg up-regulation to a 

level that was not significantly different to that of the potable water control. The results 

at the GGSTP are somewhat different to the findings of Gunnarsson et al. (2009), as the 

sandfilter augmentation of activated sludge treatment was sufficient to reduce vtg up-

regulation in both mosquitofish and rainbowfish to a level that was not significantly 

different to that of the potable water control. EDC removal in the advanced tertiary 

treated effluent was only seen in the reduction of the measured EDC concentrations and 

through the two-hybrid yeast assay. 
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7 .6 Conclusions 

Overall, this study demonstrated that the advanced tertiary treatment processes at the 

GGSTP reduced the concentrations of EDCs in the final effluent to levels below that 

measured in sandfiltration effluent. The sandfiltration effluent is comparable to the EDC 

concentrations of the conventional activated sludge treatment process as sandfiltration 

does not provide additional removal above that of clarification (settling of activated 

sludge). Despite significant differences in the estrogenic response in the two-hybrid 

yeast assay between the sandfiltration process effluent and the final effluent, both 

effluents did not lead to up-regulation of vtg mRNA in either the mosquitofish 

G. holbrooki or the rainbowfish M jluviatilis . Taken in context of what is known about 

the sensitivity of vitellogenin up-regulation in these two species of fish and what 

concentrations are known to induce behavioural and physiological effects, based on 

these findings it can be concluded that exposure of fish to the final effluent is unlikely to 

induce estrogenic endocrine disruption. 
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Chapter 8 General discussion and conclusions 
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8.1 General discussion 

Australia is a dry country and recently, extended drought conditions in many parts of 

the country, including the heavily populated coastal areas has led to household water 

restrictions and a water allocation system in agricultural areas for access to natural 

water for irrigation. Water scarcity has also led to a spurt in investment by virtually 

every state into securing extra or more reliable water sources. This includes investment 

in the construction of new pipelines to source water from neighbouring rain shadow 

catchments, augmentation of existing dams (sometimes building new dams which is 

very unpopular), building of desalination treatment plants and the reuse of treated 

wastewaters (Blair and Turner 2004, Lovell et al. 2007, Traves et al. 2008). Sewage of 

either purely domestic origin or with industrial inputs is one wastewater that is readily 

available in all populated areas. Currently most sewage effluent uses the minimum 

treatment required to meet effluent emission licensing requirements. In some cases, like 

the GGSTP, strict licensing due to the recognition of a sensitive local aquatic 

environment has led to the installation of advanced tertiary treatment technology. In 

fact, the treatment at the GGSTP is above that required to meet the licensing 

requirements which makes it a perfect test case for assessing the real operational 

efficacy of producing high quality effluent for reuse applications. 

One of the major concerns with the reuse of wastewater effluents is the cocktail of 

micropollutants present in sewage effluents and the uncertainty of the combined effect 

of long term exposure to low levels of many different biologically active compounds. 

This is both a concern for environmental exposure of aquatic organisms in receiving 

waters and using sewage effluent in reuse applications which eventuate in direct or 

indirect exposure to humans. Studies show that there is a wide range of natural, 

industrial and pharmaceutical chemicals in sewage effluents, even from purely domestic 

sewage. To address this problem, three major questions need to be answered. Firstly, 

how do we assess the effect of exposure to these mixtures? Secondly, at what level does 

additivity or synergism of mixtures become harmful? Thirdly, how can we reduce and 

remove these compounds from sewage effluent to ameliorate potential harm from 

exposure? 
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Although these questions are difficult to address due to the complexity of the issue, 

tools have been developed that can aid in the evaluation of the risk from exposure to 

treated sewage effluent based on mode of action. In the current study, trace chemical 

analysis, in vitro and in vivo bioassays provided a multi-discipline assessment to 

comprehensively evaluate the presence, level of impact and efficacy of removal of 

estrogenic EDCs at the GGSTP. 

In total, the concentrations of EDCs targeted by chemical analysis in the influent, 

process effluents and final effluent storage dam were chemically analysed for samples 

collected on 12 different occasions. Summarising the findings of Chapters 3 and 6, it is 

clear that the untreated sewage effluent contains significant concentrations of the steroid 

estrogens (E2, E 1, E3) and high concentrations of synthetic phenolic chemicals (mainly 

BPA,TNP and 4tOP). Steroid estrogens concentrations ranged from low to lO's ng/L for 

E2 and E 1 and 1 O's to 1 OO ' s ng/L for E3, while the concentrations of synthetic phenols 

were usually in the 1 OO's ng/L range, but for 4tOP a maximum of 3506 ng/L was 

detected. Even at concentrations 1-2 orders of magnitude higher than the steroidal 

estrogens, based on potency in the two-hybrid yeast assay, the contribution of synthetic 

phenols was no greater than the contribution of E 1 alone. At the maximum 

concentrations detected for each compound, the calculated value for synthetic phenols 

in the hER and medER yeasts were 6.6 ng/L and 26.5 ng/L EEq, respectively. This is 

0.5 to 10 times lower than the corresponding EEqs based on maximum detected steroid 

estrogen concentrations (::::;60 ng/L in both hER and medER yeast). As such, in the case 

of the GGSTP, which typifies a small domestic sewage catchment, it is of greatest 

importance that treatment processes are effective at removing steroid estrogens in terms 

of reducing estrogenic ED risk. 

In terms of treatment efficacy, the importance of activated sludge treatment should not 

be underestimated, while residual EDCs, including E 1 are still present in the process 

effluent after activated sludge treatment, a significant reduction is achieved by this 

treatment technology. The activated sludge treatment process used at the GGSTP, the 

Biodenipho system (biological nutrient removal process), is a sophisticated and highly 

efficient method of activated sludge treatment. The treatment incorporates aerobic and 

anaerobic degradation for the process of nitrification and denitrification, as well as 

biological phosphorus removal plus coagulant addition to reduce the phosphorus level 
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further. However despite the advanced design of the activated sludge treatment, when 

evaluating the two-hybrid yeast assay results from Chapters 3, 4 and 5, there was an 

average of 33±27% and 23±20% of the initial influent estrogenicity present in the 

aqueous phase in the post-DN tank as measured by the hER and medER, respectively 

(n= 10). The high temporal variability (as indicated by the large standard deviations), 

indicates that although on average, in excess of 70% of initial estrogenicity is removed, 

the removal is inconsistent and significant residual estrogenic activity can be detected 

after activated sludge treatment. 

Activated sludge treatment includes clarification for the removal of the suspended 

solids. However, this did not further reduce the estrogenicity of the dissolved phase. The 

removal of the suspended material did reduce the overall concentration of EDCs in the 

effluent, as at least 71 % (minimum from E 1) of the EDC concentrations were associated 

with the particulate phase in the post-DN tank after biological treatment. After settling 

out EDCs were mostly associated with the aqueous phase (minimum 49% for BPA). Of 

particular interest is the fact that E 1 has the highest affinity for the aqueous phase. As 

the only steroid estrogen that is commonly detected in the effluent after activated sludge 

treatment, it is an important chemical to target for removal. Biodegradation is the 

primary mechanism of EDC removal by activated sludge treatment. However, 

adsorption to particulate material did also play a smaller, but still important role in 

removing EDCs from the effluent. The only detection of EE2 occurred in the particulate 

fraction of one post-DN tank sample. EE2 is known to be the less amenable to 

biodegradation and as such, adsorption to suspended solids may play an important role 

in its removal. 

Like clarification, sandfiltration did not significantly reduce the concentration of EDCs 

further or the estrogenicity of the process effluent. The sandfilter at the GGSTP is a 

continuous backwash sandfilter and is designed only to remove any carry over 

particulate matter from the clarifier effluent to ensure that the effective ozone dose is 

not affected by organic material consuming the reactive oxidant. Therefore, as expected 

it does not provide any additional EDC removal for either aqueous or particulate 

associated EDC concentrations. Overall, there is some apparent sequential reduction of 

EDCs from the post-DN tank and through to post-sandfiltration (see Figures 6.1 and 

6.2). However, the variability is high and the trend not always consistent. 
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Considering the inconsistent removal by the activated sludge treatment and the presence 

of residual EDCs, including the more potent E 1, it is interesting that exposure to the 

sandfilter process effluent did not result in an up-regulation in vitellogenin in either the 

mosquitofish or the rainbowfish. Vitellogenin up-regulation in the fish exposed to 

effluent is the most biologically relevant of all the assessments made. Although EDCs 

can be detected in the sandfilter process effluent and in vitro bioassay results indicate 

estrogenicity well above the proposed predicted no effects concentration (PNEC) of 

1 ng/L EEq (Young et al. 2002), there was no vitellogenin up-regulation. This is an 

interesting contrast of how in vitro and in vivo bioassay assessments can be used when 

assessing sewage effluent estrogenicity. Ultimately, in vitro bioassays should be 

indicative of in vivo ED risk. However, variations in sensitivity and potency are well 

established limitations of in vitro bioassays. In this case, the sensitivity of the two-

hybrid yeast assay is greater than that of vitellogenin up-regulation in the two test 

species. As such, bioassay responses as high as those measured in the 24-hour 

composite samples taken from the sandfilter effluent fish exposure tank do not correlate 

with in vivo ED risk. This is surprising considering the average hER and medER 

responses of the November 2008 sandfilter effluent exposure tanks were 31.9± 12.9 ng/L 

and 13.2±5.4 ng/L EEq, respectively. This result is unusual considering that the NOEC 

and LOEC values for vitellogenin up-regulation for the rainbowfish may be less than 

30 ng/L E2. However, there is insufficient data to determine the actual NOEC and 

LOEC values for vitellogenin up-regulation for either the mosquitofish or rainbowfish 

and until these values are known, it is difficult to directly compare between the two-

hybrid yeast assay results and that of vitellogenin up-regulation in the test species. 

The higher sensitivity of the two-hybrid yeast assay to changes in EDC composition 

makes it an excellent tool for comparing EDC activity between effluent from the 

treatment stages and evaluating EDC removal capacity. The two-hybrid yeast assay 

mirrored the results of chemical analysis - high initial removal by activated sludge 

treatment, very little change between the post-DN, clarifier and sandfilter treatment 

stages and reduction of residual steroidal estrogens to below detection limits after 

0 3/BAC. In addition, potential inhibition of two-hybrid yeast response from toxic 

matrix components can easily be minimised by passing the extracted eluate through a 

florisil column allowing for in vitro bioassay assessment from all treatment stages, 

including the raw influent. 
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The decrease from measurable to undetectable activity by the two-hybrid yeast after 0 3 

and BAC treatment is evidence of the efficacy of this treatment in removing residual 

estrogenically active chemicals. Even if the concentrations in the sandfilter effluent do 

not induce vitellogenin, based on the proposed predicted no effect concentration 

(PNEC) guideline value of 1 ng/L EEq, and at the concentration of E 1 present in the 

effluent from the sandfilter, advanced tertiary treatment is required to ensure the final 

effluent poses no ED risk. On average the sandfilter effluent still contained up to 

27.6 ng/L E1. However, after BAC, no residual E1 was detected and only infrequent 

residual concentrations of 4tOP, BPA and TNP at no greater than 20 ng/L were 

measured. When sampling was conducted from the ozone reactor, residual E1 was 

detected in two out of six samples. Therefore, it is important that BAC is employed after 

ozonation as it can remove low levels of E1 that are either not removed by ozonation, or 

are generated as more recalcitrant sulphate conjugates are broken down. Even, when the 

ozone treatment was offline during one of the sampling periods, BAC treatment 

continued to remove E1 and reduce total estrogenicity to below detection limits, 

demonstrating that it is also an important barrier in the multi-barrier approach for EDC 

removal. 

Preliminary assessments can be also be made on the capacity of the GGSTP processes 

to remove AhR and RAR agonists as well as genotoxicity. Based on the two series of 

treatment train samples taken, RAR activity and genotoxicity was removed by the full 

treatment process to below detection limits. However, the results are not as clear for 

AhR activity. Residual activity was found in the final effluent in one of the sampling 

rounds. Further replication is needed to determine if these low detections are actually 

indicative of effluent activity or if they were an artefact of sample contamination. 

Although the critical treatments for EDC removal were activated sludge treatment and 

the in-line combination of ozonation and BAC, ultimately it is the efficacy of the 

sewage treatment as a whole that needs to be evaluated to address the ED risk in te1ms 

of water reuse. The final effluent at the GGSTP had no measurable steroidal estrogens, 

only occasional low ng/L level measurements of synthetic phenols and no estrogenic 

activity in the hER and medER two-hybrid yeast test (effluent grab sample analysis) and 

no vitellogenin up-regulation after real-time exposure to sewage effluents for seven 

days in the mosquitofish or rainbowfish. As such, the chemical analysis, in vitro and in 
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vivo bioassays all concur that there is no measurable risk of ED posed by the final 

effluent from the GGSTP. 

The level of assessment employed in this study using multiple end-points has allowed a 

more comprehensive assessment of ED removal and exposure risk compared to that of 

other STP studies. Over the past 20 years there have been an increasing number of STPs 

assessed for ED risk by using one or two levels of the methods used in this study (e.g. 

Desbrow et al. 1998, Baronti et al. 2000, Hugget et al. 2003, Aerini , et al. 2004, Servos 

et al. 2005 , Hu et al. 2007). Often studies employ either comprehensive chemical 

analysis (e.g. Braga et al. 2005 , Clara et al. 2005) or a single bioassay end-point (e.g. 

Svenson et al. 2003, Ma et al. 2007). A number of studies combine in vitro or in vivo 

assessments with some chemical analysis, although very few of these studies measure 

more than just steroid estrogen concentrations (exceptions include Tan et al. 2007, 

Bicchi et al. 2009). The majority of studies are 'end of pipe' type investigations and 

surprisingly there are a lot of investigations that barely describe treatment technology 

employed at the STPs being assessed, let alone evaluate their findings in regard to 

efficacy of treatment. Although in vivo studies have been used to evaluate the 

estrogenicity of sewage effluents, with few exceptions, these studies are also all 'end of 

pipe ' studies that provide no assessment of the treatment technology (exceptions include 

Barber et al. 2007, Gunnarsson et al. 2009). The use of multiple fish species for 

assessing the comparative biological significance different levels of sewage treatment is 

particularly under-utilised in the investigation of sewage treatment efficacy. 

Investigations using in vivo assessment is particularly lacking in Australia. To date 

studies have focused on receiving waters and have at times been confounded by 

upstream estrogenicity. To the author's knowledge, there has been no previous 

published study in Australia using in vivo testing methods to directly assess the efficacy 

of sewage treatment. 

8.2 Conclusions 

Chemical analysis, the two-hybrid yeast in vitro bioassay and in vivo vitellogenin up-

regulation in fish have been used to assess the efficacy of treatment at the GGSTP to 
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evaluate the enhancement of EDC removal provided by advanced tertiary treatment 

technologies under full treatment operating conditions. Sample preparation for the two-

hybrid yeast assay has been optimised for minimising toxic inhibition from sewage 

matrices and the induction of vitellogenin in the mosquitofish and rainbowfish has been 

confirmed as a quantifiable response that can occur under experimental exposure 

conditions in the presence of E2• The major findings of the study were discussed in 

terms of treatment efficacy. The conventional approach of activated sludge treatment 

can remove a high percentage of EDC activity but the removal is highly variable. The 

advanced tertiary treatment at the GGSTP generally provided an effluent that had no 

detectable concentrations of estrogenic EDCs, no measurable in vitro bioassay activity 

in ER, AhR, RAR and genotoxicity bioassays and no detectable estrogenic effect in 

vivo. In terms of estrogenic EDCs, the treatment technology is successful at reducing 

the EDC concentrations significantly to levels below that of conventional activated 

sludge treatment alone and the results suggest that the risk of estrogenic ED of the final 

effluent is low. More specifically, when considering the sewer catchment demographics, 

it was demonstrated, that the technology at the GGSTP was successful in treating 

domestic sewage effluent that has variable sewage effluent flows (within its design 

capacity) due to population increases over the Christmas and Easter holiday periods. 

8.3 Recommendations for future research 

The technical performance of assessment methodology is incredibly important when 

evaluating endocrine disruption potential. Chemical analysis and bioassay assessment 

aims to characterise a wide range of EDC activity, from high levels found in 

concentrated untreated sewage effluent to low, but potentially biologically relevant 

levels in effluent and environmental samples. The chemical analysis method employed 

in this study achieved low detection limits in the advanced treatment stages of the 

sewage effluent. However, matrix interferences were a significant impediment to the 

detection of biologically relevant concentrations in the untreated influent, post-DN tank, 

clarifier and sandfilter samples. Improved detection limits are needed for the 

characterisation of the influent concentrations. At this stage it is unclear whether 

additional EDCs are contributing to the measured in vitro bioassay responses or whether 
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the presence of multiple potent EDCs (i.e. steroidal estrogens) just below the detection 

limits may be responsible for the higher observed bioassay responses compared to 

chemical analysis data. Further improvements in separating the EDCs from matrix 

interferants, particularly in particulate material will greatly aid in the assessment of 

EDC behaviour in wastewater treatment. 

Mixture testing is also needed to help describe the in vitro bioassay response to 

determine whether higher bioassay responses are a product of the inherent variability of 

bioassay assessment or whether significant causative agents have been underestimated, 

undetected or simply not included in the chemical screening. More sophisticated 

mathematical models for relating chemical concentrations to bioassay responses may 

also assist in the evaluation of the ED effect of environmental samples containing 

multiple estrogenically active compounds. Further research on dose-response 

relationships of mixtures would help resolve this issue. 

Similarly, more research is needed on the dose-response relationship between EDC 

concentrations and vitellogenin up-regulation in both the moquitofish and rainbowfish 

as currently the doses tested are not sufficient for the calculation of LOEC and NOEC 

values. These values are necessary if vitellogenin up-regulation in these species to be 

used without any supporting chemical analysis of the effluent. Some baseline 

information on the relative potency of synthetic phenols in these species is also needed, 

as is further research relating vitellogenin up-regulation to morphological and 

reproductive end-points. This would be particularly useful for the rainbowfish and its 

development as an Australian native model test species. Basic developmental end-points 

need to be better understood to underpin the use of gene up-regulation methodologies as 

a fast, reliable method of in vivo bioassay assessment. 

In tem1s of treatment technology under operational conditions, the high efficacy of the 

ozonation and BAC treatments meant that the microfiltration process downstream could 

not be evaluated in this study as commonly the concentrations/estrogenic activity 

entering this treatment stage were below detection limits . The in-line placement of 

multiple advanced treatment options has been suggested as a multi-barrier approach to 

ensure high grade effluent for reuse applications. However, to properly assess this, each 

individual treatment technology needs to be challenged to assess its potential to remove 

EDCs. Further research is needed to evaluate the efficacy of BAC and microfiltration 
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treatment as concentrations of process effluent entering these treatments were often 

below detection limits. There was some evidence that BAC could effectively reduce 

EDCs for short periods of time ( < two weeks) without pre-ozonation. However, further 

research would help establish how effective this 'barrier' is when ozonation is not 

producing assimilable organic carbon feed effluent. Finally, the majority of estrogenic 

EDCs and estrogenicity removal was observed by the activated sludge treatment. As 

this is a common component of most sewage treatment systems and is usually still part 

of the treatment approach when advanced tertiary treatment is applied, an understanding 

of optimal removal conditions will not only assist in the treatment of effluent to a high 

grade for reuse applications, but also for general water treatment that is emitted into the 

aquatic environment. A number of researchers have already started to address this issue. 

However, the inherent variability between treatment technology and influent 

characteristics means more work is needed. 

Finally for the purposes of recycling and reuse, more research is needed on the effects 

of post-treatment storage. Often the storage dam had higher in vitro bioassay responses 

than the final effluent. The implications of dam lining material, natural environmental 

inputs and what is a normal background level of estrogenicity from natural processes 

needs to be better understood for the management of recycled water as a resource. 
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Appendix 1 

Media and solutions for the two-hybrid yeast assay 

MSD (Modified SD(-Trp, -Leu)) media 
Yeast nitrogen base without amino acids Difeo 5.8 g 
Dextrose 7.5 g 
5x dropout solution 174 mL 
Purified water To final volume: 1000 mL 
*autoclave and store at 4 °C 

5x dropout solution 
# L-Isoleucine (Sigma) 300 mg 
# L-Valine (Sigma) 1,500 mg 
# L-Adenine hemisulfate salt (Sigma) 200 mg 
# L-Arginine HCl (Sigma) 200 mg 
# L-Histidine HCl monohydrate (Sigma) 200 mg 
# L-Lysine HCI (Sigma) 300 mg 
# L-Methionine (Sigma) 200 mg 
# L-Phenylalanine (Sigma) 500 mg 
L-Threonine (Sigma) 2,000 mg 
# L-Tyrosine (Sigma) 300 mg 
# L-Uracil (Sigma) 200 mg 
# Purified water Final 2,000 mL 

*autoclave and store at 4 °C 

Z buffer 
# Na2HP04/ 12H20 21.5 g 
# NaH2P04/2H20 6.2 g 
#KCl 0.75 g 
# MgS04/7H20 0.246 g 
#Purified water Final 1,000 mL 

Zymolayse enzymatic digestion solution 2mg/7mL 
Zymolayse T 100 250 mg 
Z buffer Final 875 mL 
*store in falcon tubes at -80 °C 
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