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ABSTRACT
Municipal wastewater is contaminated with many xenobiotics that can affect the
physiology of living organisms. I found that goldfish (Carassius auratus L.) can be used
as biosentinels for assessment of xenobiotic exposure in municipal final effluent (FE
wastewater) and reuse water produced through membrane ultrafiltration (UF) alone (MF
wastewater) or membrane UF followed by granular activated carbon filtration (MCF
wastewater). Membrane UF alone was not sufficient to remove many of these chemicals
from FE wastewater while activated carbon filtration efficiently reduces most
xenobiotics. FE and MF wastewater contained both aryl hydrocarbon receptor agonists
(cytochrome P4501A induction) and endocrine disrupting compounds (vitellogenin
induction). mRNA expression of select immune genes was up-regulated in FE and MF
exposed fish at early time points, while all chronically exposed fish had reduced
leukocyte proliferative abilities. The infection of goldfish with Trypanosoma danilewskyi
was found to induce both immunosuppression and immune enhancement indicating that

exposure to reuse water affected the ability of fish to respond to the parasite.
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CHAPTER ONE
GENERAL INTRODUCTION AND OBJECTIVES

1.1 Introduction

The study of toxicology, or the effects of various harmful chemicals on living
organisms, is one of the most widely studied aspects in environmental sciences. In the
past, many toxicological studies examined the adverse effects of pollutants that were
derived from industrial or chemical manufacturing processes such as pulp and paper mill
effluent or heavy metals. Recently, however, the presence of endocrine disrupting
compounds as well as pharmaceuticals and personal care products in the environment has
generated a great deal of interest. Many studies have demonstrated that not only are
xenobiotics (man-made chemicals) present in municipal wastewater and the aquatic
environment (1-3), but that these chemicals can have significant and long-lasting impacts
upon aquatic organisms such as freshwater fish (4-8).

Many parts of the world make use of reuse, or recycled, municipal wastewater for
non-potable purposes such as landscape and food-crop irrigation, toilet flushing, and
industrial cooling processes (9). Other parts of the world use recycled water for
groundwater recharge in arid regions (10) or even utilize it directly after treatment for
potable purposes (11). Indirect potable water reuse may also occur when cities withdraw
their drinking water from rivers that are contaminated with xenobiotics from upstream
municipalities discharging sewage effluent into the water system. Additionally, some
xenobiotics have retention times of greater than six years within groundwater, and may
enter the water table through soil-aquifer treatment (10) or groundwater aquifers through
bank filtration (12). These chemicals have even been detected in trace amounts in treated
drinking water (12; 13). In urban areas that experience low surface water flow rates and
high sewage effluent outputs, such as Berlin, Germany, not only is there a greater risk to
exposed aquatic animals because of a reduced dilution effect, but there is also a greater
risk of xenobiotic contamination of nearby potable water supplies (2).

As mentioned, recycled wastewater contains numerous xenobiotics at

concentrations that have the potential to induce physiological effects in exposed
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organisms (14-16). Xenobiotic exposure may be associated with physiological changes
in animals, specifically teleost fish, as reviewed by (4; 1; 5-7; 17; 18). These chemicals
can affect such diverse aspects of physiology as tissue integrity (19; 20), metabolism and
xenobiotic clearance (5; 21; 22), reproduction (23-26), and the immune response (27-31).

Aquatic organisms such as goldfish may be used as biosentinels for potential
adverse effects of wastewater and recycled water exposure, and as such, actas a
toxicological ‘canary in a coalmine’. Previous studies using aquatic organisms have been
done in static systems (32). Use of a real-time flow-through setting, done in my study,
allows for more realistic xenobiotic exposure protocols. This is because fish are exposed
to xenobiotics at full strengths with minimal chemical degradation that may otherwise
occur due to photodegradation or extended bacterial enzymatic activity. In a flow-
through exposure system, fish are also more likely to be exposed to ambient fluxes of
xenobiotics that occur in the operating wastewater treatment plant.

If continued use of recycled water occurs and chemicals in the effluent are not
properly eliminated, there is a potential risk of xenobiotic accumulation in the drinking
water supply. Consequently, methods for reducing the risks of xenobiotics in the natural
environment and society are of utmost importance. Through use of both chemical
analysis and a number of other animal models including goldfish, society may be able to
reduce the impact of industrialization on environmental ecosystems as well as ensuring

the safety of our drinking water supply for generations to come.

1.2 QObjectives of the Thesis

The main objective of my thesis work was to examine the physiological effects of
exposing goldfish, Carassius auratus L., to treated municipal sewage final effluent for
various periods of time at a pilot scale. My second objective was to examine the ability
of reuse wastewater, as produced through membrane ultrafiltration (UF) or membrane UF
followed by granular activated carbon (GAC) filtration, to reduce or eliminate the
observed physiological effects elicited by exposure to final effluent wastewater in
goldfish. The specific aims of my thesis were:

1) To examine the effect of exposure of goldfish to final effluent or wastewater

produced by various filtration techniques over a period of 90 days on P450
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(CYP1A) enzymatic activity in liver microsomes, as measured using the 7-
ethoxyresorufin-O-deethylase (EROD) assay, a common biomarker of aryl
hydrocarbon exposure.

2) To examine induction of the estrogenic contamination biomarker vitellogenin
in male goldfish exposed to various wastewater treatments for up to 90 days.

3) To examine the mitogen-stimulated proliferative ability of peripheral blood
leukocytes, isolated from goldfish exposed to final effluent or reuse
wastewater for up to 90 days.

4) To investigate the expression of key immunological genes following exposure
to various wastewater treatments for up to 90 days using semi-quantitative
RT-PCR techniques. A variety of genes were examined including toll-like
receptor-22 (TLR-22), tumor-necrosis factor alpha (TNF-a), colony
stimulating factor-1 receptor (CSF-1R) and granulin.

5) To determine the effects of final effluent or reuse water exposure on the
immunocompetence of goldfish following challenge with the protozoan fish

parasite Trypanosoma danilewskyi.

1.3 Outline of Thesis

The second chapter of the thesis is a literature review and includes a general
description of xenobiotics found in both municipal sewage treatment plant wastewater
and the aquatic environment, common toxicological assays used to detect or to determine
the in vitro and in vivo physiological effects of xenobiotics, and a review of the effects of
xenobiotics on teleost fish. In chapter three, I outline the experimental set up at Gold Bar
Waste Treatment Plant and describe the various materials and methods used to determine
the effects of wastewater exposure on goldfish. The fourth chapter consists of a chemical
analysis of the xenobiotics to which the fish were exposed to in the various wastewater
treatments at each of the sampling time points that occurred during this study. In chapter
five, I describe the results of a two common toxicological assays used to examine the
effect of exposing goldfish to different wastewater treatments, namely P450 (CYP1A)
induction (EROD assay) and vitellogenin induction in male fish. Chapter six contains the

results of the peripheral blood leukocyte proliferation assay and the semi-quantitative
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gene expression of the immunological genes TLR-22, TNF-a, CSF-1R and granulin in
the kidney of goldfish. Chapter seven describes the parasite infection studies

(Trypanosoma danilewskyi) and chapter eight is a general discussion of the results, the
importance of the use of biosentinels for aquatic toxicology and reuse water, and future

directions for this study.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction
An increase in global temperature due to warming trends may be associated with

a loss or reduction in fresh water resources. Furthermore, irrigation of food crops in
progressively arid regions, rapid population growth within urban centers, and the use of
fresh water for industrial purposes will result in access to clean, potable water becoming
an increasingly important issue in the future. For example, Chen et al. (33) ran predictive
models regarding the availability of fresh water and municipal water use in a major
Canadian city, Calgary, Alberta. Over the next sixty years the municipal population is
expected to double, yet in order to maintain sustainable growth the authors predicted that
the city will have to reduce their per capital water use to less than half of its current level.

Due to the increasing scarcity of adequate freshwater supplies, reuse of municipal
treatment plant wastewater is becoming an increasingly common practice in many parts
of the world. Reclaimed water is used for such non-potable purposes as agricultural or
landscape irrigation, industrial activities, groundwater recharge, recreational and
environmental use (man-made lakes, etc), in addition to potable reuse purposes (34).
Some of the regions of the world that currently utilize reuse water include the United
States (35; 36), Mexico (37), Italy (38), China (39), Taiwan (40), Japan (9), and southern
Africa (11; 41).

Municipal wastewater can contain thousands of different xenobiotics, including
pharmaceuticals and personal care products (PPCP), endocrine disrupting compounds
(EDCs), heavy metals, and pesticides (14; 1; 15; 42; 2; 16; 3). The concentrations of
these compounds can range from trace levels (pg/L) to micrograms per liter. Reuse water
may also contain xenobiotics and these compounds can subsequently enter the
environment through reuse water practices. For example, wastewater-derived
pharmaceuticals have been detected in both the soil irrigated with reuse water (35) and in
agricultural runoff following precipitation events (43). Several pharmaceuticals have a
high degree of environmental persistence and may even be detected in groundwater

supplies (12; 10) or at trace levels in treated drinking water (12; 13).
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Many studies have demonstrated the potential for these compounds to affect
animal health, as reviewed in (4-8), at environmentally relevant concentrations (44-47).
Consequently, if the reuse of water increases and xenobiotics are not properly removed
during drinking water or sewage treatment, these compounds could potentially
accumulate in the environment or drinking water supply, and have unknown effects on
exposed aquatic organisms or humans. As such, it is of paramount importance that the

safety of the drinking water supply and the environment is assured.

2.2 Pollutants in Wastewater

Municipal wastewater is known to be contaminated with numerous pollutants that
may include pesticides (48), pharmaceutical residues (49; 50), and heavy metals (51).
These human-manufactured chemicals, or xenobiotics, can potentially enter the
environment through a number of different routes including municipal sewage treatment
plant effluents (14; 15; 10; 16; 52; 49), leachate from landfills (53), runoff from
agricultural land fertilized with solid waste or irrigated with reuse water (43), human
medicines, and veterinary medications used in agriculture (54). Many large-scale
agricultural practices such as concentrated animal feeding operations also have the
potential to contaminate ground or river water sources (55) and to affect the physiology
of animals exposed in the downstream environment (56). Many pharmaceutical drugs
form conjugates with polar molecules in the human body and are eliminated in the urine.
During sewage treatment these pharmaceuticals may be cleaved from the polar molecules
(57) and eliminated to varying degrees through biodegradation or adsorption to
particulate matter prior to discharge into the environment (2).

Hundreds of thousands of xenobiotics may be found at trace levels in municipal
wastewater or the environment; however, many of these chemicals are below detection
limits or detection is limited by analytical methodology. While the concentration of
individual xenobiotics in municipal sewage effluent may be low, the sheer quantity of
effluent released into the watershed on a daily basis can result in considerable quantities
of these bioactive compounds entering the environment. In fact, river systems are often
contaminated with xenobiotics through the discharge of treated sewage effluent (14; 58;

15; 44; 49; 59; 13; 50; 60) and these xenobiotics may be found at or approaching levels
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that exert biological effects in in vitro studies. For the purpose of this review,
xenobiotics in municipal wastewater can be roughly classified as pharmaceuticals and
personal care products (PPCP), endocrine disrupting compounds (EDCs), pesticides, and

heavy metals and organic pollutants.

2.21 Pharmaceuticals and personal care products
Pharmaceuticals and personal care products are perhaps the most diverse major

class of xenobiotics in the environment, and may be found at relatively high levels in
municipal wastewater. PPCPs can be further subdivided into a number of classes,
including non-steroidal anti-inflammatory drugs (NSAIDs), anti-epileptics, and lipid

regulating drugs.

2.2.1.1 Non-steroidal anti-inflammatory drugs (NSAIDs)
Non-steroidal anti-inflammatory drugs (NSAIDs) are analgesic and antipyretic

anti-inflammatory agents that selectively or non-selectively inhibit cyclooxygenase
enzymes. Cyclooxygenase (COX) enzymes naturally function to convert arachidonic
acid into the unstable intermediate prostaglandin G; (61) and have been found to exist in
at least two subtypes in mammals and lower vertebrates such as fish: the constitutively
expressed COX-1 enzyme and the inducible COX-2 enzyme. Research has shown that
COX-1 aids in the production of prostaglandins that are involved in a large number of
physiological processes including reducing gastric acid secretion, increasing gastric
mucus production, and influencing renal blood flow (among many others), whereas
COX-2 is primarily induced in activated macrophages and inflamed tissues in response to
proinflammatory cytokines. However, there is strong evidence that COX-1 may be
involved in inflammation and COX-2 may be constitutively expressed in many tissues in
the body, as reviewed by (62; 63). Only a select number of these pharmaceuticals are
selective COX-2 inhibitors (celecoxib/Celebrex®, valdecoxib/Bextra® and the recently
withdrawn rofecoxib/Vioxx®); the majority of NSAIDs are non-selective COX
inhibitors.

Diclofenac
Diclofenac is a non-selective COX inhibitor commonly prescribed in the

treatment of arthritis and general pain management, as well as in veterinary medicine. It
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has been found in municipal wastewater in concentrations ranging from 0.12 pug/L to 1.5
ug/L (14; 64; 65; 49; 59; 13; 60). In the environment, diclofenac has been found with
maximal concentrations ranging from 0.194 pg/L to 1.20 pg/L (14; 66). In a recent
province-wide survey of municipal wastewater treatment plants (WWTPs) and receiving
waters across Alberta, Canada, diclofenac was detected in effluent at a maximum
concentration of 0.429 pg/L (Fish Creek WWTP, Calgary) and as high as 0.090 pg/L in
river systems downstream of effluent discharge sites (downstream of Edmonton; (59)).
Removal efficiency of diclofenac is generally low in sewage treatment plants, with

removal rates of less than 20% of influent concentrations (49; 67).

Naproxen
Naproxen is a pharmaceutical used in the relief of pain, fever and inflammation,

such as caused by rheumatoid arthritis, injury, and menstrual cramps. This NSAID may
be obtained through a doctor prescription or sold as an over-the-counter drug (Aleve®).
Naproxen is commonly found in municipal wastewater in Europe (14; 49; 13), Canada
(16; 59; 60) and America (10) with concentrations ranging from 0.25 pg/L (49) to
maximum concentrations of 33.9 pug/L (16). Even though sewage treatment results in
high (93%) removal efficiency of naproxen compared to influent concentrations (49), this
drug has been found in surface waters near Canadian sewage treatment plants, with
median concentrations as high as 0.207 pg/L, and maximum concentrations of 0.551
pg/L (66). In German rivers and streams (not necessarily closely located to sewage
treatment plants) median and maximum naproxen concentrations of 0.070 pg/L and 0.39
ug/L, respectively, hjave been reported (14). In a survey of provincial waters done by the
Government of Alberta (59) maximal levels of naproxen were as high as 2.67 ug/L in a
Calgary WWTP and as high as 0.11 pg/L in river water downstream of the city of

Edmonton

Ibuprofen
Ibuprofen, a common over-the-counter medicine for pain relief sold under such

brands as Advil® and Motrin®, has been found on numerous occasions in sewage
treatment plant effluents (14; 10; 16; 65; 49; 59; 60) as well as the environment (14; 68;
66; 59; 13). Ibuprofen has a very high removal efficiency (>90%) from sewage treatment
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plant influents (69; 49), but is commonly used as an analgesic and consequently exists in
substantial concentrations in sewage effluent, ranging up to maximal levels of 24.6 pg/L
[median concentration 4.0 pg/L; (16)]. Environmental concentrations of ibuprofen have
been detected in surface waters receiving both treated and untreated sewage with -
concentrations reaching up to 0.790 pg/L [median concentration 0.141 ug/L; (66)], and
even at trace levels in agricultural runoff from fields treated with treated wastewater (43).
A previous survey of WWTP effluent from Edmonton, Alberta, revealed ibuprofen
concentrations as high as 1.76 pug/L in the final effluent and 0.269 pg/L in waters
downstream of the city (59).

Other analgesics/antipyretics
Severasl other anti-inflammatory drugs have been detected in sewage treatment

plant effluents and the aquatic environment. For example, Oros et al. (70) detected
acetaminophen (Tylenol®) at a mean concentration of 0.172 pg/L in the San Francisco
Bay estuary. Others have detected compounds such as acetylsalicylic acid in effluents
from German sewage effluents [median concentration 0.22 pg/L, maximum
concentration 1.5 ug/L; (14)]. Salicylic acid, the de-acetylated form of acetylsalicylic
acid, has also been detected in sewage treatment plant effluents (14; 16), with maximal
concentrations of 59.6 pg/L [median concentration 3.6 ug/L; (16)], as well as in German
rivers and streams [median concentration 0.025 pg/L, maximum concentration 4.1 pug/L;
(14)]. It should be noted that salicylic acid is also found in skin and hair-care products
and is a natural compound in plants. Consequently, the origin of this compound in

wastewater or in the environment cannot be solely attributed to pharmaceutical usage.

2.2.1.2 Anti-epileptic drugs

One of the most commonly detected xenobiotics in municipal wastewater and the
environment is the anti-epileptic/anti-mania drug carbamazepine (14; 68; 16; 66; 65; 52;
49; 43; 59; 50; 60). Carbamazepine acts as a selective serotonin re-uptake inhibitor to
reduce incidences of seizures as well as acting as a mood-stabilizer. In sewage treatment
plant effluents, concentrations of this compound have been found as high as 6.3 pg/L
[median concentration 2.1 pg/L (14); or, in Alberta, 3.29 ug/L in effluent from the Red

Deer WWTP (59)]. Environmental concentrations are, in general, ten fold lower than
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those found in sewage effluents, but concentrations as high as 1.1 pg/L (median 0.25
pg/L) have been found in German rivers and streams (14). In southern Alberta rivers,
levels as high as 0.206 pg/L have been reported (59). Removal efficiency of
carbamazepine in sewage waste treatment plants is low, generally less than 15% (69), and

likely contributes to its prevalence in wastewater samples and the environment.

2.2.1.3 Lipid regulating drugs
Gemfibrozil and bezafibrate are lipid-lowering drugs commonly detected in

wastewater samples. In humans, these drugs act to lower the levels of low-density
lipoprotein, cholesterol and fatty acids in the blood. Gemfibrozil has been found in
numerous sewage treatment plant effluents (14; 16; 49; 59; 60), with maximal
concentrations detected reaching as high as 1.5 pg/L [median concentration 0.40 pg/L
(14); or 0.813 pg/L in Alberta (Red Deer WWTP; (59)]. Environmental concentrations
of this chemical have ranged as high as 0.112 pg/L to 0.51 pg/L respectively, (14; 66).
In Alberta watersheds, however, gemfibrozil has only been found at levels as high as
0.067 ug/L [upstream of Medicine Hat, AB; (59)].

Sewage wastewater effluent concentration of bezafibrate have reached as high as
4.6 ng/L [median concentration 2.2 pug/L; (14)] with lower concentrations found in many
other surveys of municipal effluents in Europe (65; 50) and Canada (16; 59; 60). This
compound has also been detected in final effluent from Gold Bar WWTP; the
concentration of bezafibrate found in a Government of Alberta survey in 2002 was found
to be 0.547 ug/L; Edmonton, Alberta (59). Regardless of its fairly high removal
efficiency (~90%) in sewage treatment plants (65), bezafibrate is commonly found in
aquatic ecosystems (14; 68; 66; 59; 13). Furthermore, environmental concentrations of
this drug can be substantial; Ternes (14) detected levels of bezafibrate up to 3.1 pg/L
(median concentration 0.35 pg/L) in rivers and streams of central Germany, though an
Alberta river survey only yielded concentrations as high as 0.029 pg/L [downstream of
Edmonton, AB; (59)].

222 Endocrine disrupting compounds
Endocrine disrupting compounds (EDCs) are defined as substances “having the

ability to disrupt the synthesis, secretion, transport, binding, action or elimination of
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natural hormones in an organism, or its progeny, that are responsible for the maintenance
of homeostasis, reproduction, development or behaviour of the organism” (71).
Estrogenic compounds are a specific class of EDCs, as they specifically interfere with
estrogen homeostasis or the reproductive physiology of fish resulting in preferential
feminization of exposed organisms. They may function as estrogen mimics, estrogen
receptor agonists or testosterone/testosterone receptor antagonists. In general, organisms
are very sensitive to estrogenic compounds; physiological effects may be observed at
very low concentrations (down to the nanamolar range). In addition to natural estrogens
such as 17p-estradiol (E2), estrone and estriol, a large number of synthetic xenobiotics
can also function as estrogen mimics or may interact with other pathways that impact
estrogen and its physiological effects. These xenobiotics include the contraceptive
hormone 17a-ethinylestradiol (EE2), surfactants such as alkylphenol polyethoxylates
(APEs) and nonylphenols (NP), polychlorinated biphenyls (PCBs), phthalic esters,
dioxins, and naturally occurring compounds in plants (72; 73).

In municipal wastewater, natural estrogenic compounds and contraceptive
hormones are of primary concern due to their excretion from the human population.
Estrogenic compounds have been detected in sewage treatment plant effluents from many
countries, including Europe, Canada, Brazil and Australia (74; 15; 42; 48; 59; 75). In
general, the mean concentration for EE2 was below 2 ng/L, but was detected as high as
64 ng/L in sewage treatment plant effluent (15). Estrogens such as estradiol can be
released from conjugates during the sewage treatment process, resulting in the release of
the active parent compound and increasing estrogen concentrations with further
wastewater treatment (57). Environmental concentrations of EE2 are generally much
lower than those detected in the sewage treatment plant effluents; however, in times of
low river or stream flow rates, municipal wastewater effluent may make up a significant
proportion of the total flow and, as such, may significantly impact living organisms.
Environmental concentrations of E2 usually range between below method detection
limits to 2.2 ng/L (42); however, concentrations of E2 as high as 3 ng/L in agricultural
runoff from fields irrigated with municipal wastewater have been reported (43).

Androgenic compounds, though less studied than estrogenic compounds, have

also been detected in municipal sewage treatment plant effluent (76-80). Concentrations
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of androgenic compounds are measured in dihydrogentestosterone equivalents, and
studies have detected these compounds ranging between below detection limits to ~3
ng/L in treated final wastewater effluent, and as high as 160 ng/L in effluent that did not
receive secondary treatment (80). Removal efficiency for these androgenic compounds
was high (96-99%) (80).

2.2.3 Pesticides

Pesticides such as insecticides, fungicides and herbicides are the only known toxic
compounds that are purposefully introduced into the environment. These chemicals may
be applied in both agricultural and municipal settings for use in insect or weed control,
and have been shown to be present in detectable levels in the aquatic environment (76-
78). For example, the pesticide carbofuran has been transiently detected at levels up to
26 pg/L in agricultural stream runoff following heavy rain (78). Unlike many
pharmaceutical products that are discharged into the environment at select point sources
such as wastewater treatment plants, pesticide usage also occurs in agricultural settings
resulting in these chemicals potentially being detected in environments that are

substantial distances from sewage treatment plants or urban centers.

224 Heavy metals and organic pollutants
An extensive body of research has examined heavy metal contamination in the

environment. These metals, which may include mercury, lead, aluminum, cadmium,
copper, zinc and nickel, among many others (81-86; 39), have been linked to adverse
health effects in both animals and humans (87). These metals have also been detected in
municipal effluents. For example, Gagné et al. (51) found that treated effluent from the
city of Montreal and surrounding municipalities contained substantially higher levels of
the heavy metals cadmium (1 pg/L), chromium (3 pg/L), copper (23 ug/L), and zinc (32
ug/L) than upstream water samples. Furthermore, these authors observed that these
chemicals bioaccumulate in freshwater mussels (Elliptio complanata and Dreissena
polymorpha) exposed 5 km downstream of the discharge site.

In addition to the previously described chemicals, municipal wastewater effluent
may also contain polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls

(PCBs) that have the potential to harm aquatic organisms (88). Though their use has

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



been largely restricted for the past thirty years, PCBs are commonly used as coolants in
electrical transformers and capacitors and are classified as persistent organic pollutants.
PAHs, another class of persistent organic pollutant, may be found in crude oils or formed
through the incomplete combustion of petroleum, coal, wood, or other carbon-based
fuels. PCBs and PAHs have been detected in treated municipal effluent and receiving
surface waters (89) and in untreated sewage effluent (90). In a study of treated sewage
effluent from the city of Montreal, mean concentrations of 13 PCBs and 14 PAHs were
found to be 1.34 ng/L and 326 ng/L, respectively, whereas these chemicals were
significantly reduced in the St. Lawrence River and completely diluted 11 km
downstream of the effluent outfall site (89).

However, it is important to note that many organic pollutants such as PCBs and
chlorinated pesticides are lipophilic in nature and thus have low water solubility; as such,
these chemicals tend to have a high affinity for organic matter (91). Because of this high
affinity for organic matter, these compounds tend to not concentrate in liquid effluent,

and instead are often detected in treated municipal sewage sludge (91; 92).

2.3 Use of Different Assays for the Assessment of Pollutants
Xenobiotic contamination in wastewater effluents or the environment can be

through chemical methods, for example, using gas chromatography-mass spectrometry.
However, the detection of xenobiotics in a water sample does not necessarily correlate
with a biological effect in an organism exposed to that water sample. In order to properly
assess the biological impacts of xenobiotic exposure, many in vitro and in vivo
biomarkers have been developed. Biomarkers are described as “xenobiotically induced
variations in cellular or biochemical components or process, structures, or functions that
are measurable in a biological system or sample” (93). An essential assumption
regarding the use of biomarkers is that they respond in a dose-dependant manner to
xenobiotic concentration gradients (94). The theory of hormesis, however, suggests that
biological effects may differ substantially depending upon the concentration of chemical
used (206). For example, compounds that may result in harmful effects on biological

systems when applied in high doses may have beneficial effects when applied in low

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrations. Consequently, care must be taken when predicting the biological effects
of a chemical when a full dose-response study has not been conducted.

In complex mixtures of xenobiotics, such as those found in municipal sewage
treatment plant effluent or bodies of water that receive sewage effluent, xenobiotics may
act in an additive, inhibitory or synergistic manner (95; 96). Although chemical analysis
may indicate that all chemicals are below their “no observable effects concentrations”,
these chemicals may still impact living organisms through additive or synergistic effects.

Many studies have shown both acute and chronic impacts of aquatic pollutants on
living organisms such as fish, as reviewed by (1; 5-7; 3; 8). Pharmaceutical and pesticide
chemicals pose a special risk to organisms, as these chemicals may impact the physiology
of organisms at very low concentrations and also have longevity in animals and often the
environment. Pharmaceutical compounds may also cause unknown physiological effects
in non-target aquatic organisms (1; 8) or break down into more toxic compounds in the
environment (97). Physiological effects of xenobiotics may be assessed using biomarkers
and a variety of methods and assays, roughly grouped into either in vitro or in vivo

assays, each with advantages and disadvantages.

2.31 In vitro assays
A number of toxicological assays make use of in vitro methodology including

yeast or tissue derived cell lines such as the commonly used estrogen-screen (E-Screen)
and yeast estrogen screen (YES) assays for estrogens. In general, in vitro assays are
simple, cheap to maintain and usually have a low intra/inter-assay variation due to the use
of homogeneous cell cultures. Consequently, in vitro assays may be used to efficiently
screen large numbers of test samples for xenobiotic contamination. Additionally, these
assays are usually sensitive and responsive to low levels of chemicals. Consequently,

in vitro assays can be used if compounds of interest are present below their method
detection limits (MDLs) but additive or synergistic effects are predicted to occur.

However, in vitro methods are limited in that results obtained may not necessarily

reflect how whole organisms will respond to similar doses of xenobiotics. Animals may
metabolize or excrete compounds, reducing the chemicals’ effects on the animal’s
physiology. It is difficult to predict non-specific effects of xenobiotic exposure that may

occur in whole organisms. Furthermore, when cell lines are cultured for extended

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



periods of time, genetic drift may occur and result in the culture no longer responding in
a similar or predictable manner as earlier cultures. Since in vitro assays only work with
single cell types, intricate interactions between different cell types commonly found in
tissues are absent. Consequently, in vitro systems cannot easily be used to test
physiological responses that require complex cellular interactions. Nevertheless, a
number of in vitro assays have been developed to examine the effects of xenobiotics on

living cells.

2.3.1.1 Comet assay for genotoxicity
The comet assay makes use of either cell cultures or ex vivo cells (tissue cells

isolated from organisms and subsequently cultured in vitro) in order to deduce the
genotoxicity of specific chemicals. It detects damage to a cell’s deoxyribonucleic acid
(DNA) by measuring the migration of nuclear DNA out of the nucleus. In short, cells are
imbedded in agarose on microscope slides, exposed to xenobiotics or other potentially
damaging substances, and then made permeable with detergents. The cells are lysed and
subjected to electrophoresis resulting in the smaller, damaged DNA fragments traveling
out of the nucleus and creating a visible streak similar to that of a comet’s tail (98). This
assay can be used to detect DNA damage resulting from direct exposure of cells to
xenobiotics in vitro or damage in cells isolated from organisms exposed to xenobiotics in
vivo. For example, a number of xenobiotics such as the PAH benzo[a]pyrene, as well as
non-extracted and non-concentrated polluted river water samples have been found to

induce genotoxicity in the rainbow trout gonad cell line-2 (99).

2.3.1.2 Endocrine disrupting compound (EDC) assays

Interest in EDCs has greatly increased within the last decade, as compounds such
as estrogens have been detected numerous times in the environment and/or municipal
wastewater (74; 64; 42; 48). Not surprisingly, a large number of in vitro assays have

been developed to detect these compounds in water samples.

Competitive estrogen receptor binding assay (ERBA)
As the name suggests, the competitive estrogen receptor binding assay (ERBA)

measures the binding of compounds suspected of being estrogen receptor agonists or

antagonists to a specific cellular receptor, such as sheep uterus estrogen receptors. The
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degree of binding of the xenobiotic to the receptor is then compared to that of 17§-
estradiol, thereby allowing an estradiol equivalent (EEQ) value to be assigned to the
compound in question. A drawback of the ERBA is that this assay cannot differentiate
between an agonist and an antagonist, as both substances have high affinity for the
estrogen receptor. In order to determine antagonistic or agonistic effects of chemicals on

receptors, assays involving whole cells must be used.

Estrogen-screen (E-Screen) assay
The estrogen screen, or E-screen assay, is a sensitive and stable method used to

measure the degree of estrogenicity of a compound or sample by using an estrogen
sensitive cell line that proliferates in the presence of estrogenic compounds. One such
example of a cell line is the human breast cancer cell line MCF-7. Significant increases

in cell proliferation have been detected with concentrations of 17p-estradiol as low as 1

pM [~0.07 EEQ or 0.27 pg/ml; (100)]. Additive behaviour of multiple xenobiotics in
mixtures has also been detected using the E-screen (101; 100).

Yeast estrogen screen (YES) assay
In the YES assay, cells are transfected to produce a readily detectable protein

when a test compound activates a known receptor. Yeast (Saccharomyces cerevisiae)
cells are usually transfected with an expression vector coding for the human estrogen
receptor as well as with an estrogen-sensitive promoter that is linked to the gene for f3-
galactosidase or another appropriate enzyme. Activation of the estrogen receptor by
natural or synthetic estrogenic compounds therefore leads to an increase in -
galactosidase (or other enzyme) gene expression, and a corresponding quantitative
increase in catalytic activity when the yeast cells are exposed to the appropriate substrate
(102).

2.3.2 In vivo assays
In vivo toxicology assays involve the exposure of living organisms to different

treatments such as increasing xenobiotic concentration or to complex chemical mixtures
for various periods of time. These types of assays are commonly used for monitoring of

xenobiotics in wastewater or the environment, and to determine the effects of specific
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pollutants on the physiology of living organisms. In vivo assays allow the measurement
of both acute and cumulative effects of a chemical or mixture on complex physiological
processes within the plant or animal, as well as on the overall fitness of the organism.
Xenobiotic mixtures can have synergistic, additive or inhibitory effects that may not
necessarily be predicted using mathematical modeling or in vitro methodology alone.
Also, use of complex multicellular organisms such as fish allows multiple assays to be
preformed using the same individuals, for example, by using different tissues for different
assays. This potentially creates a wealth of complex information while reducing sample
size and increasing scientific efficiency.

Disadvantages of in vivo methodology include intra and inter-specific variation;
fish species used in toxicological experiments are outbred and this heterogeneity may be
reflected in large variation in experimental results. Furthermore, variation between
different species’ susceptibility to pathogens and their sensitivity to xenobiotics, as well
as seasonality effects can make extrapolations of the effects of chemicals on different fish
species and to human populations problematic. Finally, in vivo assays are more costly
and labour-intensive care since the experiments often involve long-term exposures to the
xenobiotics.

In vivo assays commonly focus on indices of animal fitness such as survivorship,
hepatosomatic and gonadosomatic indexes, reproductive development and sensory
physiology such as olfactory ability. Behavioural changes like feeding, aggression and
reproductive behaviour may also indicate the animals’ overall fitness. Alternatively,
biochemical alterations such as basal metabolic rate, relative levels of reactive oxygen
intermediates in tissues, plasma hormone levels, reproductive cell viability, various
indexes of immunological competence and the production of biomarkers associated with
xenobiotic removal are but a few physiological processes that also may be affected by

xenobiotic exposure.

2.3.2.1 7-Ethoxyresorufin-O-deethylase (EROD) activity

One of the most widely accepted methods of determining if an organism has been
exposed to environmental contamination is the 7-ethoxyresorufin-O-deethylase (EROD)
assay. This assay is a semi-quantitative measure of the degree of planar hydrocarbon

exposure to which an animal has been subjected. In general, the EROD assay is more
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sensitive than chemical analysis of contaminants in the tissues of an organism due to the
fact that xenobiotics may be degraded at different rates within tissues through phase I and
phase II metabolism, and as such, chemical analysis alone might underestimate the level
of exposure. Furthermore, different analytical methods may be limited in the chemicals
the method is capable of accurately detecting.

Specifically, the EROD assay measures the catalytic activity of the cytochrome
P450 (CYP1A) enzyme family to convert a substrate (7-ethoxyresorufin) to a measurable
fluorescent product (resorufin). CYP1A enzymes are members of the cytochrome P450
multigene family of enzymes and are involved in the removal of xenobiotics from an
organism. The CYP1A enzymes are found in all organisms studied to date and are
involved in metabolizing xenobiotics as well as endogenous molecules such as fatty acids
and steroid molecules (103). In fish, P450 enzymes are found in many tissues such as the
kidney, gill and gastrointestinal tract, but are found in their highest levels in liver tissue
(104). CYPIA isinvolved in biotransforming aromatic hydrocarbons into more
excretable forms, either by exposing the toxicant to a small polar group or by adding a
polar group to the molecule. This polar group enhances the solubility of the xenobiotic,
allowing for enhanced secretion of the substance (105). However, the addition of a polar
group may result in a molecule with not only increased solubility, but also more toxicity
than the parent compound (106).

CYP1A protein production is induced in response to xenobiotic exposure,
specifically in response to xenobiotics with a planar hydrocarbon ring structure. EROD
inducing xenobiotics include planar PCBs, PAHs, pesticides and metals, as well as
natural plant compounds (5). These chemicals bind to an aryl hydrocarbon receptor
(AhR) that sets off a cascade of protein reactions, eventually leading to the binding of a
transcription factor to specific regions of DNA coding for a variety of proteins involved
in xenobiotic removal, including CYP1A. This increased CYP1A gene expression leads
to a corresponding increase in enzymatic catalytic activity, as reflected by the EROD
assay (107).

A large number of studies have outlined the effects of exposing living organisms,
specifically fish, to planar hydrocarbons or other xenobiotics and the resulting effects on
EROD activity (5). Individual chemicals may be ranked according to the level of EROD
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activity in exposed fish compared to control fish. Chemicals that result in an induction of
less than 10-fold increases over control values are termed weak EROD inducers, while
chemicals that induce a 10-100 fold or >100 fold induction over control fish values are
known as moderate and strong EROD inducers, respectively. In addition to in vivo tissue
studies, EROD activity may also be monitored in vitro by incubating cell lines with
various xenobiotic compounds to determine agonistic or antagonistic effects on EROD
activity (108; 109).

2.3.2.2 Metallothionein

Metallothionein is a low molecular weight cysteine-rich intracellular protein that
binds numerous heavy metals. Metallothionein has roles in the natural homeostasis of
metals such as zinc and copper, but also can be used to help detoxify heavy metals such
as lead or cadmium to which an organism is exposed. Due to its ability to help eliminate
metals from organisms, up-regulation of metallothionein messenger ribonucleic acid
(mRNA) and protein may be used as a biomarker of heavy metal exposure and

environmental contamination (21; 110).

2.3.23 Vitellogenin

Endocrine disrupting compounds can have substantial effects on reproductive
physiology in organisms such as fish, even at concentrations as low as 0.32 ng/L [EE2;
(111)]. Due to the high degree of prevalence in the environment (74; 64; 42; 48) and the
low concentrations required to elicit a physiological effect, numerous biomarkers for
estrogenic compounds have been developed in aquatic organisms, primarily teleost fish.
Vitellogenin (Vtg) is an egg yolk precursor lipoglycophosphoprotein that is naturally
produced in the liver tissue of reproductively mature female teleost fish. Under normal
conditions, this protein is synthesized in response to elevated endogenous levels of E2
and is transported to the ovaries via the plasma. Once at the ovaries, Vtg is incorporated
into the developing oocytes by receptor-mediated uptake, after which it is subsequently
broken down into various egg yolk proteins. High concentrations of Vtg are not normally
detected in the plasma of immature female or male fish, but may be found in the plasma
of such fish exposed to E2 or other estrogenic compounds irn vivo (112), as the gene

encoding for Vtg protein is not sex linked. Vitellogenin may be detected in whole-body

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tissue extracts or in the plasma of fish using western blots and quantified using an

enzyme-linked immunosorbent assay (ELISA).

2.3.24 Immunological assays
The immune system of an animal consists of innate and acquired immune

mechanisms that protect them from invading pathogens such as bacteria, fungi or
parasites. The hallmark of innate immunity, also known as natural or nonspecific
immunity, is that its function does not depend upon prior exposure an infectious agent.
In contrast, acquired immunity is affected by prior exposure to infectious agents.
Exposure of aquatic animals, such as fish, to environmental pollutants has been shown to
impact immunocompetence (6; 7), and potentially the organisms’ susceptibility to
disease. Xenobiotics may affect immunity through a number of mechanisms, including
toxic effects of the chemical itself on immune system components, or by impacting
immunity through disruption of endogenous hormone homeostasis. Many aspects of
immunology are conserved between species (4), and as such, aquatic organisms may
serve as potential bioindicator species for possible detrimental effects of xenobiotics on
human populations. However, caution should be taken when extrapolating observed
effects in one species onto that of others, such as humans, due to the complexity and
diversity of different species’ responsiveness to xenobiotics.

A wide range of immunological assays may be used in the assessment of aquatic
pollution. Histopathology of immune tissues such as the spleen or head kidney as well as
that of barrier tissues such as the gill or skin may help to determine whether xenobiotics
affect tissue integrity or impact the presence of immune cells in various organs of the
organism. Also, the relative numbers and proportion of different leukocytes
subpopulations in the blood of fish may shed light on the effects of xenobiotic exposure
on haematopoesis and the subsequent immune response elicited by exposure.

Immunostimulatory or immunosuppressive effects of chemical compounds can be
observed by examining immunological parameters such as macrophage-mediated
phagocytosis, chemotaxis and oxygen radical production. The levels and proportions of
various immune signaling molecules or antimicrobial products such as cytokines,
antibodies and anti-microbial peptides can also be measured (6; 7; 17). Each of these

parameters can allow for greater insight into the effects of pollutant exposure on specific
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immune responses, but may not necessarily reflect how the organism would respond
when immunologically challenged. Overall immunocompetence is often determined by
examining host resistance against infection, commonly a bacterial or parasitic infection
(6; 17). Furthermore, pathogen challenge studies may allow more accurate and relevant
ecological impacts of pollutant exposure to be predicted, due to the fact that wild

organisms are constantly exposed to disease-causing pathogens in the environment.

2.4 Use of Animal Models for the Assessment of Pollutants
Aquatic organisms may serve as bioindicator species for pollutants and for

environmental health of ecosystems due to the constant exposure of these animals to
substances in the environment. Many studies have demonstrated the effects of xenobiotic
exposure in aquatic teleosts and other organisms, as reviewed by (6-8). A major
drawback of many of these studies is that they measure acute toxicity of chemicals, often
using high concentrations (mg/L) far above that to which aquatic organisms would be
exposed to in the environment. A far more likely toxicological scenario for both aquatic
biota and human populations involves chronic exposure to a mixture of many
xenobiotics, each of which exists at relatively low doses (ug/L) that may or may not act
in a synergistic or additive manner.

The toxicology of complex mixtures of contaminants such as those found in
municipal sewage effluent is of more ecological relevance. However, it is also much
more difficult to determine what specific xenobiotics contribute to the observed
physiological changes in test animals. Additionally, studies involving mixtures of
unknown compounds are very difficult to replicate accurately, due to the variable nature
of the chemical mix being released into the environment at any particular time. Vieno et
al. (13) found significant seasonal variation in the levels of pharmaceuticals released into
the environment, primarily due to a reduced elimination of pharmaceuticals by treatment
processes in the winter. Even though mixtures of xenobiotics are of more relevance, it is
important to note that initial studies involving the effects of individual xenobiotics on
animal physiology are of great importance if a better understanding and interpretation of

the effects of complex mixtures are to be made.
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241 Studies on the effects of individual chemicals on fish
physiology

24.1.1 Pharmaceutical and personal care products

Several studies have focused on the effects of individual pharmaceutical and
personal care products on fish physiology. Diclofenac, a NSAID COX inhibitor
commonly found in municipal wastewater effluent, has been shown to impact teleost
physiology in a number of manners. Rainbow trout (Oncorhynchus mykiss) exposed to
water-born diclofenac at concentrations ranging from 1 pg/L to 500 pg/L experienced
cytological alterations in kidney, gill and liver tissue following exposure to levels as low
as 1 ug/L (20). The concentrations of diclofenac used in this study potentially may be
applied to effluent exposure studies, as municipal sewage treatment plant effluent can
contain diclofenac concentrations of ~1 ug/L (14; 16). In the same diclofenac study (20),
renal lesions and necrosis of pillar cells in the gills of trout were observed following
exposure to 5 ug/L diclofenac. Furthermore, bioaccumulation of diclofenac in rainbow
trout can be substantial when fish are exposed to diclofenac at environmentally relevant
concentrations. Schwaiger et al. (19) exposed rainbow trout to 1 ug/L diclofenac and
found that this pharmaceutical bioaccumulated within various tissues of the fish: as high
as 2732 fold within the liver but only 69 fold in the muscle. Non-steroidal anti-
inflammatory drugs can impact other aspects of animal physiology; diclofenac (108) and
ketoprofen (113) have been shown to inhibit EROD activity when co-administered in
vitro with an inducer in rainbow trout and rat hepatocytes, respectively. Exposure to
salicylate, also known as salicylic acid, has been shown to impair the
adrenocorticotrophic hormone mediated corticosteroidogenesis in rainbow trout
interrenal tissue, as well as to reduce the transcript levels of steroidogenic acute
regulatory (StAR) protein (114), a protein involved in steroid biosynthesis.

Other pharmaceutically active compounds have been examined for impacts on
fish physiology. Mimeault et al. (115) exposed goldfish to the lipid regulator gemfibrozil
at concentrations which have been detected in the environment (1.5 pg/L) and high (1500
ug/L) concentrations for 14 and 28 days. Following exposure, these fish were found to
have an increased level of anti-oxidant enzyme activity, indicating that gemfibrozil

exposure up-regulated the anti-oxidant defense status of the fish even though no oxidative
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damage was observed (115). An earlier study by the same laboratory that exposed
goldfish to gemfibrozil in the water (1.5 mg/L, 10 mg/L) for 14 days resulted in a
gemfibrozil bioconcentration of greater than 100 fold, as well as a 50% reduction in
plasma testosterone in exposed male fish (116). When cohort fish were injected with
gemfibrozil (5 ng/g fish) rather than exposed through the water, fish had a 50% reduction
in StAR mRNA levels 96 hours following injection, in addition to the previously
mentioned testosterone effects (116). Similar to the impacts of gemfibrozil on oxidative
stress, the anti-epileptic drug carbamazepine has also been found to increase the oxidative
stress following 48 hours of exposure (0.2 mM) in primary cultured rainbow trout
hepatocytes (117).

Estrogenic compounds have been well studied regarding their effects on
reproductive physiology of fish (118; 119; 111; 120). Male goldfish exposed to 17p-
estradiol (E2) in food or the water (1 ug/L, 10 ug/L) were found to have lower
gonadosomatic indexes (GSI) than non-exposed males, as well as a reduction in milt
production and the frequency and intensity of reproductive behaviour (119).

Detrimental reproductive effects do not only occur following exposure to
estrogenic compounds at high concentrations. Exposure of fathead minnows
(Pimephales promelas) to ethinylestradiol (EE2) at very low and environmentally
relevant concentrations from 48 hours post-fertilization through sexual maturation
resulted in significant physiological changes (111). Reduced egg fertilization success,
skewed female sex ratios and decreased male secondary sexual characteristics were
observed in fish exposed to EE2 at concentrations as low as 0.32 ng/L (111). The same
study also observed a reduced GSI in female fathead minnows exposed to greater then
3.5 ng/LL EE2 from an early age.

High doses of EE2 may result in physiological effects unrelated to sexual
reproduction. Juvenile carp (Cyprinus carpio) exposed to either nonylphenol (1-15
ng/L), an estrogenic alkylphenol, or injected with EE2 (500 ng/g fish) and then sampled
70 days later were found to have severe anaemia compared to control fish (118).
Furthermore, the fish exposed to EE2 in this experiment also developed tissue lesions in

the kidney, liver and spleen.
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24.1.2 Non-pharmaceutical and personal care product xenobiotics
The majority of aquatic toxicological studies that examine the effects of specific,

known compounds on fish have focused on non-pharmaceutical chemicals, usually
substances produced during or associated with industrial or chemical manufacturing.
These xenobiotics can have substantial impacts on the physiology of fish, specifically the
immune and endocrine system (6; 7). Other biomarkers of pollutant exposure may also
be induced. For example, exposure of juvenile Atlantic cod (Gadus morhua) to North
Sea oil, major components of which are PAHs and alkylphenols, caused a strong
induction of the aryl hydrocarbon biomarker CYP1A protein, and a corresponding
increase in EROD activity compared to clean water control fish (121).

Some of the most pervasive of environmental pollutants are dioxins: halogenated
organic compounds formed from such processes as coal burning, diesel truck exhaust and
metal smelting. Dioxins are highly toxic and can have a multitude of detrimental effects
in living organisms. For example, carp captured from rivers with dioxin contamination
were found to have increased CYP1A activity, as well as a reduced plasma estrogen
levels and lower GSI in female fish (22).

Polychlorinated biphenyls (PCBs) are also often found in the environment; this is
not surprising due to their common use in electrical transformers and capacitors. PCBs
have been identified to induce immunosuppression in several teleost species (122; 4; 22;
123). For example, smallmouth bass (Micropterus dolomieu) from PCB contaminated
environments were found to have reduced immune function compared to control fish
from a reference site, illustrated by a reduced kidney phagocyte-mediated superoxide
anion production, reduced phagocytosis of opsonized latex particles and a reduced level
of superoxide dismutase activity (124). Another species of fish, Chinook salmon
(Oncorhynchus tshawytscha) isolated from a PAH and PCB polluted site had reduced
host resistance compared to control fish upon challenge with the bacteriium Vibrio
anguillarum (122), likely due to a PAH/PCB induced immunosuppression. Finally, Sures
and Knopf (123) exposed European eel (Anguilla anguilla) to various combinations of
sublethal concentrations of either cadmium (~22 pug/L), PCB (100 ng/g body weight), or
both chemicals and then infected the fish with the nematode parasite Anguillicola

crassus. Seventy-six days of treatment with PCB contaminated water, either with or
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without concurrent cadmium exposure, resulted in a humoral immunosuppression
characterized by elimination of the eel’s anti-parasite antibody response (123).

The polycyclic aromatic hydrocarbon benzo[a]pyrene (BaP) has also been shown
to impact the immune system of teleost fish. Benzy[a]pyrene is produced through
incomplete combustion of various substances and can be detected in automobile exhaust,
tobacco smoke, burnt food and, not surprisingly, in the environment (7). Carlson et al.
(30) injected Japanese medaka with BaP at various concentrations (2, 20 or 200 pug/g
body weight) and one week later examined a number of immune parameters. The authors
found that exposure of medaka to the lowest concentration used, 2 pug/g body weight,
resulted in the suppression of mitogen-stimulated lymphocyte proliferation, while at
higher BaP doses the number of antibody forming cells, levels of phagocyte-mediated
superoxide anion production and host resistance against the bacterial pathogen Yersinia
ruckeri were all reduced, indicative of significant BaP immunosuppression.

Pesticides make up many of the toxic compounds found in the environment, and
are unique in that they are the only chemicals that are purposefully released in large
quantities into the environment. Pentachlorophenol (PCP) is one such pesticide, acting
as both a wood preservative and a fungicide, and has been shown to suppress the activity
of immune cells from crucian carp (31). The authors exposed carp primary macrophages
to between 1 mg/L and 50 mg/L. PCP in vitro and found that mRNA expression of the
key pro-inflammatory cytokines tumor necrosis factor alpha (TNFa) and interleukin 1-
beta (IL-1P) were reduced in exposed macrophage cultures compared to unexposed
macrophages. Additionally, supernatant from macrophage cultures can contain many
immunoactive peptides, and when the supernatants from these PCP exposed macrophage
cultures were exposed to B cells, the resulting B cells were less mature and secreted
lower titers of immunoglobulin M (IgM) compared to controls.

Pesticides may also immunosuppress fish that are exposed in vivo, as
demonstrated by reduced host resistance against challenge with pathogens. Japanese
medaka exposed to the insecticide malathion (0.1 mg/L or 0.3 mg/L) for up to 21 days
had a reduced resistance against infection when challenged with Y. ruckeri, likely due to
a reduced number of humoral immunity antibody plaque-forming cells (29).

Additionally, pesticides can affect the reproductive endocrinology of aquatic organisms.
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Spano et al. (26) exposed goldfish for 21 days to the common herbicide atrazine (1.0
mg/L) and found that exposed fish exhibited suppressed levels of plasma testosterone and
11-ketotestosterone, as well as elevated blood E2 concentrations and structural changes in
reproductive tissues compared to control fish.

Contamination of environments with heavy metals such as mercury, lead or
cadmium has been detected in numerous parts of the world and many studies have
examined physiological changes that result from exposure to metals (125; 7). For
example, rainbow trout (Salmo gairdneri) secreted excessive amounts of gill mucus
following exposure to mercury compounds (126). Additionally, stress responses of
heavy metal exposed fish has been demonstrated in vitro after exposure of red blood cells
from sea bream (Sparus sarba) to 0.1 uM cadmium, lead, or chromium for one hour
(127). The authors found that metal exposure induced significant increases in expression

levels of blood heat shock protein 70, an indicator of physiological stress.

24.2 Studies on the effects of municipal wastewater on fish
physiology

Municipal sewage treatment plant effluent contains many different xenobiotics,
including pharmaceuticals and personal care products (14; 1; 2). Exposure to municipal
wastewater, either in a laboratory setting or in rivers and streams located downstream of
effluent outflows, can substantially affect the physiology of aquatic organisms such as
freshwater fish (7; 3; 8).

Municipal wastewater can potentially contains aromatic hydrocarbons from a
variety of sources such as road runoff and petroleum spills. As such, it is not surprising
that studies have shown that exposure of rainbow trout to diluted tertiary treated
municipal effluent results in an approximate three fold increase in liver CYP1A EROD
activity, as well as a corresponding increase in PAH metabolites in the bile of these fish
compared to clean water controls (128). Japanese medaka also have been shown to have
an increased level of EROD activity when exposed to diluted sewage effluent (32). This
indicates that aryl hydrocarbons are present in municipal treated wastewater in levels
sufficient to invoke a significant increase in CYP1A catalytic activity. In vitro exposure

of liver hepatocytes, one of the tissues with the greatest levels of CYP1A activity (104),
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to municipal effluent resulted in both a significant increase in EROD activity and
cytotoxic effects on the cells (117), illustrating the potentially harmful effects that treated
sewage treatment plant effluent can have on fish physiology. Ma et al. (32) also noted
that the hepatosomatic index of sewage effluent exposed fish was reduced compared to
control fish, further supporting the potential cytotoxic effects of xenobiotics in the
effluent that were observed in vitro (117).

Perhaps one of the most widely researched effects of municipal sewage treatment
plant effluent is its impact on the reproductive physiology of fish. Feminization is
commonly observed in male fish exposed to sewage effluent, with induction of the egg
yolk precursor protein vitellogenin (Vtg) being one of the most sensitive bioindicators of
estrogenic contamination (23; 129; 32; 130). For example, male rainbow trout exposed
to diluted sewage treatment plant effluent had an increased concentration of Vtg in their
plasma compared to clean water control male fish (130). The same Vtg induction trend
was observed in fish sampled downstream of sewage treatment plants or other point
sources of estrogenic contamination (112; 25; 131). This is not surprising when one
takes into account the extreme sensitivity of fish to estrogens (111) and the fact that in
times of drought or reduced flow rate, sewage effluent may comprise a significant
proportion of the stream flow (2). Elevated levels of the female hormone 178-estradiol
have been detected in the plasma of male rainbow trout exposed to sewage treatment
plant effluent (130), further linking estrogenic compounds in the aquatic environment to
the Vtg induction observed in male fish.

Estrogenic contamination may affect the physiology of fish in a number of other
ways. For example, the gonadosomatic index (GSI) of effluent-exposed fish has been
reported to be lower in fish exposed to municipal wastewater (129; 32). Yet, this
biomarker may vary depending upon the wastewater and species, as rainbow trout
exposed to 15% sewage effluent had higher GSI than their clean water cohorts (130).
Depending upon the level of sexual maturation at the time of exposure, irreversible
feminization of reproductive tissues may occur. Sexually immature male wild roach
(Rutilus rutilus) exposed to sewage effluent for 150 days experienced a dose dependant,
but reversible, induction of Vtg and an irreversible feminization of the reproductive tracts

(23). In addition, the presence of oocytes in the testes of male fish exposed to treated
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municipal wastewater (129), as well as female-skewed sex ratios of wild fish caught
downstream of municipal sewage treatment plants (112; 25) lend further insight to the
estrogenic effects of municipal sewage on aquatic vertebrates.

The ecological ramifications of estrogenic contamination are enormous. Male
fish exposed to sewage treatment plant effluent can have reduced spermatogenesis (129;
32) and reduced fecundity and fertilization rates (32). Female fish may also be impacted
by sewage treatment plant effluent; the number of spawning female Japanese medaka was
reported to be significantly reduced in fish exposed to 40% effluent compared to controls
(32).

Sewage effluent can also impact the immune systems of teleost fish, due to the
varied mix of pharmaceuticals or xenobiotics found within the effluent that may
potentially affect the immune system of an organism. When challenged with a pathogen,
a major component of host resistance involves the proliferation of select immune cells.
Exposure of rainbow rout to diluted municipal sewage effluent for 27 days resulted in an
increased mitogen-stimulated proliferation ability of peripheral blood lymphocytes
compared to clean water control fish (128). Alternatively, carp exposed to river water
downstream of storm sewage and municipal sewage effluent outflows for 47 days were
found to have reduced lymphocyte proliferative abilities compared to fish kept in a clean
river (132). It should be noted, however, that the immunosuppressive effects observed in
this experiment cannot be conclusively linked to sewage treatment plant effluent, as
urban runoff and industrial discharge also contributed to the aquatic pollution of the
experimental river.

The number of peripheral blood leukocytes in the blood may also allow for an
indirect measure of the proliferative ability of immune cells and the overall
immunocompetence of the fish following exposure to wastewater or specific xenobiotics.
An increased number of peripheral blood granulocytes and lymphocytes were observed in
goldfish after exposure for 7 days to diluted sewage effluent, but this trend was reversed
by 30 days exposure (133). Others (128) also observed reduced numbers of circulating
blood lymphocytes in addition to an increased number of degrading erythrocytes,

indicating an immunotoxic effect of wastewater on rainbow trout.
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Many other immunological assays have been used to determine the
immunocompetence of fish following exposure to municipal sewage treatment plant
effluent. In wastewater exposed fish, reduced activity of phagocytic cells (133) and skin
abnormalities including thinness, a reduced number of mucus cells, invasion of
leukocytes into skin tissue and an increased dispersion of melanosomes into melanocyte
extensions (134) have been observed. These are all characteristic indicators of stress that
may potentially increase susceptibility to disease. Indeed, enhanced pathogen-induced
mortality has been observed in goldfish exposed to treated sewage wastewater (133), as
well as increased rates of overall mortality in non-infected fish (134). Conversely,
wastewater exposure can result in non-specific activation of the immune response (135)
or not affect immunological parameters such as oxidative burst or phagocytosis at all

(128).

2.5 Conclusions
The physiological effects of individual xenobiotics or mixtures such as municipal

sewage effluent on the endocrinology, immunology and other physiological systems in
aquatic organisms are complex. Aquatic organisms such as fish can act as bioindicator
species for water quality and, indirectly, environmental health. As water scarcity
increases in the world, water quality will take on greater importance, specifically
regarding the presence of pharmaceutical and personal care products or other xenobiotics
in the environment. In addition to the impacts of water quality on environmental
ecosystems, the potential for harmful xenobiotics to persist in the environment and
accumulate in drinking water is of great interest.

Chemical analysis of wastewater samples is financially expensive and inefficient
when used alone, as it may underestimate the true risk of xenobiotics to aquatic
organisms or the environment by disregarding additive or synergistic effects. Aquatic
organisms such as fish, however, are constantly exposed to chemicals in their
environment, and, as such, can potentially act as biomonitors for xenobiotics through
acute toxicity, chronic toxicity, or accumulation of contaminants in their tissues. Many
aspects of the physiology of lower vertebrates such as teleost fish are shared with humans

(4). Thus fish may act as sentinel species for negative effects of chemicals in wastewater
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before they impact people or the environment as a whole. However, care must be taken
when interpreting and applying results from one study to another, due to the many
variables that may affect how an organism responds to xenobiotic exposure. Freshwater
fish are usually outbred, and thus a great deal of intraspecific variability exists, in
addition to considerable interspecific differences in sensitivity to xenobiotics. Water
temperature, reproductive status, gender and sampling stress may all potentially influence
the measured assay parameters of xenobiotic exposed organisms (24; 136), such that it
may be difficult to detect any subtle chemical-induced changes.

If a better understanding of the effects of toxic chemicals on living organisms or a
predictive framework for potential harmful effects of xenobiotics on the environment is
to be made, a greater number of studies using a wide variety of species from different
trophic levels will be required. Future studies addressing the possible risks of
interactions between multiple chemicals at low concentrations and the hazards of chronic
exposure to low levels of contaminants are of utmost importance if the quality of the

environment and drinking water can be assured for future generations.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Fish

Goldfish (Carassius auratus), ~8 to 10 cm in length, were purchased from Mt.
Parnell Fisheries Inc. (Mercersburg, PA) and allowed to acclimate in the Aquatic Facility
of the Department of Biological Sciences at the University of Alberta for a minimum of
three weeks prior to transfer to Gold Bar Wastewater Treatment Facility. Fish were
housed in fiberglass tanks with a continuous flow system and fed ad libitum daily with
trout pellets. All fish were anesthetized by immersion in a solution of tricaine methane
sulfonate (MS-222) prior to manipulation (killing, clipping, bleeding or infection with

parasites).

3.2 Wastewater and Exposure Protocols

Secondary treated effluent was obtained from the Gold Bar Waste Treatment
Facility, a tertiary (class IV) municipal sewage treatment plant located in Edmonton,
Alberta, Canada. This plant treats wastewater from a population of ~700,000 people in
the greater Edmonton area and has a daily secondary treatment capacity of 310
megalitres/day. Wastewater treatment involves pretreatment with screens and grit tanks,
primary treatment with sedimentation in clarifier tanks, secondary treatment in
bioreactors, and tertiary treatment using a second parallel set of bioreactors where the
effluent undergoes biological nutrient reduction to reduce ammonia and phosphorus.
Following UV treatment, the final treated effluent is discharged into the North
Saskatchewan River. In this study, this wastewater is referred to as final effluent (FE).

At the Gold Bar Wastewater Treatment Plant, a wastewater ultrafiltration system
for production of reusable water for industrial purposes was used to provide continuous
ultrafiltration (UF) membrane effluent. Briefly, portions of the normal final treated
effluent were diverted through a hollow fiber membrane ultrafiltration system (Zenon

ZeeWeed 500; pore size 0.04 pm). This membrane filtration effectively screened out
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bacteria, protozoa and any remaining particulate matter. The filter was back-pulsed every
15 minutes for 30 seconds to remove biological material accumulated on the fibers. In
this study, this water is referred to as UF membrane (MF) effluent. Hypochlorite was
added to the MF effluent by the wastewater treatment plant in order to prevent biological
fouling of pipelines; however, due to the presence of ammonia in the wastewater the
hypochlorite was converted to chloramines. Measured free and total chlorine levels in
MF wastewater prior to dechlorination was ~2 mg/L. during the Summer 2006
experiment.

Granular activated carbon (GAC) treatment was accomplished by passing the UF
membrane (MF) wastewater through a GAC unit providing laminar flow of water (~ 1.0
L/min) and >15 minutes of residence time for contact between the GAC and the
wastewater. This GAC unit was constructed of polyvinyl chloride piping (1220 mm by
150 mm outer diameter), granular activated carbon (0.1-0.3 mm particle size, lignite-
based, 0.625 m*/g; Calgon, Pittsburgh, PA), glass wool (Fisher), and polyvinyl chloride
diffusers. Wastewater flow was maintained continuously for 3 months and the GAC and
glass wool were replaced monthly during this time period. In this study, this water is
referred to as UF membrane and GAC unit (MCF) effluent.

Final effluent and UF membrane effluent flowed into large tanks (5000 L and
10000 L for FE and MF, respectively) before being further pumped into smaller fish
exposure tanks (177 L or 60L) either directly (MF) or through the GAC unit (MCF
treatment). Therefore, collected wastewater samples consisted of a mix of ~2 days
equivalent of flow from each treatment group. This approach reduced the effect of
minute-to-minute variation in wastewater quality. Final effluent constantly flowed into
the 5000 L tank, whereas MF effluent was pumped into the 10000 L tank in six ninety-
minute increments, equally spaced over 24 hrs (total of 9 hrs of pumping/day). During
the Spring/Summer 2005 and Winter 2006 experiments, chlorine present in wastewater
was removed by pumping a concentrated sodium thiosulfate solution dissolved in
domestic tap water into the head tanks (final concentration ~1 mg/LL wastewater;
thiosulfate anhydrous; Fisher). During the Summer 2006 experiment, a concentrated
sodium thiosulfate solution was pumped at a constant rate into the 10000 L. MF tank,

such that the free and total chlorine concentration was less than 0.03 mg/L regardless of
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concentration spikes. See Figure 3.1 for a schematic layout of the experimental tank
design.

Basic water chemistry conducted daily for each experimental period included
temperature, dissolved oxygen, conductivity and salinity as measured using a hand-held
electronic probe (YSI Incorporated, model #85-10FT). Chlorine (free and total) was
measures spectrophotometrically (Hach DR/4000U Spectrophotometer) and pH by an
electronic pH meter (Accumet Research, model #AR 15).

3.3 Wastewater Exposure

Over a period of 90 days goldfish were exposed to three differentially treated
sewage effluents (tertiary treatment; Gold Bar Waste Treatment Plant, Edmonton,
Alberta, Canada): 1) final sewage effluent (FE); 2) UF membrane filtered (MF) final
effluent; or 3) UF membrane and GAC treated (MCF) effluent. Fish were killed prior to
transfer to wastewater (control) and at various time points post exposure (7, 21, 60 and 90
days), at which time points tissue and plasma samples were frozen using either dry ice or
liquid nitrogen and stored at -80°C prior to analysis. Water samples were analyzed for the
presence and levels of various xenobiotics by gas chromatography/mass spectrometry
(Alberta Research Council. Vegreville, Alberta) at each sampling time point. A 90-day
test run of the study occurred during the spring/summer of 2005 (April 21, 2005 through
July 19, 2005), with a repeat of the 90 day study also occurring in the winter of 2006
(January 16, 2006 through April 17, 2006). The first parasite infection study involving
Trypanosoma danilewskyi infected fish occurred from February through April 2006,

while a second parasite infection study took place from June though August 2006.

3.4 Pesticides and Pharmaceutical Analysis

The author did not perform chemical analyses of wastewater samples. Instead,
samples were sent to Alberta Research Council (a Canadian Association of
Environmental Analytical Laboratories accredited laboratory; Vegreville, Alberta) for

qualitative and quantitative pesticide and pharmaceutical and personal care product
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(PPCP) compound analysis. During the Spring/Summer 2005 experiment wastewater
samples were collected on five separate occasions: April 21, 2005, May 1, 2005, May 12,
2005, June 20, 2005 and July 19, 2005. During the Winter 2006 experiment water
samples were collected on or near each of the five sampling dates: January 17, 2006,
January 23, 2006, February 6, 2006, March 16, 2006 and April 18, 2006. Water samples
from the Aquatics Facility of the Department of Biological Sciences, University of
Alberta were collected and analyzed on April 18, 2006, in which no pesticides or
pharmaceutical products were detected.

Briefly, on each sampling date, two 1 L samples of effluent were collected in
acid-washed amber glass bottles (EPA Certified, Edmonton, AB) for each of the three
treatments: FE, MF and MCF wastewater. There was no GAC unit testing performed on
the samples taken on April 21, 2005 and this time period serves as a control. For each
sample, 1.0 L was extracted with dichloromethane (VWR) at a pH less than 2 using a
separatory funnel. Twenty-five microliters of working standard surrogate (deuterated
standards) solution was added prior to the extraction, for monitoring of losses that could
occur through sample handling and to minimize the possibility of false negative results.
The organic extract was dried with acidified sodium sulphate (Fisher), concentrated to
~0.5 mL on a TurboVap evaporator tube with a water bath set to 35°C. Extract was
methylated with 1 mL diazomethane. The methylated sample extract was re-concentrated
to a volume of less than 250 pL (to drive off excess diazomethane) using a gentle stream
of nitrogen. The final sample extract volume was then increased to 250 pL via the
addition of dichloromethane and 5 pL of a 20 ng/pl. working internal standard
(deuterated standards) solution prior to analysis by gas chromatography/mass
spectrometry (Varian Gas Chromatograph, model #CP3800; Ion Trap Mass
Spectrometer, model #Saturn 2200) for qualitative and quantitative determination of
pesticides and residual pharmaceuticals.

A qualitative screening was performed using the relative retention time and
relative abundances of two or more characteristic ions. A full identification of
pharmaceuticals and pesticides screened in this manner was performed using full
reference spectra. Quantitative analyzes of compounds were performed using a multi-

internal standards technique in which the extracted areas of characteristic ions were
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utilized in the calculation. The instrument was calibrated with a multi-point calibration
curve using analytical standards in their linear range. Standards were purchased from
suppliers (AccuStandard, USA) as certified standards. Compounds were identified using
a relative retention time and two or more ions. Quantification was done using an ion that
had been demonstrated to be free of interferences and was compared to the same ion in

the standard. Values were not corrected for surrogate or method recoveries.

3.5 Cytochrome P450 (CYP1A)

Goldfish were killed prior to transfer to wastewater (control) or at various time points
post exposure (Days 7, 21, 60, 90). At each sampling time point with the exception of
control, liver tissue was isolated from fish exposed to FE, MF or MCF treated sewage
effluent. In the Spring/Summer 2005 experiment, liver tissues were frozen using dry ice,
whereas in the Winter 2006 experiment tissues were flash frozen using liquid nitrogen.

Tissues were transported to the University of Alberta on dry ice prior to storage at -80°C.

3.51 Microsome isolation
Liver samples, frozen at —80°C, were homogenized on ice using Dounce tissue

grinders and homogenizing buffer [SO mM tris[hydroxymethyl]aminomethane (Tris;
Sigma), 1 mM ethylenedinitrilo)-tetraacetic acid, disodium salt dihydrate (EDTA; EMD
Chemicals), 2 mM phenylmethyl-sulfonyl fluoride (PMSF; Sigma) and 2.5 mM
dithiothreitol (DTT); PMSF and DTT were added just prior to use]. The homogenate was
centrifuged at 4 C for 20 minutes at 12 000 g, after which the supernatant was removed
using a Pasteur’s pipette and subsequently centrifuged at 100 000 g for 1 hour at 4°C. The
resulting microsomal pellet was resuspended in resuspension buffer (50 mM Tris, ImM
EDTA, 2 mM PMSF, 2.5 mM DTT and 20% v:v glycerol) at a 1:1 weight to volume
ratio. This microsomal suspension was aliquoted and frozen at —80°C until use in the

EROD assay. The homogenate and buffer solutions were kept on ice at all times.

3.5.2 EROD and protein assay
Resorufin standards (12.5 nM-248.8 nM; Sigma), protein standards (bovine serum

albumin; 149.3 ng/mL-1194.0 pg/mL; Sigma) and blanks were set up in a 96-well plate.

All dilutions were made using Tris Resuspension Buffer (50mM Tris in Milli-Q water,
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pH 7.4) from either the dry weight of the protein or from a stock solution of resorufin (5
mM in methanol, stored at -20°C). Twelve microliters of microsome solution as well as
30 uL of a 9.5 uM 7-ethoxyresorufin solution (7-Ethoxy-3H-phenoxazine-3-one; Sigma)
were added in triplicate to sample wells and the plate was incubated at 25°C for 10
minutes (fmax fluorescence microplate reader, Molecular Devices). The reaction was
started by adding 30 pL of reduced nicotinamide adenine dinucleotide phosphate
(NADPH; 5.4 mM in Tris resuspension buffer; Sigma) and followed by another 10 min
incubation at 25°C. The reaction was stopped by the addition of 60 uL fluorescamine in
acetonitrile (2.2 mM; Sigma), after which the plate was immediately read in a
fluorescence plate reader for resorufin production (excitation wavelength 544 nm;
emission wavelength 590 nm) and protein content (excitation wavelength 355 nm;

emission wavelength 538 nm).

3.6 Vitellogenin

3.6.1 Plasma isolation
Plasma samples were obtained from male goldfish either prior to wastewater

exposure (control) or following exposed to the different wastewater treatments for
various time points post exposure (Days 7, 21, 60, 90). On each sampling date fish were
anesthetized by immersion in a solution of tricaine methane sulfonate (MS-222) and their
blood was collected from the caudal vein using cold, heparinized and aprotinated (2
trypsin inhibitory units (TIU)/mL; Sigma) 1mL syringe fitted with a 27 % gauge needle.
The blood was immediately transferred to a vial containing an equal volume of ice cold
sodium aprotinin solution (0.09% NaCl, 2 TIU/mL), and centrifuged at 3000 g for 10
minutes. The plasma was collected, aliquoted and frozen in liquid nitrogen prior to
transfer to the University of Alberta on dry ice and stored at —80°C prior to use in the

assays.

3.6.2 Vitellogenin assay
Vitellogenin (Vtg) was quantified by using pre-coated carp Vtg ELISA plates

(Carp Vitellogenin ELISA Kit, Biosense Prod. No. V01003402). Briefly, 100 uL.

dilution buffer (phosphate buffered saline, 1% bovine serum albumin) was added to
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nonspecific binding wells and an equal volume of plasma sample (thawed on ice; 1:5000
dilution in dilution buffer) was added to the sample wells in the pre-coated plate. The

plate was incubated for 1 hr at 37°C, then each well was washed 3 times with 300uL

washing buffer (phosphate buffered saline, 0.05% Tween 20). One hundred microliters
of diluted detecting antibody (1:500 dilution of stock antibody solution using dilution
buffer) was then added to all wells and the plate incubated at 37°C for one hour. Plates
were washed three times with 300 pL of washing buffer, and then 100 pL of the kit
supplied secondary antibody was added to each well (1:2000 dilution of stock solution
using dilution buffer). The plate was then once again incubated for 1 hr at 37°C and then
washed 5 times (300 uL washing buffer/well). Following wash with the washing buffer,
100 uL of pre-supplied substrate solution (urea hydrogen peroxide and O-
phenylenediamine in dH,O) was added to each well. The plate was incubated in the dark
at room temperature for 30 min prior to stopping the reaction with 50 uL of 2M H,SO4.
Absorbance was read 5 min later at 492 nm using a microplate autoreader (Bio-Tek

Instruments).

3.7 Proliferation of Peripheral Blood Leukocytes

3.71 Isolation of peripheral blood leukocytes
Peripheral blood was collected by exsanguinations of anesthetized goldfish prior

to exposure (control) or after 7, 21, 60, or 90 days to FE, MF or MCF wastewater using
sterile 1 mL syringe fitted with a 27 12 gauge needle. Peripheral blood leukocytes (PBL)
were isolated from the blood of goldfish using procedures described by Neumann and
Belosevic (137). Briefly, 0.5 mL of blood from each fish was immediately mixed with
10 mL homogenizing solution in 15 mL conical tubes and placed on ice. Homogenizing
solution contained 50 pg/mL gentamicin, 100 U/mL penicillin, 100 pg/mL streptomycin
and 50 U/mL heparin in incomplete medium (MGFL-15). The blood-homogenization
solution mixture was layered on 3 mL of a 51% Percoll solution (Sigma) and spun at 400
g for 20 minutes. The buffy coat was removed, washed with 10 mL of incomplete
medium and then centrifuged (300 g, 10 minutes). Leukocytes were resuspended in

approximately 0.5 mL of complete (CMGFL-15) medium, enumerated and diluted to 2.0
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x 10° cells/mL. Incomplete and complete medium were made as described in Neumann

and Belosevic (137).

3.7.2 BrdU proliferation assay
The proliferative ability of peripheral blood leukocytes was determined using the

colourimetric BrdU Cell Proliferation ELISA kit (Roche). This assay allows the
quantification of cell proliferation based upon the degree of incorporation of 5-bromo-2-
deoxyuridine (BrdU; an analogue of thymidine) into the DNA of cells. Equal numbers of
PBL were seeded in sterile 96 well plates (50,000 cells/well) in addition to either
complete medium alone (non-stimulated) or an equal volume of mitogens (10 ug/mL
concanalvin A, ConA; 10 ng/mL phorbol 12-myristate 13-acetate, PMA; 100 ng/mL
calcium ionophore A23187) and cultured for 48 hours at 20°C. BrdU labeling reagent
then added to a final concentration of 20 uM and the plates incubated for a further 24
hours at 20°C. The plates were centrifuged (300 g, 10 minutes), the supernatant removed
and the pellet dried (60°C, 1 hour). Two hundred microliters of FixDenat solution was
added to each well and the plate incubated for 30 minutes at 20°C. One hundred
microliters of ELISA blocking buffer (1% bovine serum albumen in phosphate buffered
saline and 0.1% sodium azide) were added following the removal of FixDenat. One hour
later the ELISA blocking buffer was removed and 100 pL/well of anti-BrdU POD
working solution was added to each well and incubated (90 minutes; 20°C). The
antibody conjugate was removed and the plates washed in triplicate with 200 uL/well of
washing solution. Substrate solution (100 uL/well) was added and the plate allowed to
incubate for 10-15 minutes prior to stopping the reaction with 2M H,SOy4 (25 uL/well).
Absorbance was measured at 450 nm using a microplate reader (Bio-Tek Instruments)

within 5 minutes of acid addition.

3.8 RT-PCR Analysis of Goldfish Kidney CFS1-R, Granulin, TNF-
alpha, and TLR-22 expression

Six male and six female fish from each effluent treatment group were removed
either prior to wastewater exposure (control) or on Days 7, 21, 60 or 90 after exposure.

For each time point, fish were anesthetized with MS-222 and killed by cervical
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dislocation. The kidneys were aseptically removed, placed in cryotubes and immediately
frozen in liquid nitrogen. The kidneys were transported to the university on dry ice and
then placed in a -80°C freezer until RNA isolation.

Total RNA was isolated from goldfish kidneys using TRIzol® RNA Extraction
Reagent (Invitrogen) as per the manufacturer’s directions. First-strand synthesis of
cDNA was done using random hexamers primers (Invitrogen) and SuperScript ™ II RT
(Invitrogen) with 5 pg of total RNA according to manufacturer’s protocols. The primers
and PCR cycling parameters used to amplify goldfish specific genes by RT-PCR were:

CSF-1R (sense 5’-GGCAGCACAAGAACATCGTCAAC-3’;
antisense 5’-GGCGTCCAGGTTCCAGCACATC-3);
94°C for 3 min; 29 cycles of 94°C for 20 s; 60°C for 20 s; 72°C for 2 min. A final

extension of 72°C for 10 min was added following cycling.

Granulin (sense 5’-AAGATGGTTCCAGTGTTGATGTTAC-3’;
antisense 5’-ACCCCACTGGCCGGCTGCTGT-3%);
94°C for 3 min; 23 cycles of 94°C for 20 s; 60°C for 20 s; 72°C for 2 min. A final

extension of 72°C for 10 min was added following cycling.

TNF-alpha (sense 5’-TGCATATGACCCTGACGTGTG-3’;
antisense 5’-GCCGCTCCGAGGTAAATGGTG-3);
94°C for 3 min; 28 cycles of 94°C for 30 S; 56 C for 30 s; 72°C for 2 min. A final

extension of 72°C for 10 min was added following cycling.

TLR-22 (sense 5’-TTTCAGGATTCCGTCGATACC-3’;
antisense 5°-GTTCGTTTCTTCACCAGCTTCC-3");
94°C for 3 min; 29 cycles of 94'C for 35 s; 60°C for 35 s; 72°C for 2 min. A final

extension of 72°C for 10 min was added following cycling.
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Beta-actin (sense 5’-GCACGCGACTGACACTGAAG-3’;
antisense 5’-GAAGGCCGCTCCGAGGTA-3");
94°C for 3 min; 25 cycles of 94°C for 35 s; 60°C for 35 s; 72°C for 2 min. A final

extension of 72°C for 10 min was added following cycling.

Each reaction contained 5 pmol of each amplification primer, 1 mM dNTPs, 10x
PCR buffer (1.5mM MgCl,, 10mM Tris-HCI (pH 8.3), 50mM KCl, 2.5 units Taq
Polymerase and 0.5 ul of cDNA template. Immediately following PCR amplification, 10
ul of the PCR samples were run on a 1.5% agarose/TAE gel, stained using ethidium
bromide, and photographed on a UV transluminator (Fisher Biotek, FBTIV-88). Relative
expression levels of the specific gene bands were determined by densitometry using the
Kodak ID 3.0 software (Eastman Kodak).

3.9 Parasite Infection Model

Trypanosoma danilewskyi parasites were originally isolated in 1977 from a wild
crucian carp (C. crassius) by J. Lom. Parasites were obtained from P.T.K. Woo,
University of Guelph, Ontario, and initially maintained through infection of naive
goldfish with trypanosomes isolated from infected fish prior to development of an in vitro
culture method using the trypanosome growth medium (TDL-15) and 10% heat
inactivated sterile goldfish serum [as described in (138; 139)]. Parasites were passaged
approximately every 5-7 days. Fish were acclimated to their tanks for at least one week
prior to infection with T. danilewskyi. Before infection of the fish, a small blood sample
was withdrawn and collected in heparinized microcapillary tubes from each fish in order
to ensure the fish did not have any pre-existing haematoflagellate infections. Fish were
fin clipped to identify individual fish for future monitoring and injected intraperitoneally
with either ~ 6.25 x 10° parasites/fish or with ~1.0 x 107 parasites/fish using a 26 G
needle and syringe. Previous observations (139) determined that inoculation of fish with
6.25 x 10° parasites/fish resulted in all fish developing infections and low mortality. The

inoculation dose of 1.0 x 107 parasites/fish was chosen as we wished to challenge the fish
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with a greater dose of parasites, but not to the degree where very high mortality rates
would occur.

The parasite infection experiments were preformed on two separate occasions.
The first parasite infection experiment was done between February 5, 2006 and April 30,
2006 and involved the infection of control goldfish and goldfish exposed to municipal
wastewater for twenty days with 6.25 x 10° parasites per fish. The second parasite
infection experiment involved the infection of control goldfish and fish that had been
exposed to wastewater for approximately seven days with either 6.25 x 10° parasites per
fish or a higher dose of 1.0 x 10 parasites per fish and occurred between June 1, 2006
and August 24, 2006.

Parasitemias in individual fish were determined three days post infection, and
then weekly thereafter for 12 weeks. Briefly, a small amount of blood was diluted in tri-
sodium citrate anticoagulant (100 mM tri-sodium citrate, 40mM glucose, pH 7.3) and
parasites enumerated using a haemocytometer and bright-field microscopy. For fish with
low parasitemia, average parasites/mL blood was determined by enumerating parasites

located at the packed cell-plasma interface of spun, heparinized capillary tubes.

3.10 Statistical Analyses

For statistical analysis, all data were log transformed prior to analysis in order to
ensure a similar degree of variation between experimental groups and to satisfy the
requirements of the statistical test. Regarding Vtg analysis, the average Vtg
concentration (ug/mL blood) for each male fish was first determined using a carp Vitg
standard curve (linear standard curve R?=0.9948, y = 0.0343x + 0.0121). Following
this, the lowest individual fish Vtg concentration was then subtracted from all values such
that the lowest fish Vtg concentration was equal to zero. Subsequently, each fish’s Vtg
concentration was log transformed (log(x+1)) prior to statistical analysis. For the
mitogen-stimulated PBL proliferation data, a proliferation ratio was determined for each
fish by dividing the mean mitogen-stimulated proliferation absorbance by the appropriate
non-stimulated proliferation absorbance value. This proliferation ratio was then log

transformed in order to reduce variation amongst experimental groups. Following this
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transformation, a factoral analysis of variance (ANOVA) test was preformed for each
data set followed by a Tukey multiple comparisons post-hoc test to examine (when
appropriate) the effect of the wastewater treatment, the length of exposure, the sex of the
fish, and the year in which the experiment was conducted on the appropriate responding
variable. In addition, data were analysed using a one-way ANOVA (Dunnett’s multiple
comparison test) to determine significant difference of wastewater treatment
experimental groups compared to control fish. For 7. danilewskyi parasite infection
studies, statistical analysis used log transformed parasitemia data and the SAS system
(Mixed Procedure) analysis to examine a variety of parameters in either the Winter 2006
experiment or the Summer 2006 experiment. For all statistical tests, significance was
indicated by a P value of < 0.05. No statistical analysis was done on the xenobiotic data,

due to the small sample size (n = 2 for each sampling day wastewater treatment).
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Figure 3.1  Schematic drawing of experimental set-up at Gold Bar Wastewater
Treatment Plant. Exposure tanks 1-6 contained 60 L of wastewater effluent (MCF, MF
or FE) and were used for the parasite challenge experiments, whereas exposure tanks A-F
held 177 L of wastewater and contained goldfish used for all other assays. Flow rate was
~0.5 L/min for tanks 1-6 and ~1.0 L/min for tanks A-F.
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CHAPTER FOUR

CHEMICAL ANALYSIS OF XENOBIOTICS IN MUNICIPAL
WASTEWATER

4.1 Introduction

Xenobiotics have been commonly detected in municipal wastewater, both prior to
and following treatment (1; 2; 67; 3; 8). In large municipalities, pharmaceuticals and
personal care products can enter wastewater through metabolic excretion and disposal of
unused medication in toilets, whereas pesticides may enter wastewater through street or
landscape runoff. Xenobiotic concentrations in municipal sewage effluent depend on
both biotic and abiotic processes, such as the volume of effluent treated, the amount of
drugs being taken by the population, treatment type (140), sludge retention time (69) and
the treatment temperature of the sewage (13). In the body, xenobiotics may associate
with polar molecules in order to enhance excretion. The concentrations of a xenobiotic
may increase in the effluent following wastewater treatment, likely due to cleavage of the
chemicals from molecules such as glucuronides, sulphates or sulpho-glucuronides (57).

In the sewage treatment plant, xenobiotics are removed primarily by
biodegradation and sorption (2); however, the percent removal of the compounds was
found to be highly variable (65; 69; 49). Passage of treated wastewater through a
granular activated carbon (GAC) unit is known to be highly effective in removing
chemical contamination from a wide variety of fluids, and is commonly used in hospitals,
industrial or commercial operations, and households to increase water quality. For
example, GAC obtained from six to twelve month old water purifiers has been found to
successfully reduce the concentration of the herbicide atrazine from contaminated
wastewater (141). A wide variety of raw materials can be used in the manufacturing of
activated carbon, such as coal, wood, peat, coconut shells and petroleum coke. During
treatment of water with activated carbon, the particles adsorb molecules by fixing them to
carbon atoms by the London dispersion force, a form of van der Waals force.

Despite the well-known ability of granular activated carbon (GAC) to adsorb

pollutants, it is not commonly used to remove contaminants from final treated effluent in
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wastewater treatment plants. Wastewater treatment plants can process hundreds of
thousands of litres of wastewater daily, in which the final effluent may have several mg/L
of suspended particulate matter. Normally, this particulate matter would quickly foul the
GAC unit, greatly reducing the surface area of the GAC particles. This would result in a
greatly reduced efficacy and longevity of the GAC unit. Through use of both an
ultrafiltration (UF) membrane to remove particulate matter and subsequent GAC
treatment to reduce most organic xenobiotics, safer reusable water may be efficiently
produced on the scale of a large municipal wastewater treatment plant.

Due to the increased prevalence of UF membrane treated sewage effluents as a
potential reusable water source, I examined the efficacy of a commercial UF membrane
in the removal of xenobiotics from final treated sewage effluent. Secondly, I examined
the efficacy of a subsequent GAC unit for the removal of various xenobiotics from the
UF membrane treated effluent. Concentrations of a number of representative pesticides
and pharmaceuticals were determined using gas chromatography and mass spectrometry
in reuse water, and compared to those found in the source final sewage effluent for both
the Spring/Summer 2005 and Winter 2006 experiments. No statistical analysis was done
on the xenobiotic data, due to the small sample size (n = 2 for each wastewater sample

analyzed on each sampling day).

4.2 Results

421 Daily water chemistry

Table 4.1 and Table 4.2 show the basic daily water chemistry analysis and flow
rates found in each of the treatment groups for both Spring/Summer 2005 and Winter
2006 experiments, respectively. The basic water chemistry for the June-August 2006
parasite study (Summer 2006) is shown in Table 4.3. There were no discernable
differences in reuse water chemistry between either the final effluent (FE) or UF
membrane treatment groups (MF and MCF). During the Winter 2006 study, the Gold
Bar Wastewater Treatment Facility Laboratory analyzed ammonia levels in the fish tanks
on a daily basis (automated colourimetric phenate method, MDL = 0.005 mg/L. NH3).
During this time, mean ammonia levels of 8.47 + 0.49 mg/L, 1.18 = 0.15 mg/L, and 0.91
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+ 0.14 mg/L nitrogen were detected in FE, MF and MCF wastewater, respectively.
While the range of ammonia in the reuse water was fairly low (0.27 — 3.79 mg/L for MF
wastewater and 0.16 — 2.72 mg/L for MCF wastewater), ammonia levels were found to
spike in FE wastewater as high as 14.15 mg/L (the range of detected NH;3 in FE
wastewater was 3.60 — 14.15 mg/L). At times, the concentration of ammonia in FE fish
tanks remained greater than 9.0 mg/L for at least eight days (January 29 to January 26,
2006; data not shown).

422 Analysis of pesticides in wastewater

In each of the three treatment groups (FE, ME and MCF), wastewater samples
were analyzed at various time points throughout the Spring/Summer 2005 and Winter
2006 experiments. All water samples were analyzed for a panel of sixty-eight pesticides,
of which eight were detected in the municipal wastewaters (Table 4.4). Figure 4.1
represents concentration of the herbicide 2,4-D (2,4-dichlorophenoxyacetic acid) found in
FE, MF and MCF wastewater in the Spring/Summer 2005 experiment. At the beginning
of the wastewater treatment process (April 21, 2005), concentrations of 2,4-D were
relatively low in all treatment groups (0.026 pg/L and 0.027 pg/L for FE and MF
wastewater, respectively; the GAC filter was not functioning at this time). At later time
points however, the mean concentration of 2.4-D had risen substantially, peaking at 0.283
pg/L in FE wastewater (July 19, 2005) and 0.297 pg/L in MF wastewater (May 12,
2005). UF membrane filtration (MF wastewater) did not substantially reduce the
concentration of 2,4-D (<10 %). However, GAC treatment was effective in reducing 2,4-
D in MCF wastewater, with values found as low as 0.040 pg/L (July 19, 2005; Fig. 4.1).
The reduction efficiency of 2,4-D by activated carbon ranged between 44% (May 12,
2005) and 85% (July 19, 2005), while at low concentrations little reduction occurred
(Mayl, 2005; Fig. 4.1).

Not surprisingly, 2,4-D was detected at relatively low levels in all treatment
groups in the Winter 2006 experiment (Fig. 4.2). This herbicide was not detected in any
wastewater treatments on January 17, 2006, Jan 23, 2006 or March 16, 2006. On
February 6, 2006 2,4-D was detected at levels of 0.060 pug/L in MF wastewater alone.

Since this chemical was not detected in FE wastewater at this time point, the source
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effluent for MF wastewater, it was likely that the 2,4-D values on February 6, 2006 were
not representative of actual herbicide levels in the wastewater. This conclusion was also
supported by the fact that the date of collection of this sample, early February, was mid-
to-late winter in Edmonton, Alberta, and no pesticide application would have been
occurring at this time. At the last sampling point, April 18, 2006, low levels of 2,4-D
were detected in all wastewater treatment groups (0.020 pg/L, 0.036 pg/L and 0.006 ug/L
for FE, MF and MCF wastewater, respectively). These concentrations were similar to
those detected in the Spring/Summer 2005 experiment at the same time of year (April 21,
2005). Activated carbon filtration reduced the levels of 2,4-D in the MCF wastewater
samples, with a removal efficiency of 83% compared to MF wastewater, whereas the
concentration of 2,4-D in MF wastewater was similar to that of FE wastewater.

Another herbicide, MCPP (2-(2-methyl-4-chlorophenoxy) propionic acid), was
also detected in municipal wastewater in the spring and summer of 2005 (Fig. 4.3). On
April 21, 2005 the concentrations of MCPP in effluent of FE and MF wastewater were
0.018 pg/L and 0.020 pg/L, respectively (values for MCF wastewater were not found as
the GAC unit was not functioning at this time). At later sampling time points, the
measured concentration of MCPP increased, reaching peak levels of 0.175 pg/L, 0.176
pg/L, 0.081 pg/L for FE, MF and MCF wastewater, respectively, on June 20, 2005. The
removal efficiency for MCPP was less than 5% in MF wastewater compared to FE
wastewater. However, the reduction by activated carbon ranged from 31% (May 12,
2005) to 75% (July 19, 2005) of the measured MCPP. In the Winter 2006 experiment,
MCPP was detected at high concentrations only at the last sampling time point, April 18,
2006. Much higher levels of this herbicide were detected in all wastewater effluent
samples on this date compared to the levels found on April 21, 2005, indicating a year-to-
year variability in the detection or possible application of MCPP (Fig. 4.4). Higher levels
of MCPP were detected in MF wastewater and FE wastewater on April 18, 2006 - 0.78
pg/L and 0.55 pg/L, respectively, while activated carbon filtration reduced the herbicide
concentration in MCF wastewater by 56% compared to MF wastewater (0.34 ug/L). The
increase of 2,4-D and MCPP in late spring and early summer in both 2005 and 2006 was
expected due to standard household and commercial application of these agricultural

chemicals during these seasons (142).
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Other pesticides were also detected in the effluent during the Spring/Summer
2005 (Table 4.5-4.7) and Winter 2006 experiments (Table 4.8-4.10). For example, in the
Spring/Summer of 2005 experiment 2,4-dichlorophenol was removed (>99%) by carbon
treatment (MCF wastewater) but not removed in MF wastewater (July 19, 2005).
Similarly, dicamba was removed by 48% in MCF wastewater but not removed in MF
wastewater. Some of the herbicides and pesticides were not detected in certain sampling
periods; bromacil, triclopyr, and diazinon were only detected on June 20, 2005.
Regarding the Winter 2006 experiment, the levels of 2,4-dichlorphenol were greatly
reduced compared to the Spring/Summer 2005 experiment (Table 4.5-4.10). The
removal efficiency of 2,4-dichlorphenol in MF wastewater was 39%, but subsequent
activated carbon filtration once again reduced the concentration of this compound to
below method detection limits in MCF wastewater. Similar to the Spring/Summer 2005
experiment, dicamba levels were not substantially reduced following membrane
filtration; however, in the Winter 2006 experiment activated carbon filtration efficiently

removed dicamba in the wastewater (>99%).

4.23 Pharmaceuticals and personal care products
Pharmaceuticals and personal care products were also analyzed at the same time

points in the same water samples. Of the eighteen compounds screened, ten were

detected in the wastewater effluents and are listed in Table 4.4.

4.2.3.1 Non-steroidal anti-inflammatory drugs
Figure 4.5 represents the concentration of salicylic acid, a deacetylated form of

the analgesic acetylsalicylic acid, detected during the Spring/Summer 2005 experiment.
Concentrations of salicylic acid increased significantly in FE and MF wastewater on July
19, 2005, compared to 0.03 pg/L on April 21, 2005. The removal efficiency of salicylic
acid was up to 15% by the UF membrane (MF wastewater), and it varied considerably in
the MCF wastewater. At low salicylic acid levels removal by activated carbon (MCF
wastewater) was similar to that by membrane UF (MF wastewater), but once the levels
rose (July 19, 2005), GAC removal efficiency increased to 75%. During the Winter 2006
experiment, salicylic acid was not detected in wastewater samples in a consistent manner.

Low levels of this compound were detected in water samples on January 17, 2006,
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January 23, 2006 and March 16, 2006, but salicylic acid was not observed in any
wastewater samples on February 6, 2006 or April 18, 2006 (Fig. 4.6). On January 17,
2006, salicylic acid was only detected in the MCF wastewater (0.036 pg/L) and not in FE
or MF wastewater. Due to the close proximity of measured values to the method
detection limit (0.025 pg/L) and the absence of this compound in both the FE and MF
wastewater, it is possible that the salicylic acid detected may not be representative of the
actual concentration of this compound in GAC filtered wastewater. On January 23, 2006
neither membrane UF nor GAC filtration reduced the low salicylic acid concentration in
the effluent (Fig. 4.6). On June 20, 2005, similar concentrations and low salicylic acid
removal efficiency were observed in MF and MCF wastewater (Fig. 4.5). Salicylic acid
levels rose to a peak of 0.072 pg/L in FE wastewater on March 16, 2006. On this date, as
observed on July 19, 2005, membrane UF did not substantially reduce salicylic acid
concentration in MF wastewater compared to FE wastewater. In contrast to the ~75%
reduction GAC efficiency observed in 2005, subsequent carbon filtration reduced
salicylic acid levels by only 36% compared to FE wastewater on March 16, 2006. This
variability in removal efficiency may have been influenced by the age of the carbon filter
or interactions with unknown chemicals in the GAC filtration unit at different times.
Ibuprofen was another analgesic detected in the municipal wastewater during
both experiments. In the Spring/Summer 2005 experiment, relatively low levels of
ibuprofen (~0.100 pg/L in FE and MF wastewater) were detected for the majority of
sampling time points. The highest concentration of ibuprofen was found in the FE and
MF wastewater on May 12, 2005 (0.426 pg/L and 0.493 pg/L for FE and MF wastewater,
respectively, Fig. 4.7). On July 19, 2005, MCF treatment removed almost 100% of the
ibuprofen from the MF wastewater. Alternatively, when ibuprofen concentration was
low (0.017 pg/L, June 20, 2005) the efficacy of activated carbon treatment was low with
only 25% of the ibuprofen removed in MCF wastewater. When samples were taken
during the winter of 2006, much higher levels of ibuprofen were detected in the FE
wastewater (2.07 pg/L on January 23, 2006, and 1.21 pg/L on February 6, 2006, Fig.
4.8). At all other sampling points, lower levels of this analgesic were observed in the FE.
Ultrafiltration successfully eliminated ibuprofen in MF wastewater during the Winter

2006 experiment, resulting in a removal efficiency of greater than 88% when ibuprofen
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was present in high amounts and 32% when the chemical was only found in low
concentrations. Activated carbon filtration successfully removed greater than 95% of the
ibuprofen in MCF wastewater at the first three Winter 2006 sampling points. At later
time points, as observed in the Spring/Summer 2005 experiment, GAC removal efficacy
was reduced to ~70% when the ibuprofen concentration was low in FE wastewater.

The removal efficiency of diclofenac was shown in Fig. 4.9 and Fig. 4.10 for the
Spring/Summer 2005 experiment and Winter 2006 experiment, respectively. During the
Spring/Summer 2005 experiment, there was substantial removal of diclofenac in MCF
wastewater on June 20, 2005, and July 19, 2005 (61% and 79%, respectively), but this
high removal efficiency was not observed in the May 1, 2005 and May 12, 2005
wastewater samples (Fig. 4.9). Membrane UF did not substantially reduce diclofenac
concentrations (<15%; MF wastewater) during the Spring/Summer 2005 experiment. In
the Winter 2006 experiment, substantially higher concentrations of diclofenac were
detected in the FE and MF wastewater samples: up to 2.3 pg/L (Fig. 4.10) compared to
the maximum of 1.0 pg/L detected on April 21, 2005 (Fig. 4.9). Activated carbon
filtration eliminated diclofenac in the wastewater samples by as much as 97%; however,
this efficacy was variable depending upon sampling date and was as low as 40%. The
UF membrane did not remove diclofenac from final effluent; in fact, elevated
concentrations of diclofenac were consistently detected in MF wastewater samples at
each Winter 2006 sampling time point (Fig. 4.10).

The NSAID naproxen was also detected in the wastewater effluents at levels
ranging as low as 0.01 pg/L in MCF wastewater (July 19, 2005) to 0.44 pg/L in FE
wastewater (January 23, 2006). During the Spring/Summer 2005 experiment, low
removal efficiency was observed by UF membrane treatment (Fig. 4.11; MF wastewater).
The UF membrane only removed a maximum of 20% of the naproxen (June 20, 2005)
while the removal by activated carbon ranged up to 90% (July 19, 2005; Fig. 4.11).
Higher peak concentrations of naproxen were detected in the Winter 2006 experiment
compared to the Spring/Summer 2005 experiment (Fig. 4.12). When naproxen levels
were high (January 23, 2006), membrane filtration resulted in high removal efficiency
(71%). However, this removal efficiency in MF wastewater was reduced at lower

naproxen concentrations; removal efficacy ranged between 27% and 63% (Fig. 4.12).
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Activated carbon filtration resulted in greater than 88% removal of naproxen in MCF
wastewater during the Winter 2006 experiment, regardless of the initial concentration of

naproxen in the FE wastewater.

4.2.3.2 Anti-epileptic Drugs

The anti-epileptic and anti-mania medication carbamazepine is commonly found
in municipal wastewater (14), and was detected in both the Spring/Summer 2005 (Fig.
4.13) and Winter 2006 (Fig. 4.14) experiments at concentrations as high as 2.3 pg/L (Jan
23, 2006; FE wastewater). In general, less than 20% of this pharmaceutical was removed
by the UF membrane (MF wastewater), while activated carbon treatment eliminated
between 55% to 100% of carbamazepine in MCF wastewater (Fig. 4.13; Fig. 4.14).
Variable levels of this compound were found in the municipal wastewater. For example,
high concentrations of carbamazepine were detected in both FE and MF wastewater on
January 17, 2006, and January 23, 2006; while on May 1, 2005, February 6, 2006, and
March 16, 2006, this compound was not detected in wastewater. Also, the concentration
of this xenobiotic varied by as much as 2.3-fold in FE, depending upon the sampling date

(Fig. 4.14). Reasons for these fluctuations are unknown.

4.2.3.3 Lipid Regulating Drugs

Gemfibrozil, a cholesterol-lowering drug detected in the municipal sewage
effluent, was removed 70% to 100% by activated carbon in the Winter 2006 study (Fig.
4.16), or between 20-90% during the Spring/Summer 2005 experiment, depending upon
the sampling date (Fig. 4.15). Membrane UF treatment removed variable levels of
gemfibrozil in MF wastewater; during the Spring/Summer 2005 experiment, removal
efficiency by the UF membrane ranged up to 40% (Fig. 4.15; MF wastewater). However,
during the Winter 2006 experiment membrane UF did not result in substantial removal of
this xenobiotic (Fig. 4.16). Gemfibrozil levels in FE wastewater ranged between 0.12
png/L and 0.30 pg/L. In addition to gemfibrozil, another lipid regulating drug,
bezafibrate, was also detected in wastewater on April 21, 2005, July 19, 2005 and April
18, 2006 (Table 4.5-4.10). The UF membrane did not significantly reduce the

concentration of this chemical in MF wastewater, but subsequent activated carbon

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



filtration resulted in a removal efficiency of 65%-100% (MCF wastewater; Winter 2006

and Spring/Summer 2005 experiments, respectively).

4.24 Other Xenobiotics

The antibacterial and antifungal agent triclosan, and the triclosan metabolite
methyl triclosan, were detected in FE and MF wastewater at various sampling points
(Table 4.5-4.10). These compounds are common components of such items as anti-
bacterial soaps and other consumer products. In the case of the Spring/Summer 2005
experiment, the UF membrane was not effective at removing these compounds (Table
4.5; MF wastewater). However, in the Winter 2006 experiment triclosan was completely
removed from the MF wastewater (Table 4.6-4.8). These components were removed to
below detectable limits in MCF wastewater at each sampling time point. It should be
noted that in order to volatilize triclosan for GC/MS analysis, triclosan was methylated.
Consequently, it is possible that the concentration of methyl triclosan attributed to be
through metabolic processes may not be accurate. Ethylation of triclosan, rather than
methylation, may increase the reliability of the assay for differentiating between this
compound and its biological metabolite.

Caffeine is one of the most widely used stimulant drugs and has commonly been
used as an anthropogenic marker for wastewater contamination of aquatic environments
(143). It was detected in FE and MF wastewater on multiple occasions during the
Spring/Summer 2005 and Winter 2006 experiments (Table 4.5-4.10). While membrane
UF did not reduce caffeine concentrations in MF wastewater, passage through the GAC
unit effectively removed caffeine, with the exception of April 18, 2006. On this date
caffeine was detected at low levels only in MCF wastewater, possibly due to a false
positive, as this compound was absent in either FE or MF wastewater. Alternatively,
caffeine may have been present in FE and MF wastewater on April 18, 2006, but for

unknown reasons not properly measured or reported.

4.3 Discussion
Pesticides and pharmaceuticals from agriculture and human medical care have

been detected in sewage water, in surface water, and groundwater (2; 140; 144; 145).
Based on my research, a variety of herbicides (2,4-D, MCPP/Mecoprop®, MCPA, 2,4-
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dichlorophenol, and dicamba/Banvel®), pharmaceutical and personal care products were
detected in final treated effluent. These included analgesic/anti-inflammatory drugs
(ibuprofen, naproxen, diclofenac, salicylic acid), antiepileptic agents (carbamazepine),
cholesteral-lowering agents (gemfibrozil, bezafibrate), anti-bacterial agents (methyl
triclosan and triclosan) and caffeine. Some of these xenobiotics were present in the
effluent at high concentrations up to 2.3 ug/L, for example, diclofenac and
carbamazepine.

Due to the rising concern about environmental issues, the proper operation and
control of wastewater treatment plants has become very important. Various conventional
physical and chemical treatment processes are being used for removal chemical
contaminants from wastewater, including coagulation, polymer and mineral sorbents,
reverse osmosis, chemical oxidation, membrane filtration and activated carbon adsorption
(146; 147, 65; 148; 149). Studies have shown that the UF membrane process has the
potential ability to reduce particles with a molecular weight of greater than 300 Da such
as bacteria and protozoa from effluent, as well as the removal of inorganic substances
such as heavy metals via electrostatic interactions between the ions and membranes
(149). In some studies, membrane nanofiltration has been successfully applied to remove
heavy metals with more than 90% efficiency from landfill leachate (150). Another
advantage of UF membranes is that it is possible to use them on a large scale effectively
and economically compared to activated carbon filtration alone. Ultra-membrane filtered
water can be used for industrial or agricultural purposes, for example, watering of golf
courses. In spite of its advantages, the major drawback of UF membranes is the low
removal efficiency for many non-metallic chemical contaminants. For example, Oota et
al. (151) found no significant differences in the removal of several main endocrine
disrupters after membrane UF treatment. From the data shown in this research, the UF
membrane usually removed less than 20% of most chemicals measured, if any reduction
of the xenobiotics occurred. Therefore, the reuse of wastewater for indirect purposes will
need more advanced treatment than the UF membrane alone if xenobiotic contamination
is a concern.

Activated carbon adsorption is a mass transfer process by which a substance is

transferred from the liquid phase to the surface of granular activated carbon, and becomes
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bound by physical and/or chemical interactions (148). Due to its inherent physical
properties, large surface area, microporous structure, high adsorption capacity and
surface reactivity (152), it is considered as one of the best available technologies for the
reduction of organic compounds from water. Ternes et al. (146) investigated the removal
of selected pharmaceuticals (bezafibrate, clofibric acid, carbamazepine and diclofenac) in
laboratory, pilot scale and in full-scale waterworks and found that pharmaceuticals were
almost completely removed by activated carbon treatment with the exception of clofibric
acid. Our research showed that the GAC treatment has much higher removal ability of
chemicals including pesticides and pharmaceuticals compared to that of the UF
membrane alone. For all the chemicals detected, the removal efficiencies by GAC
generally reached greater than 70%, and, in some cases the removal was highly efficient
and resulted in concentrations below detection limits (e.g. caffeine, ibuprofen,
carbamazepine, 2,4-dichlorophenol and triclosan). Despite the high xenobiotic reduction
efficiency, the need for frequent replacement of the GAC columns and the cost of GAC
may limit its application for the treatment of wastewater on large scale, especially in
developing countries.

I believe that use of an UF membrane prior to GAC treatment would increase the
longevity and economic feasibility of the GAC units, and potentially allow for a more
efficient method of producing safer re-usable water. However, based on my results, a
combination of both an UF membrane and GAC treatment is not a perfect solution for the
production of high quality water, as GAC treatment did not always completely remove all
chemicals, especially when their concentration were low. For example, when salicylic
acid levels were low (June 20, 2005), no removal of chemicals was found in MCF
wastewater compared to that MF wastewater. The efficiency of the GAC unit was
undoubtedly influenced by how long the effluent was in contact with the activated
carbon, and therefore by the material, volume, and retention time of the GAC unit. By
changing the flow rate and chemistry characteristics of effluent within the GAC unit, the
removal efficiency of chemicals could be greatly altered. Thus, further investigations are
needed to optimize parameters of both the UF membrane filter and the GAC unit such
that large-scale production of re-usable water containing the minimum levels of

xenobiotics possible can be produced in the most efficient and economic manner.
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However, it should be noted that while chemical analysis of wastewater can help
us determine what xenobiotics an organism in the environment may be exposed to, it
does not necessarily reflect the impact of these chemicals on the behaviour or physiology
of that animal. Mixtures of xenobiotics may act in an additive, synergistic or inhibitive
manner on a physiological response that cannot always be predicted using single-toxicant
does response experiments (95; 96). In order to determine the possible risks of
xenobiotic exposure, a living organism must be used in addition to chemical analysis.
Consequently, the following chapters describe the results of a number of such
toxicological studies that involved the in vivo exposure of goldfish (Carassius auratus) to

FE, MF or MCF wastewater.
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Parameters FE MF MCF

Temperature (°C) 20.7%1.0 19.9£1.,2 19.9+£1.1
pH 7.18+0.18 7.91+0.15 7.91+0.,17
Dissoloved Oxygen (mg/L) 6.17+0.56 6.35+0.50 6.63+0.37
Chlorine (mg/L) 0.01£0.00 0.01+0.00 0.01+£0.00
Conductivity (yS/cm) 1026+62 1015+58 1006+92
Salinity (ppt) 0.5+0.00 0.50+0.00 0.50+0.00

Flow Rate (L/min) 1.0+0.1 1.0+0.1 1.0+0.1

FE- final treated effluent; MF- UF membrane effluent; MCF- UF membrane and GAC unit effluent.

Table 4.1

between April-July 2005 (Spring/Summer 2005 experiment).

Daily water chemistry characteristics measured in wastewater effluents

Parameters FE MF MCF
Temperature (°C) 16.8+0.8 16.8+0.9 17.1+0.9
pH 7.58+0.15 7.77+0.09 7.78+0.17
Dissoloved Oxygen (mg/L) 5.53+0.68 5.85+0.73 6.17+£0.70
Chiorine (mg/L) 0.01+£0.01 0.01+0.01 0.01+0.01
Conductivity (uS/cm) 9991146 923+61 919+65
Salinity (ppt) 0.5+0.1 0.4+0.1 0.4+0.1
Flow Rate (L/min) 1.1£0.1 1.0+0.1 1.0+0.1

FE- final treated effluent; MF- UF membrane effluent; MCF- UF membrane and GAC unit effluent.

Table 4.2

January-April 2006 (Winter 2006 experiment).

Daily water characteristics measured in wastewater effluents between

Parameters FE MF MCF
Temperature (°C) 21.9+1.5 21.4+1.5 21.33+1.45
pH 7.77%£0.19 7.97+0.17 7.95+£0.90
Dissoloved Oxygen (mg/L) 6.59+0.49 6.76% 0.51 7.03£0.34
Chlorine (mg/L) 0.02+0.02 0.02+0.01 0.01+0.01
Conductivity (uS/cm) 907+91 1077+106 1063+96
Salinity (ppt) 0.5+0.1 0.5+0.1 0.5+0.1
Flow Rate (L/min) 1.0+0.1 1.0+0.1 0.9+0.1

FE- final treated effluent; MF- UF membrane effluent; MCF- UF membrane and GAC unit effluent.

Table 4.3

June-August 2006 (Summer 2006 experiment).
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Compound Class MDL (pg/L)
Bromacil Herbicide 0.030
2,4-D Herbicide 0.005
2,4 (21'::;%3:12?”0' Herbicide 0.010
Dicamba (Banvel®) Herbicide 0.005
MCPA Herbicide 0.005
MCPP (Mecoprop®) Herbicide 0.005
Triclopyr Herbicide 0.010
Diazinon Pesticide 0.005
Carbamazepine Anti-epileptic/anti-mania agent 0.010
Bezafibrate hypolipidemic agent 0.100
Gemfibrozil hypolipidemic agent 0.005
Diclofenac NSAID/analgesic 0.010
Ibuprofen NSAID/analgesic 0.005
Naproxen NSAID/analgesic 0.005
Salicylic Acid NSAID/analgesic 0.025
Caffeine Stimulant 0.020
Triclosan Antibacterial/Antifungal agent 0.010
Methyl Triclosan Tricolsan metabolite 0.010

Table 4.4 Xenobiotics detected in municipal wastewater and their method detection

limits (MDL), as measured by gas chromatography/mass spectrometry.
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FE Wastewater

Pollutants April 21 2005 May 1 2005 May 12 2005 June 20 2005 July 19 2005
Pesticides

Bromacil nd nd nd nd nd

2,4-Dichlorophenol nd nd 0.445+0.036 0.431+0.006 0.033+0.006

Dicamba nd nd 0.016%0.000 0.031+0.001 0.025+0.001

MCPA 0.007%0.002 0.007%0.000 nd 0.029%0.001 nd

Triclopyr nd nd nd 0.031+0.006 nd

Diazinon nd nd nd 0.008+0.000 nd
PPCP compounds

Bezafibrate 0.2000.000 nd nd nd 0.198+0.010

Caffeine 0.2100.028 0.0160.002 0.119+0.002 nd nd

Methyl Triclosan nd nd nd 0.009+0.001 nd

nd-not detected

Table 4.5

Mean concentration (ng/L = SEM) of xenobiotics infrequently detected in

final effluent (FE wastewater) between April-July 2005 (Spring/Summer 2005

experiment).
MF Wastewater
Pollutants April 21 2005 May 1 2005 May 12 2005 June 20 2005 July 19 2005
Pesticides
Bromacil nd nd nd nd nd
2,4-Dichlorophenol nd nd 0.456+0.029 0.456+0.038 0.059+0.038
Dicamba (Banvel) nd nd 0.013+0.001 0.036+0.004 0.028+0.004
MCPA 0.006+0.001 0.007+0.000 nd 0.029+0.001 0.007£0.001
Triclopyr nd nd nd 0.035+0.002 nd
Diazinon nd nd nd nd nd
PPCPs compounds
Bezafibrate 0.200+0.00 nd nd nd 0.140+0.011
Caffeine 0.200+0.078 0.017+0.001 0.194+0.011 0.027+0.004 nd
Methyl Triclosan nd nd nd 0.007+0.001 nd

nd-not detected

Table 4.6 Mean concentration (ug/L + SEM) of xenobiotics infrequently detected in
membrane ultrafiltration effluent (MF wastewater) between April-July 2005
(Spring/Summer 2005 experiment).

MCF Wastewater

Pollutants May 1 2005 May 12 2005 June 20 2005 July 19 2005
Pesticides

Bromacil nd nd 0.042+0.004 nd

2,4-Dichlorophenoti nd nd nd nd

Dicamba (Banvel) nd 0.012+0.004 0.022+0.003 0.013+0.003

MCPA 0.0060.000 nd 0.007+0.000 nd’

Triclopyr nd nd nd nd

Diazinon nd nd nd nd
PPCP compounds

Bezafibrate nd nd nd nd

Caffeine nd 0.125+0.025 nd nd

Methyl Triclosan nd nd nd nd

nd-not detected; *note - the GAC unit was not functioning on April 21, 2005)

Table 4.7 Mean concentration (pug/L + SEM) of xenobiotics infrequently detected in
membrane ultrafiltration and granular activated carbon effluent (MCF wastewater)
between May-July 2005 (Spring/Summer 2005 experiment).
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FE Wastewater
Pollutants Jan 17 2006 Jan 23 2006 Feb 6 2006 Mar 16 2006 April 18 2006
Pesticides
2,4-Dichlorophenol nd nd nd nd 0.027+0.001
Dicamba nd nd nd nd 0.004+0.001
MCPA nd nd nd nd nd
PPCP compounds
Bezafibrate nd nd nd nd 0.163+0.016
Caffeine 0.051+0.006 0.088+0.014 0.468=0.089 nd nd
Methyl Triclosan nd 0.056+0.001 0.014+0.005 nd nd

nd-not detected

Table 4.8

Mean concentration (ug/L = SEM) of xenobiotics infrequently detected in

final effluent (FE wastewater) between January-April 2006 (Winter 2006 experiment).

MF Wastewater
Pollutants Jan 17 2006 Jan 23 2006 Feb 6 2006 Mar 16 2006 April 18 2006
Pesticides
2,4-Dichlorophenol nd nd nd nd 0.017+0.002
Dicamba nd nd nd nd 0.005+0.001
MCPA nd nd 0.024 nd nd
PPCP compounds
Bezafibrate nd nd nd nd 0.161+0.023
Caffeine 0.051%0.000 0.037+0.004 0.468+0.089 nd nd
Methyl Triclosan nd nd nd 0.006+0.010 nd

nd-not detected

Table 4.9

Mean concentration (ug/L = SEM) of xenobiotics infrequently detected in

membrane ultrafiltration effluent (MF wastewater) between January-April 2006 (Winter

2006 experiment).

MCF Wastewater
Pollutants Jan 17 2006 Jan 23 2006 Feb 6 2006 Mar 16 2006 April 18 2006
Pesticides
2,4-Dichlorophenol nd nd nd nd nd
Dicamba nd nd nd nd nd
MCPA nd nd nd nd nd
PPCP compounds
Bezafibrate nd nd nd nd 0.057+0.004
Caffeine nd nd nd 0.062+0.012 nd
Methyl Triclosan nd nd nd nd nd

nd-not detected

Table 4.10

Mean concentration (ug/L £ SEM) of xenobiotics infrequently detected in

membrane ultrafiltration and granular activated carbon effluent (MCF wastewater)
between January-April 2006 (Winter 2006 experiment).
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Figure 4.1  Mean concentration (ug/L) + SEM of the herbicide 2,4-D measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control.

Method detection limit = 0.005 pg/L.
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Figure 4.2  Mean concentration (ug/L) + SEM of the herbicide 2,4-D measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on

various dates during the Winter 2006 experiment. Method detection limit = 0.005 pg/L.
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Figure 4.3  Mean concentration (ug/L) £ SEM of the herbicide MCPP measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control. MDL

=0.005 pg/L.
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Figure 4.4  Mean concentration (ug/L) + SEM of the herbicide MCPP measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Winter 2006 experiment. Method detection limit = 0.005 pg/L.
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Figure 4.5  Mean concentration (ug/L) + SEM of the NSAID salicylic acid measured
in final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control.

Method detection limit = 0.025 pg/L.
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Figure 4.6  Mean concentration (ug/L) = SEM of the NSAID salicylic acid measured
in final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Winter 2006 experiment. Method detection limit = 0.025 pg/L.
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Figure 4.7  Mean concentration (pug/L) = SEM of the NSAID ibuprofen measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control.
Method detection limit = 0.005 pg/L.
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Figure 4.8  Mean concentration (ug/L) £ SEM of the NSAID ibuprofen measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Winter 2006 experiment. Method detection limit = 0.005 pg/L.
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Figure 49  Mean concentration (ug/L) + SEM of the NSAID diclofenac measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control.
Method detection limit = 0.010 pg/L.
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Figure 4.10 Mean concentration (ug/L) £ SEM of the NSAID diclofenac measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Winter 2006 experiment. Method detection limit = 0.010 pg/L.
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Figure 4.11 Mean concentration (j1g/L) + SEM of the NSAID naproxen measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Spring/Summer 2005 experiment. The GAC unit was not
functioning on the April 21, 2005 and, as such, this sample date serves as a control.
Method detection limit = 0.005 ug/L.
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Figure 4.12 Mean concentration (ug/L) + SEM of the NSAID naproxen measured in
final treated effluent (FE), ultrafiltration membrane effluent (MF), and combined
ultrafiltration membrane and granular activated carbon (GAC) filtered effluent (MCF) on
various dates during the Winter 2006 experiment. Method detection limit = 0.005 ug/L.
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Figure 4.13 Mean concentration (ug/L) +£ SEM of the anti-epileptic/anti-mania
pharmaceutical carbamazepine measured in final treated effluent (FE), ultrafiltration
membrane effluent (MF), and combined ultrafiltration membrane and granular activated
carbon (GAC) filtered effluent (MCF) on various dates during the Spring/Summer 2005
experiment. The GAC unit was not functioning on the April 21, 2005 and, as such, this
sample date serves as a control. Method detection limit = 0.010 pg/L.
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Figure 4.14 Mean concentration (ug/L) + SEM of the anti-epileptic/anti-mania
pharmaceutical carbamazepine measured in final treated effluent (FE), ultrafiltration
membrane effluent (MF), and combined ultrafiltration membrane and granular activated
carbon (GAC) filtered effluent (MCF) on various dates during the Winter 2006
experiment. Method detection limit = 0.010 pg/L.
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Figure 4.15 Mean concentration (ug/L) + SEM of the lipid-regulating pharmaceutical
gemfibrozil measured in final treated effluent (FE), ultrafiltration membrane effluent
(MF), and combined ultrafiltration membrane and granular activated carbon (GAC)
filtered effluent (MCF) on various dates during the Spring/Summer 2005 experiment.
The GAC unit was not functioning on the April 21, 2005 and, as such, this sample date
serves as a control. Method detection limit = 0.005 pg/L.
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Figure 4.16 Mean concentration (ng/L) + SEM of the lipid-regulating pharmaceutical
gemfibrozil measured in final treated effluent (FE), ultrafiltration membrane effluent
(MF), and combined ultrafiltration membrane and granular activated carbon (GAC)
filtered effluent (MCF) on various dates during the Winter 2006 experiment. Method
detection limit = 0.005 pg/L
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CHAPTER FIVE

P450 (CYP1A) AND VITELLOGENIN INDUCTION IN
GOLDFISH EXPOSED TO WASTEWATER

5.1 Introduction

P450 (CYP1A) induction is a widely accepted biomarker for environmental
xenobiotic contamination or chemical exposure in teleost fish, specifically exposure to
aryl hydrocarbons (5). Induction of this family of proteins is measured by a number of
assays, one of the most common of which is the 7-ethoxyresorufin-O-deelthylase
(EROD) assay. In brief, the EROD assay quantitatively measures the activity of P450
(CYP1A) enzymes through the conversion of a substrate, 7-ethoxyresorufin, into a
product, resorufin, which can be quantified through fluorescence at appropriate excitation
and emission wavelengths. Increased EROD activity is indicative of increased enzyme
catalytic activity and, indirectly, an increased amount of previous aromatic hydrocarbon
exposure. EROD activity has been shown to be a good bioindicator of exposure to PCBs
and PAHs (153; 5) and may be induced in numerous fish species following exposure to
municipal wastewater (128; 32).

Vitellogenin (Vtg) induction is another common biomarker of xenobiotic
exposure in fish and may be used to indirectly determine whether estrogenic compounds
are present in an aquatic ecosystem or wastewater samples to which fish are exposed.
Unlike other biomarkers of estrogenic contamination, such as the feminization of male
fish reproductive tissue, Vtg induction does not require the fish to be exposed during
specific life cycle stages. Furthermore, Vtg induction may be used to determine
estrogenic exposure in male fish at virtually any age. Vitellogenin is an egg-yolk
precursor protein that is naturally detected in the plasma of reproductively active female
teleost fish and is produced in response to endogenous estrogens. Male fish and sexually
immature female fish do not normally produce significant amounts of Vtg, but are
sensitive to endocrine disrupting compounds such as 17B-estradiol (E2), estrone, 17a-
ethinylestradiol (EE2), alkylphenol polyethoxylates (APEs) and PCBs (154; 155).

Exposure of fish to these estrogenic compounds may result in a quantifiable induction of
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Vtg, as measured in the plasma of adult male or immature fish. Natural or synthetic
estrogenic compounds are commonly detected in municipal sewage treatment plant
effluents (74; 15; 64; 42; 48) and Vtg induction in male fish exposed to sewage effluent
for various periods of time have been reported (23; 129; 32; 130).

As demand for potable water increases and access to suitable water sources
diminish, the production of reuse or recycled wastewater obtained through further
treatment of municipal final sewage effluent is likely to play a greater role in the water
budgets of many regions in the world. As such, the safety of this recycled water on both
society and the environment is of utmost importance if we wish to reduce humanity’s
footprint on the ecosystem.

In this research, I was interested in using goldfish as biosentinels for any potential
detrimental effects of wastewater exposure, as well as the effects of reuse water on
animal physiology. Reuse water was produced through passage of final sewage effluent
(FE wastewater) through an UF membrane (MF wastewater), or UF membrane effluent
that was then subsequently filtered using a granular activated carbon (GAC) unit to

reduce xenobiotic levels in the reuse water (termed MCF wastewater).

5.2 Results

Cytochrome P450 (CYP1A) enzymatic activity was determined in liver
microsomes isolated from goldfish exposed to differently treated municipal wastewater,
using the EROD assay. In addition to a control group that were killed prior to wastewater
exposure, fish were sampled following exposure to FE, MF or MCF wastewater for 7, 21,
60 and 90 days, either in a Spring/Summer experiment (April through July, 2005) or in a
Winter experiment (January through April, 2006). EROD activity differed significantly
between the Spring/Summer 2005 and Winter 2006 experiments, and consequently the
results for each experiment were analysed separately.

Vitellogenin (Vtg) induction, a common biomarker of estrogenic compound
exposure, was analysed in fish exposed to different municipal wastewater treatments
between January and April 2006 (Winter 2006 experiment). Plasma samples were
isolated from male fish sampled at the same time points listed for the P450 (CYP1A)
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induction studies, flash frozen in liquid nitrogen, and quantified using pre-coated carp
Vtg ELISA plates (Biosense Laboratories). Plasma samples from male fish exposed to
the municipal wastewater treatments during the Spring/Summer 2005 experiment were
not analysed due to insufficient sample size. During the Winter 2006 experiment both
the length of time the fish were exposed to the wastewater, the wastewater treatment

itself and the interaction between the two were found to be highly significant (P<0.001).

5.21 P450 (CYP1A) induction in goldfish exposed to different
wastewaters (Spring/Summer 2005 experiment)

The EROD activity in fish microsomes from the Spring/Summer 2005 experiment
ranged from 2.7 pM resorufin/pg protein/min in Day 90 MCF fish to 7.4 pM resorufin/ug
protein/min in Day 90 FE fish; approximately a 2.7 fold induction (Fig. 5.1). The sex of
the fish did not significantly affect EROD activity (P>0.05), indicating that during late
spring and summer the gender of the fish does not impact the catalytic activity of P450
(CYP1A) enzymes. In addition, no significant cumulative effect of the length of
wastewater exposure was observed (P>0.05). Wastewater treatment was found to
significantly affect EROD activity (P<0.05); however, only FE exposed fish were found
to have significantly increased EROD activity over MCF exposed fish (P<0.05). When
comparing wastewater-exposed fish to control fish (one-way ANOVA, significance
indicated by asterisks in Fig. 5.1), only Day 90 FE fish had significantly induced EROD
activity (P<0.05).

5.2.2 P450 (CYP1A) induction in goldfish exposed to different
wastewaters (Winter 2006 experiment)

The mean EROD activity of liver microsomes from fish exposed to municipal
wastewater during the winter of 2006 did not differ significantly between male and
female goldfish (P>0.05). Time (days of exposure), wastewater treatment and the
interaction between the two all were highly significant (multifactoral ANOVA, P<0.001).
EROD activity ranged from an average of 3.6 pM resorufin/ug protein/min (Day 21 MCF
wastewater exposed fish) to 22.4 pM resorufin/pg protein/min (Day 90 MF wastewater
exposed fish); approximately a 6-fold difference (Fig. 5.2). In general, when examining

the effect of wastewater exposure for each time point, MF wastewater exposed fish had
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significantly higher average EROD activity compared to MCF exposed fish at each time
point except Day 60 (P<0.05; statistical significance indicated by differing lower case
letters in Fig. 5.2). The average EROD activity of fish exposed to FE wastewater was not
statistically significant compared to that of fish exposed to MCF wastewater, or that of
fish exposed to MF wastewater (P>0.05). This was likely due to the lower mean EROD
activity of FE wastewater exposed fish and the increased within-group variability. While
statistical significance may not have been met, fish exposed to FE wastewater had mean
EROD activities as much as 3-fold greater than fish exposed to MCF wastewater at the
same time point, indicating that exposure of these fish to FE wastewater induced an
increase in EROD activity that may be biologically significant.

When examining temporal effects of exposure for each wastewater treatment group,
the average EROD activity of both fish exposed to FE wastewater and MF wastewater
did not differ over time (P>0.05; statistical significance indicated by differing capital
letters on Fig. 5.2). For fish exposed to MCF wastewater, EROD activity was
significantly higher on Day 60 compared to other time points (P<0.05), but insignificant
among other time points.

During the normal course of the experiment, the activated carbon and glass wool
within the GAC unit was manually replaced every four to five weeks. Frequently within
the last week prior to replacement, a reduced flow rate from the GAC unit was observed
compared to previous weeks’, as manifested by a reduced degree of overflow in the MCF
effluent head tank. Approximately one week prior to the Day 60 sampling time point
(March 16, 2006) a reduced flow rate was observed from the GAC unit, and the activated
carbon was replaced five days prior to the sampling point. On Day 60, the activated
carbon filter was functioning with a similar degree of xenobiotic removal efficiency as in
previous sampling time points (see Chapter 4). However, fish exposed to MCF
wastewater sampled at this time point exhibited significantly higher levels of EROD
activity than previous time points, indicating the fish had been exposed to aryl
hydrocarbon receptor agonists. This exposure likely occurred because of a GAC filter
malfunction that was undetected due to the periodic nature of our xenobiotic analysis in
the wastewater effluents. The increase in EROD activity in fish exposed to MCF
wastewater at Day 60 illustrates the strength and sensitivity of the EROD assay in

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



detecting temporal changes in water quality that may not necessarily be detected through
periodic chemical analysis of wastewater alone. The Day 60 induction of EROD activity
in fish exposed to MCF wastewater exposed fish did not exert any long-term cumulative
effects on CYP1A induction: by Day 90, EROD activity in fish exposed to MCF
wastewater was reduced and did not differ from that of fish exposed to MCF wastewater
on Days 7, 21 or control fish (Fig. 5.2). Interestingly, a study by Gagnon and Holdway
(214) also showed an increase in hepatic EROD activity in fish following exposure to
aryl hydrocarbon receptor agonists (crude oil) that was found to persist for 4-6 days after
transfer to clean water. The authors also found that subsequent depuration of exposed
fish in clean water for 29 days resulted in a return of EROD activity to that of unexposed
control fish.

The EROD activity in fish exposed to wastewater was also compared to that of
control fish using a one-way ANOVA (Dunnett’s multiple comparisons test; statistical
significance indicated by asterisks in Fig. 5.2). Fish exposed to MF wastewater had
significantly higher EROD activity compared to control fish on Day 60 and Day 90
(P<0.05 and P<0.01, respectively). Fish exposed to MCF wastewater on Day 60 post-
exposure, as well as fish from the Day 90 FE exposure group were found to have EROD

activity significantly higher than control fish (P<0.01; P<0.05, respectively).

5.2.3 Induction of vitellogenin in male goldfish exposed to
different wastewaters (Winter 2006 experiment)

When analyzing differences in plasma Vtg concentration between male fish exposed
to FE, MF or MCF wastewater, no differences were observed between treatment groups
at Day 7 post exposure (statistical significance indicated by differing lower case letters;
Fig. 5.3). At Day 21 post exposure, both fish exposed to FE wastewater and those
exposed to MF wastewater had significantly higher Vtg levels in the plasma compared to
MCF wastewater exposed fish (P<0.001), but not between each other (P>0.05). At Day
60, even though the average Vtg concentration in fish exposed to MF wastewater had
dropped from a peak of 17.6 pg/ml blood at Day 21 to 8.3 pg/ml blood, the same trend of
statistical significance seen at Day 21 was observed (P<0.05). By Day 90, however, only
fish exposed to FE wastewater maintained a significantly higher level of plasma Vtg

compared to those exposed to MCF wastewater (P<0.01). Fish exposed to FE wastewater
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also had significantly greater blood Vtg concentration than fish exposed to MF
wastewater (P<0.001). Fish exposed to MCF and MF wastewater for ninety days did not
differ statistically in terms of Vtg levels (P>0.05).

When the data were analysed for trends within a wastewater treatment group over
time (statistical significance indicated by differing upper case letters; Fig. 5.3), FE
wastewater exposed fish were found to have an initial low level of Vtg induction at Day
7, followed by a sustained high level of Vtg in the blood at Day 21, 60, and 90 (Fig. 5.3).
The Vtg concentration at Day 7 was not significantly different from that in fish exposed
to FE wastewater for 21 days, even though the average Vtg concentration in the biood
rose from 3.3 pug/ml to 17.8 pg/ml blood at Day 21 (P = 0.065). This lack of statistical
significance was likely due to the large degree of variability observed within the Day 21
group. Fish exposed to FE wastewater for 60 and 90 days had blood Vtg concentration
significantly higher than that of Day 7 FE fish (P<0.05), but not from Day 21 Vtg levels
or from each other (P>0.05). For fish exposed to MF wastewater, low levels of Vtg were
found in early exposure fish (Day 7), but levels peaked in fish exposed to MF wastewater
for 21 days, following which subsequently lower and lower levels were observed for the
last two time points (Day 60 and Day 90). Fish exposed to MF wastewater for 7 days had
Vtg levels that were not statistically different from any of the following within-group
time points. Day 21 MF wastewater exposed fish as well as Day 60 MF fish did have
significantly higher Vtg levels than Day 90 MF wastewater exposed fish (P<0.001 and
P<0.05, respectively), but were not significant from each other (P>0.05). Regarding
MCF wastewater exposed fish, Vtg was not induced at any time point, and no time points
differed significantly from each other (P>0.05).

When a one-way ANOVA was conducted comparing each experimental group
against control male fish (statistical significance indicated by asterisks in Fig. 5.3), fish
exposed to FE wastewater were found to have significantly higher Vtg concentrations in
their blood than control fish at all time points (P<0.05 for Day 7 and P<0.01 for each Day
21, 60 and 90). MF wastewater exposed fish were only found to be statistically
significant from control fish on Days 21 and 60 (P<0.01). Fish exposed to MCF

wastewater did not differ from control fish at any time point (P>0.05).
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5.3 Discussion
In this study, I demonstrated that exposure of goldfish to FE or MF wastewater

resulted in an increase in P450 (CYP1A) catalytic activity, indicating aryl hydrocarbon
contamination in the wastewater. To the best of my knowledge, this is the first study to
address the effects of reuse water exposure on EROD activity in a fish species. Previous
studies have also shown that municipal wastewater can induce an increase in P450
(CYP1A) catalytic activity in fish species, as measured by an enhanced EROD activity.
For example, diluted (30%) municipal wastewater effluent induced a three-fold increase
in EROD activity in rainbow trout (Oncorhynchus mykiss) exposed for 27 days, when
compared to clean water cohorts (128). Japanese medaka (Oryzias latipes) exposed to
Beijing sewage treatment plant effluent had a significantly increased EROD activity
following exposure to 10%, 20%, 40% and 50% sewage effluent [three to four fold
increases over baseline levels; (32)]. In these studies, exposure of fish to municipal
wastewater resulted in a similar maximum fold increase in EROD activity as that found
in my experiments (<10 fold), indicating that municipal sewage effluent may be a weak
EROD inducer.

The low degree of P450 (CYP1A) induction is not surprising when one considers
that municipal sewage wastewater should not contain the high levels of cytochrome P450
inducers, such as is found in oil sands sediment (156). In fact, some pharmaceutical
products have been shown to inhibit chemically-induced increases in EROD activity in
vitro (113; 108), albeit at much higher xenobiotic concentrations than were detected in
final effluent or reuse water in this study. It is difficult to predict the exact nature or
concentrations of CYP1A-inducing chemicals present in Edmonton sewage wastewater
or reuse water, as chemical analysis of wastewater did not include screening for volatile
or extractable priority pollutants such as PAHs and PCBs [priority status determined
through the Canadian Environmental Protection Act, 1999 (71)].

On a number of occasions, variability between individual fish resulted in a lack of
statistical significance compared to clean water controls or MCF wastewater exposed
fish. However, upon examination of the mean EROD activity of fish exposed to these
wastewater conditions, it is clear that exposure to these wastewater effluents resulted in a

biologically significant induction of the P450 (CYP1A) enzymatic activity. For example,
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during the Winter 2006 experiment the EROD activity of fish exposed to FE wastewater
for 7 days did not differ statistically from that of fish exposed to MCF wastewater, even
though fish exposed to FE wastewater had 3.1-fold higher mean EROD activity levels
than fish exposed to MCF wastewater. On the other hand, MF wastewater exposed fish,
which had a similar fold increase in EROD activity levels over that of fish exposed to
MCF wastewater (3.6-fold), did differ statistically from MCF exposed fish. Chemical
analysis of both FE and MF wastewater indicated similar concentrations of xenobiotics in
both these wastewaters.

When comparing P450 (CYP1A) induction in the Spring/Summer 2005 and
Winter 2006 experiments, [ found that while the overall trends in EROD activity of
goldfish exposed to the different wastewater treatments were similar between the two
experiments, the mean EROD activity of fish from the Winter 2006 experiment was
consistently higher than that of fish from the Spring/Summer 2005 experiment. This
relative increase in EROD activity occurred both in terms of wastewater-induced and
baseline control values. Furthermore, while the EROD activity in the Spring/Summer
2005 experiment varied by as much as three fold between treatment groups, EROD
activity in the Winter 2006 experiment varied by as much as six fold. It is important to
note that during the Spring/Summer 2005 experiment liver tissues were frozen using dry
ice (-79°C), whereas liquid nitrogen (-196 C) was available to flash-freeze the tissue
samples in the Winter 2006 experiment. Because the catalytic activity of the EROD
assay changes relative to the amount of functioning P450 (CYP1A) enzymes, and these
enzymes are susceptible to degradation by proteases, maximum enzymatic activity should
be preserved if tissue was flash frozen because protease enzymes have a reduced amount
of time to degrade the P450 (CYP1A) enzymes. Indeed, the EROD activity in control
fish or fish exposed to the different wastewater treatments during the Spring/Summer
2005 experiment (liver tissue frozen on dry ice) differed significantly from that of fish
exposed during the Winter 2006 experiment (liver tissue flash frozen with liquid
nitrogen; P<0.05)

Alternatively, in the Winter 2006 experiment goldfish may have been exposed to
higher level of aryl hydrocarbons than in the Spring/Summer 2005 experiment. Higher

concentrations of a number of different xenobiotics were indeed recorded during the
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Winter 2006 experiment compared to the previous experiment. However, it should be
noted that the majority of xenobiotics detected in the municipal wastewater in this study
are not known to be P450 (CYP1A)-inducing compounds. The compound(s) that caused
the induction of EROD activity in wastewater exposed remain to be identified.

A variety of factors can potentially influence P450 (CYP1A) induction in teleosts.
For example, increasing water temperature was related to increased EROD activity in
female carp (24). It is unlikely that water temperature influenced the overall increase in
EROD activity observed in the Winter 2006 experiment since lower mean water
temperatures were recorded during this experiment than that found for the
Spring/Summer 2005 experiment. Interestingly, during both experiments, the gender of
the fish did not significantly impact average EROD activity. This is in contrast to other
studies, which found that fish gender and sexual maturity could impact EROD activity in
fish, such that female fish from pulp and paper mill effluent contaminated sites displayed
significantly reduced levels of EROD activity compared to males or juveniles from the
same site (157). This female-specific suppression of EROD activity was not observed in
goldfish exposed to FE or MF wastewater.

In short, numerous studies have shown that the EROD assay is a common biomarker
for aryl hydrocarbon pollution in environments impacted by chemical pollutants (5). The
results of this study confirm that EROD activity may be used to detect the presence of
cytochrome P450 inducing compounds in municipal final effluent wastewater and reuse
water produced through membrane UF.

Estrogenic compounds are some of the most widely studied xenobiotics. These
endocrine disruptors are commonly found in municipal wastewater (74; 100; 64; 42; 48;
158; 59; 75) due to their use as contraceptive or hormone therapy drugs, as well as
endogenous secretion. I found that exposure of male goldfish to both MF reuse
wastewater and FE wastewater resulted in significant estrogenic effects. However, the
pattern of Vtg induction differed between the two wastewater treatments, particularly at
later exposure time points. Activated carbon filtration effectively removed estrogenic
contamination of municipal wastewater, as detected though a lack of Vtg in MCF
wastewater exposed male fish. Vitellogenin induction has been shown by a number of

researchers in male teleost fish exposed to municipal wastewater, either directly in a
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laboratory setting or in fish exposed downstream of sewage treatment plants (112; 23; 25;
129; 32; 131). Male crucian carp (Carassius carassius) exposed to 25%, 50% or 100%
treated sewage effluent for 28 days had significantly higher blood Vtg concentration
compared to control fish (129). The authors of this study also found reproductive
abnormalities such as a lack of spermatogenesis and the presence of oocytes in the testes
of some males exposed to 100% effluent. Long-term wastewater exposure may also
result in reproductive effects in fish. Juvenile roach (Rutilus rutilus) exposed for 150
days to diluted sewage treatment plant effluent had a dose dependant Vtg induction and
feminization of reproductive ducts, the latter of which persisted following a 150 day
‘clean’ water depuration (23).

We found that Vtg was induced in both male fish exposed to FE and MF wastewater.
However, at some time points, such as Day 21 post exposure, no statistical significance
existed between the plasma Vtg of male fish exposed to FE wastewater compared to
those exposed to MCF wastewater. This was likely due to the high variability of plasma
Vtg concentration in male FE wastewater fish. Regardless, the mere presence of this
female-specific protein in the blood of male fish demonstrates the biological significance
of estrogenic compounds in FE wastewater at this time point.

While membrane UF of wastewater did not eliminate estrogenic compounds, as
illustrated by a biologically significant induction of Vtg in fish exposed to MF
wastewater as early as Day 7 post-exposure, and a statistically significant plasma
concentration of Vtg at Day 21 and 60 sampling time points, the pattern of Vtg induction
was variable between fish exposed to FE and MF wastewater. Male goldfish exposed to
FE wastewater experienced a stable concentration of Vtg in the plasma from Day 21
through 90 post-exposure, while those exposed to MF wastewater had a peak Vtg
concentration at Day 21 post exposure that had halved by Day 60 and was eliminated by
Day 90. A possible reason for the reduction of Vtg in the plasma of male MF wastewater
exposed fish at Day 60 (March 18, 2006) and Day 90 (April 17, 2006) is that these two
time points correspond with the advent of spring in Edmonton, AB. During this time,
snowmelt into the sewer system of the city could potentially result in an increase in
particulate matter present in the final effluent. Significant amounts of estrogens may bind

to fine particles (159), and research has indicated that estrogens adsorb to particulate
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matter found in sewage effluent (160). If a higher fraction of estrogens bound to the
particulate matter during the spring runoff, membrane UF would result in 100% removal
of these solids, potentially resulting in a lower bioavailability of estrogens in MF
wastewater. Fish exposed to MF wastewater would then have lower Vtg concentrations
compared to FE wastewater fish by the later sampling time points, as they would have
been able to clear much of the previous estrogen-induced Vtg. In support of this
hypothesis, are results of another study (23) that found Vtg induction in male fish
exposed to sewage effluent was significantly reduced following subsequent ‘clean water’
depuration.

While estrogenic compounds may sorb to particulate matter or exist in conjugated
forms in wastewater, these endocrine disrupting compounds can be released as free
estrogens through deconjugation by microbial enzymes. Consequently, though the
bioavailability of estrogens may have been greatly reduced in fish exposed to MF
wastewater, fish in the unfiltered FE wastewater (which contained a much higher fecal
coliform level than MF wastewater; data not shown) could have been exposed to free
estrogens at levels sufficient to maintain sustained plasma Vtg concentration until Day
90. However, it is unknown whether the bioavailabilities of estrogenic compounds
differed in the different wastewater conditions with the onset of spring or at any other
sampling time point because the concentration of the various estrogens were not
measured in this study.

Neither biologically significant nor statistically significant Vtg induction occurred
in goldfish exposed to MCF wastewater at any time point in the experiment, indicating
that activated carbon filtration effectively removes estrogenic compound contamination
from municipal wastewater. If the GAC unit malfunctioned and failed to remove
xenobiotics from the MCF wastewater in the week prior to the Day 60 sampling time
point, as suggested by the EROD assay data, this failure was not reflected by a Vtg
induction in male fish. Maximal Vtg levels were observed in fish exposed to FE or MF
wastewater treatments following twenty-one days post exposure. This suggests that
constant exposure to estrogenic compounds for as little as seven to twenty-one days is

required for significant induction of Vtg.
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Though chemical analysis of wastewater samples did not include screening for
estrogenic compounds, previous studies have examined the level of estrogenic organic
contaminants in Canadian wastewater treatment plants (64; 158; 59; 75). A preliminary
survey done by the Government of Alberta in December of 2002 found concentrations of
the estrogenic compounds E2 and estrone of 2.08 ng/L and 34.06 ng/L, respectively, in a
grab sample of final effluent wastewater at Gold Bar Wastewater Treatment Plant (59).
Furthermore, flow-proportional 24 hr composite samples also from Gold Bar during April
of 2005 indicated approximately 20 ng/L of total estrogenic equivalent activity in final
effluent wastewater (75). Even though this value represents a reduction of greater than
60% of influent estrogenic activity (75), estrogenic effects have been observed in fish at
EE2 concentrations as low as 0.32 ng/LL (111) and these compounds may potentially
impact the Darwinian “fitness” of aquatic species (120).

Municipal sewage effluent and reuse water can contain thousands of xenobiotics
such as PPCP compounds (1; 42; 2; 16; 3) and these chemicals may be found in the
aquatic environment (1; 161; 10; 2; 140; 162; 66; 59; 13; 3; 60) or sources of drinking
water (12; 10; 2; 13). Due to the constant exposure of fish to chemicals in their aquatic
environment, water-borne pollutants are likely to first impact these animals prior to
affecting terrestrial organisms such as humans. Consequently, it is of great interest to
ensure that the potential harmful effects of xenobiotics on organisms in the environment
or, potentially, humans are minimized as much as possible.

As shown by the above data, reuse water produced through membrane UF did not
consistently remove aryl hydrocarbon receptor agonists or estrogenic compounds,
whereas recycled water produced through activated carbon filtration largely prevented the
induction of either P450 (CYP1A) enzymatic activity or the estrogen-sensitive biomarker
Vtg in exposed goldfish. However, it is important to note that to best evaluate the acute
and chronic impacts of these wastewater products on living organisms, these bioassays
should be used in conjunction with a suite of other biomarkers. Furthermore, while fish
have the potential to serve as biosentinels for pollutants in the aquatic environment, great
care must be taken when extrapolating the physiological effects of xenobiotics in goldfish

to other fish species or to human populations.
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Figure 5.1  Mean (+ SEM) 7-ethoxyresorufin 0-deethylase (EROD) activity for liver
microsomes isolated from goldfish exposed to differently treated municipal wastewater
for up to 90 days between April 2005 and July 2005. Sample size is 10 for all groups
except: control (n = 8), Day 90 FE (n = 11) and Day 90 MF (n = 9). Asterisk indicates
statistical significance in one-way ANOVA compared to control (P<0.05). Factoral
ANOVA indicated no significant effect of fish sex or length of exposure, but a significant
effect of treatment, with FE being significantly different only from MCF (see results for
more details).
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Figure 5.2  Mean (+ SEM) 7-ethoxyresorufin 0-deethylase (EROD) activity for liver
microsomes isolated from goldfish exposed to differently treated municipal wastewater
for up to 90 days between January 2006 and April 2006 (Winter 2006). Sample size is 10
for all groups except: Day 60 MCF (n = 9) and Day 90 MF (n=9). Asterisks indicates
statistical significance in one way ANOVA compared to control (P<0.05). Data was
analysed using a factoral ANOVA both between treatment groups at each time point
(statistical significance indicated with differing lower case letters) and within treatment
groups over time (statistical significance indicated with differing upper case letters). No

statistical difference was observed between male and female fish,
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Figure 5.3  Mean (+ SEM) plasma vitellogenin (Vtg) concentration of male goldfish
exposed to differently treated municipal wastewater for up to 90 days between January
2006 and April 2006 (Winter 2006). Sample size is as indicated. Asterisks indicate
statistical significance in one way ANOVA compared to control (P<0.05). Data was
analysed using a factoral ANOVA both between treatment groups at each time point
(statistical significance indicated by differing lower case letters) and within treatment
groups over time (statistical significance indicated by differing upper case letters). Assay
working range is 0.98-125 ng Vtg/mL and the inter-assay coefficients of variation are
between 2.6 and 24% within the working range (Biosense laboratories).
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CHAPTER SIX

IMMUNOLOGICAL RESPONSE OF FISH EXPOSED TO
DIFFERENT WASTEWATER TREATMENTS

6.1 Introduction

The immune system of all organisms, including teleosts, is essential in the defense
against invading microorganisms, viruses, and parasites, as well as in the maintenance of
internal homeostasis. The first types of cells to encounter antigens are
monocytes/macrophages and granulocytes such as neutrophils, followed by lymphocytes.
These leukocytes may then undergo activation and proliferation, an essential step if an
effective immune response against invading pathogens is to occur.

The activation and/or proliferation of immune cells may be measured using a
number of different assays (17). For example, changes in the relative numbers or
proportions of leukocytes can be detected using monoclonal antibodies specific to
different subpopulations. The relative activity of immune cells may be determined
through in vitro stimulation with mitogens or antigens and subsequent measurement of
mitochondrial enzyme activity (WST-1 reaction). Alternatively, mitochondrial enzyme
activity may also be used to indirectly measure proliferation. Proliferation of leukocytes
may be measured through *H-thymidine incorporation or BrdU incorporation into cellular
DNA. Interpretation of results that utilize *H-thymidine must be taken with caution,
however, due to the potential for this radioactive tracer to induce cell cycle arrest and
apoptosis (163).

Physiological effects of xenobiotic exposure may manifest itself as changes in the
relative expression of genetic markers. These genetic markers may be associated with
energy metabolism (164-166), the stress response (164; 167; 47), excretion of toxicants
(164; 167; 168; 47), growth and development (165; 169), reproduction (168; 165), and
the immune response (31; 167). For example, Gravel and Vijayan (47) found that
exposure of rainbow trout fry (O. mykiss) to environmentally relevant concentrations of
ibuprofen (1 pg/L) resulted in a significant induction of the heat shock protein 70

(hsp70), a molecule that aids in protection against stressor-mediated proteotoxicity.
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When fish were exposed to higher concentrations of either ibuprofen or another NSAID,
salicylate, and then subjected to heat shock, the authors found that only salicylate pre-
exposure induced an increase in hsp70 mRNA levels, but both pharmaceuticals caused a
reduced or delayed expression of this important protein (47).

The use of gene expression as a biomarker for pollutant exposure is advantageous
as only a small amount of tissue is required to isolate sufficient quantities of mRNA, and
the expression levels of a large number of different genes may be accurately and
quantitatively assessed using real-time PCR from a single sample. Because I wanted to
examine the effects of xenobiotic exposure on this most basic level of biology, we chose
to examine the expression of a number of immunologically relevant genes (Toll-like
receptor 22, tumor necrosis factor o, macrophage colony stimulating factor receptor-1,
and granulin) in goldfish following exposure to different wastewater treatments.

Toll-like receptors (TLRs) are evolutionarily ancient, phylogenetically conserved
pattern recognition proteins that are major components of innate and acquired immunity
(170). They function by recognizing non-self pathogen-associated molecular patterns
(PAMPs) present on the cell surface of bacteria and other microorganisms. Binding of
PAMPs to TLRs on leukocytes initiate intracellular signaling cascades that ultimately
result in the synthesis and secretion of pro-inflammatory cytokines and chemokines.
Toll-like receptors have been identified in a number of fish species, including goldfish
(171).

Sensitive control of the immune system occurs though the secretion of various
molecules such as chemokines and cytokines from activated leukocytes, epithelial and
endothelial cells. These compounds regulate proliferation, immune response pathways,
inflammation, or suppress immune responses once the pathogen threat has been
eliminated. Tumor necrosis factor alpha (TNFa) is a pro-inflammatory cytokine secreted
by immune cells such as macrophages. This cytokine is involved in inducing a number
of immunological effects in fish including enhancing leukocyte phagocytosis (172),
priming of the respiratory burst response (173), cellular migration (172; 173), as well as
upregulation of the expression of other pro-inflammatory cytokines such as IL-18.
Studies have found that fish leukocytes will increase transcription of TNFa following

stimulation by antigens such as lipopolysaccharide (LPS), the protein kinase C activator
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phorbol 12-myristate 13-acetate [PMA; (174)], or following infection with the protozoan
parasite Trypanoplasma borreli (175), illustrating the important role that TNFa plays in
teleost host defense.

The proliferation and differentiation of immune cells is of great importance in
host defense, since these processes replenish the immune cell pool that die throughout the
course of an infection or during normal homeostatic processes. Haematopoesis and
proliferation are influenced by the cytokines and growth factors to which cells are
exposed. One of the most important growth factors of the mammalian immune system is
macrophage colony stimulating factor-1, or M-CSF/CSF-1, a cytokine involved in the
proliferation and survival of macrophages and monocytes (176). This growth factor is
naturally produced under steady-state conditions, but may be quickly translated and
secreted following stimulation with appropriate pathogens or mitogens. A receptor for
this growth factor, CSF-1R, is expressed on the cells of the monocytic lineage and the
expression level of this receptor increases as cells differentiate from monocytes to fully
functional macrophages (177). In the goldfish, activity of CSF-1 is controlled through a
number of mechanisms including gene expression, downstream intracellular signaling
pathways, expression of CSF-1R, and the secretion of a soluble form of the CSF-1
receptor that competes with the membrane-bound form of the receptor for the cytokine
CSF-1 (178).

Another protein involved in the regulation of macrophage haematopoesis in the
goldfish is granulin. Granulin belongs to a group of highly conserved growth factors and,
in goldfish, acts to induce the proliferation of early myeloid progenitors and monocytes
(179). Not surprisingly, this growth factor is expressed at its highest levels in the head
kidney, the primary haemotopoetic tissue of teleost fish, and is up regulated in
proliferating macrophages (179).

Due to the important physiological role of the immune system, an animal’s fitness
is greatly impacted by its immunocompetence. Many studies have used various
biomarkers of the immune system, or examined the overall immune response to a
pathogen, to show deleterious effects of xenobiotic exposure (4; 6; 7). These xenobiotics
may function to suppress the immune system through direct immunotoxic effects,

through modification of the endocrine system, or by invoking a general stress response
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that subsequently suppresses immune function. A large number of xenobiotics are
present in municipal wastewater (10; 16; 65; 49) and reuse water produced through
membrane UF (151). Despite this, the use of recycled water to replace the use of potable
water sources for non-consumption use continues in many urban areas without a full
impact assessment of the potential health concerns. If these xenobiotics are not
successfully removed the potential exists for these chemicals to exert direct physiological
effects in sensitive organisms, including humans.

In this chapter I report the results of experiments designed to examine the effect
of exposing an aquatic vertebrate, goldfish (Carassius auratus), to either final treatment
municipal wastewater (FE) or to reuse water produced through either membrane UF
alone (MF wastewater), or MF wastewater that was subsequently passed through a
granular activated carbon filtration unit (MCF wastewater). Peripheral blood leukocytes
(PBLs) or kidney tissue was sampled from a number of fish prior to wastewater exposure
and at 7, 21, 60 and 90 days following wastewater exposure during the Winter 2006
experiment. This was done in order to determine if municipal wastewater affected
mitogen-stimulated PBL proliferation or the expression of a number of key
immunological genes, as determined by semi-quantitative RT-PCR. Semi-quantitative
RT-PCR was used rather than the ideal real-time PCR due to the large number of samples
generated in the experiment (n=156 for each gene; 4 genes analysed) and the associated

high financial costs.

6.2 Results

6.2.1 Peripheral blood leukocyte proliferation in goldfish
exposed to different wastewaters (Winter 2006 experiment)

6.2.1.1 Non-stimulated Peripheral Blood Leukocyte Proliferation
Baseline, or non-stimulated proliferation of peripheral blood leukocytes (PBLs)

was measured in goldfish exposed to municipal wastewater for various periods of time.
In these fish, absorbance values (indicative of relative proliferation) were all very low
(~0.1 OD units; Fig. 6.1) suggesting that exposure to different wastewater treatments did

not induce a large, non-specific proliferative response in PBLs. Mean non-stimulated
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absorbance values were analyzed using an analysis of variance test (3-way ANOVA
using the sex of the fish, length of exposure, and wastewater treatment). Statistical
analysis determined that neither the sex of the fish nor the wastewater treatment had an
effect on the non-stimulated (baseline) PBL proliferation (P>0.05). However, the specific
day the fish were sampled on as well as the interaction between wastewater treatment and
the length of exposure was found to be statistically significant (P<0.01 and P<0.001,
respectively).

Specifically, when analyzing the non-stimulated proliferation data for trends
between treatment groups at each sampling time point (statistical significance indicated
with differing lower case letters), the only statistically significant difference between
wastewater treatment groups was on Day 90. On Day 90 post exposure, MCF wastewater
exposed fish were found to have a significantly higher basal level of proliferation than
Day 90 MF wastewater exposed fish (P<0.01, Fig. 6.1). The effect of the length of
exposure within wastewater treatment groups on the baseline proliferative ability of PBLs
was also analyzed (statistical significance indicated by differing upper case letters). No
statistically significant changes in absorbance were observed in the majority of
experiment groups (FE and MF, P>0.05). Some MCF wastewater exposed fish did have
significantly higher non-stimulated PBL proliferative responses; Day 90 MCF
wastewater exposed fish values were significantly greater than all earlier MCF
wastewater time points (P<0.01 for all, Fig. 6.1). Day 7, 21, and 60 MCF wastewater
exposed fish did not differ significantly from each other (P>0.05).

The mean absorbance value for Day 90 MCF wastewater exposed fish, the only
non-stimulated experimental group to differ significantly from all other wastewater
exposed groups, differed from other groups by only a relatively small amount (0.03 OD
units from the mean of Day 90 MF fish). Since this statistically significant difference
was only observed with fish exposed to MCF wastewater at Day 90, it is possible that this
higher baseline absorbency was due to a higher proliferative response of one or two fish
within the group because of heterogeneity within the fish population.

When each treatment group from each sampling period was compared against
control baseline proliferation using a one-way ANOVA, all experimental groups had

slightly higher mean absorbency values that nevertheless differed significantly from
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control fish (P<0.05, statistical significance indicated with asterisks, Fig. 6.1), with the
exception of Day 7 fish exposed to MCF wastewater (P>0.05). Since this slight
upregulation was observed in nearly all exposure treatments and time points, it is unlikely
that the small increase in non-stimulated PBL proliferation was due to xenobiotic

exposure.

6.2.1.2 Mitogen Stimulated Peripheral Blood Leukocyte
Proliferation
For each experimental group, the non-stimulated and mitogen-stimulated

proliferation responses measured represent the same sample of fish for each treatment
group and showed uniform consistency of non-stimulated PBL proliferation responses.
Due to these reasons and the constraints of the statistical tests used, we chose to analyze
trends in mitogen-stimulated PBL proliferation using a log transformed ratio between
mitogen stimulated and non-stimulated groups. This method effectively eliminated any
increase in absorbance value of an experimental group due to a higher initial number of
seeded cells per well.

The proliferation of goldfish PBLs was examined as a fold-increase over the
corresponding non-stimulated proliferation absorbance values (hereafter referred to as
‘proliferation ratio’). Data were analyzed both between treatment groups for each
experimental time point as well as within treatment groups over time. Similar to that of
the non-stimulated proliferation, neither the gender of the fish nor the wastewater
treatment had a significant effect on the proliferation ratio. The length of exposure
(P<0.0001) as well as the interaction between the type of wastewater treatment and the
length of exposure (P<0.001) was both highly significant in impacting the proliferation
ratio. Overall, mitogen stimulation resulted in proliferation ratios ranging from 2.8 fold to
6.7 fold increases over non-stimulated leukocyte proliferation (Day 60 FE and Day 21
MF wastewater exposed fish, respectively, Fig. 6.2). Control fish had a mean 5.5 fold
increase over non-stimulated proliferation absorbency values.

When examining for effects of wastewater within each sampling day, no
statistically significant difference were observed between the PBL proliferation ratios of

fish exposed to FE, MF or MCF wastewater on Day 7, 60 or 90 post-exposure (P>0.05;
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Fig. 6.2; statistical significance indicated by differing lower case letters). On Day 21,
fish exposed to MF wastewater had significantly higher proliferation ratios than fish
exposed to MCF wastewater at the same sampling time point (P<0.05). The mean PBL
proliferation ratio of fish exposed to FE wastewater at Day 21 did not differ from either
that of those exposed to MF wastewater at Day 21 (P>0.05) or to MCF wastewater at the
same time point (P=0.08; Fig. 6.2).

Each wastewater treatment group was also examined for changes within the group
over the 90-day experimental period (statistical significance indicated with differing
upper case letters). Fish exposed to FE wastewater seemed to initially have an increased
proliferative ability on Day 21, which was reduced by Days 60 and 90 post-exposure
(Fig. 6.2). Statistically, on Day 7 post exposure, fish exposed to FE wastewater were
only significantly different from the greatly reduced Day 90 FE PBL proliferation ratio
fish (P<0.05), and did not differ from the earlier Day 21 and Day 60 time points (P>0.05,
Day 21; P=0.08, Day 60). Fish exposed to FE wastewater for 21 days had a significantly
increased mitogen stimulated PBL proliferation than either fish exposed to FE
wastewater for 60 or 90 days (P<0.001), but not compared to Day 7 FE fish (P>0.05).
Day 60 and Day 90 FE fish had relatively low PBL proliferation and did not differ from
one another statistically (P>0.05; Fig. 6.2).

Peripheral blood leukocytes from fish exposed to MF wastewater had a similar
pattern of statistical significance compared to FE exposed fish (Fig. 6.2). Short-term
exposure of fish to MF wastewater (Day 7) differed significantly from the later time point
of Day 60 (P<0.001), but not from the Day 21 or Day 90 time points (P>0.05). Day 21
fish exposed to MF wastewater had a significantly higher proliferation ratio than the
following Day 60 and Day 90 MF wastewater experimental groups (P<0.001 and P<0.01,
respectively), but, surprisingly, not from Day 7 PBL proliferation (P>0.05; Fig. 6.2). The
PBL proliferation of fish exposed to MF wastewater at Day 60 did not differ from those
exposed to MF wastewater at Day 90 (P>0.05), but Day 60 MF wastewater exposed fish
did have a proliferation ratio significantly lower than the first two time points (P<0.01
and P<0.001, respectively). By 90 days post exposure, the PBL. proliferation ratio of fish
exposed to MF wastewater was only significantly lower than that of fish exposed to MF

wastewater sampled at Day 21 post-exposure (P<0.01). Proliferation of PBL from fish
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exposed to MCF wastewater did not differ across the ninety day experimental period
(P>0.05).

The average proliferation ratio for each wastewater treatment group on each
sampling day was compared to that of the control fish using a one-way ANOVA
(statistical significance indicated with an asterisk). The proliferation ratio of all Day 7
and Day 21 treatment groups did not differ from the controls (P>0.05; Fig. 6.2).
Interestingly, the proliferation of PBLs from fish exposed to FE, MF and MCF
wastewater treatments at Day 60 and 90 all were statistically lower than control fish
(P<0.01 for all except Day 60 MCF wastewater, where P<0.05), indicating a possible

slight suppressive effect of long-term wastewater exposure.

6.2.2 Expression of immunological genes in the head kidney of
goldfish exposed to different wastewaters

Goldfish mRNA was isolated from the head kidney of fish exposed to municipal
sewage effluent (FE wastewater) or reuse water (MF or MCF wastewater) and converted
into cDNA using reverse transcriptase. The level of gene expression of select
immunological genes in each group of fish were compared to the expression level of a
control gene, B-actin, both between treatment groups at each sampling time point and
within a treatment group over the ninety day exposure period, as described for the PBL

proliferation assay.

6.2.2.1 Expression of toll-like receptor-22

When the relative TLR-22 gene expression was compared between male and
female fish for each treatment group and sampling times, no discernable differences were
observed between the sexes (P>0.05). When male and female fish from each sampling
point and wastewater treatment were grouped together, it was found that TLR-22 gene
expression did not differ between any treatment groups on Day 7, 60 or 90, nor over the
ninety day experimental period for fish exposed to FE or MCF wastewater treatment
(P>0.05; Fig. 6.3). Fish exposed to MF wastewater for 21 days experienced a
significantly higher level of TLR-22 gene expression than Day 21 fish exposed to MCF
wastewater (statistical significance indicated by differing lower case letters; P<0.05), fish

exposed to MF wastewater at Day 7 and 60 exposure time points (statistical significance
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indicated with differing upper case letters; P<0.05), and control fish (statistical
significance indicated with an asterisk; P<0.05; Fig. 6.3). Upon closer examination of the
data, the TLR-22 gene expression of two female fish exposed to MF wastewater at Day
21 was extremely high compared to the remaining 10 fish (greater than three fold higher
expression, as indicated by densitometry analysis). Furthermore, one fish from the FE
treatment group exhibited greater than four-fold TLR-22 gene expression compared to
the remaining eleven FE fish. However, when these fish were removed from the
analysis, Day 21 fish exposed to MF wastewater still exhibited significantly higher TLR-
22 gene expression than those fish exposed to MCF wastewater and sampled at Day 21
(statistical significance shown by differing lower case letters; P<0.05), Day 7 fish
exposed to MF wastewater (statistical significance shown by differing upper case letters;
P<0.01) and control fish (statistical significance indicated by asterisks; P<0.001; Fig.
6.4). No other wastewater treatment groups or exposure time points average TLR-22

gene expression values differed from one another or that the control fish values (Fig. 6.4).

6.2.2.2 Expression of tumor necrosis factor-a
The pro-inflammatory cytokine tumor-necrosis factor alpha (TNFa) is involved in

a number of innate and acquired immune responses. As such, TNFa was examined using
RT-PCR for changes in the mRNA expression levels following exposure to wastewater
for various periods of time. As observed for TLR-22, gender did not impact the gene
expression in goldfish exposed to municipal wastewater or recycled water (P>0.05).
Interestingly, a significant increase in gene expression was found in the kidney from fish
exposed to wastewater that contained the greatest concentrations of xenobiotics at Day 7
post-exposure (FE and MF wastewater) compared to wastewater that did not contain
these relatively high concentrations of xenobiotics (MCF wastewater or control fish; Fig.
6.5). When examining the data for differences between wastewater treatment groups at
each time point, fish exposed to both FE and MF wastewater for only seven days were
found to have significantly higher TNFa gene expression than that of their MCF
wastewater exposed cohorts (P<0.01; statistical significance indicated by differing lower
case letters) and that of control fish (P<0.001; statistical significance indicated by

asterisks; Fig. 6.5). This increase in TNFa mRNA expression did not persist at any of
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the following time points (statistical significance within wastewater treatment groups

over time indicated by differing upper case letters; Fig. 6.5).

6.2.2.3 Expression of colony stimulating factor-1 receptor
Expression of the receptor for macrophage colony stimulating factor-1 (CSF-1R)

was also analyzed in goldfish kidney tissue. Wastewater exposure influenced the
expression of CSF-1R mRNA in a similar manner between both male and female fish
(P>0.05). Xenobiotic exposure, either through FE or MF wastewater water, resulted in
an increased level of CSF-1R gene expression compared fish exposed to MCF
wastewater (P<0.001; statistical significance indicated by differing lower case letters) or
control fish (P<0.001; statistical significance indicated by asterisks) at both Day 7 and
Day 21 post-exposure sampling time points (Fig. 6.6). This induction effect was not
observed at later time points; fish exposed to FE and MF wastewater for sixty and ninety
days did not differ from either fish exposed to MCF wastewater or control conditions
(P>0.05).

6.2.2.4 Expression of granulin
The gene expression of the haematopoetic myeloid progenitor growth factor,

granulin, was determined in fish exposed to FE, MF or MCF wastewater treatments for
up to ninety days. Even though both granulin and CSF-1R have been shown to be
involved in the proliferation and development of monocytes (176; 179), a suppression of
granulin mRNA was detected in goldfish tissue at Day 7 post-exposure; this reduction in
gene expression occurred to an equal degree in male and female fish (P>0.05) of all
wastewater treatment groups (Fig. 6.7). This is in contrast to the observed elevation in
CSF-1R gene expression in the same tissue isolated from the same individual fish (Fig.
6.6). At no individual time point tested did the level of gene expression of granulin differ
between wastewater treatment groups (P>0.05; statistical significance indicated by
differing lower case letters; Fig. 6.7). When analyzing the relative granulin mRNA
expression over time, fish exposed to FE wastewater experienced a significant

suppression of granulin mRNA expression at Day 7 post-expression, but by Day 21 and
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all time points following this gene expression had returned to constitutive expression
levels (P<0.001; statistical significance indicated by differing upper case letters; Fig. 6.7).
A similar pattern of gene expression was observed in fish from the MF wastewater
treatment. Following the observed suppression of granulin mRNA at Day 7, the
expression of this gene increased in a consistent manner until Day 60 post-exposure, and
this constitutive expression was evident until Day 90 (Fig. 6.7). Fish exposed to MCF
wastewater also experienced a consistent increase in granulin expression, reaching the

highest relative gene expression by Day 90 post-exposure (Fig. 6.7).

6.3 Discussion
This chapter contains results of experiments whose aims were to investigate the

possible effect of different wastewater treatments on various immune parameters of the
goldfish, namely mitogen-stimulated peripheral blood leukocyte proliferation and the
relative expression level of key immunological genes in the fish head kidney.

Many studies have focused on the effect of municipal sewage treatment plant
effluent on the immune system of teleost fish (134; 133; 135; 128; 180). Rainbow trout
(Oncorhynchus mykiss) exposed to diluted municipal sewage effluent for twenty-seven
days had enhanced mitogen-stimulated peripheral blood lymphocyte proliferation
compared to control fish, even though effluent exposure decreased the number of
lymphocytes in the blood (128). Alternatively, Katuka (133) found that the numbers of
granulocytes and lymphocytes in the blood from goldfish exposed to 20% treated sewage
effluent were increased seven days post-exposure compared to control fish. By thirty
days post-exposure however, the levels of blood granulocytes and lymphocytes, as well
as the phagocytic cell activity of effluent exposed fish were suppressed compared to
controls. While we observed changes in the mitogen-stimulated proliferative ability of
PBL, it is unknown whether the numbers of leukocytes varied over time.

Though the effect of municipal wastewater exposure on leukocyte proliferation on
fish immune response has been examined (as described above), the majority of
immunotoxicological studies have involved the in vivo or in vitro exposure of fish to
specific xenobiotics (4; 6-8). For example, Carlson et al. (30) injected Japanese medaka

(Oryzias latipes) with 2 ng/g body weight benzo[a]pyrene and observed a significant
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reduction in in vitro mitogen-stimulated proliferation of B and T lymphocytes one week
later.

Although we did not observe substantial wastewater treatment-specific effects on
the proliferation ratios of goldfish PBLs in this study, other aspects of the immune
response may be impacted by xenobiotic exposure. In order to examine this we used
semi-quantitative RT-PCR to analyze the expression of known immunological or
haematopoetic genes in the kidney of goldfish exposed to different wastewater treatments
for up to ninety days. The genes selected have been shown to be important in the pro-
inflammatory immune response (170; 172; 173), as well as haemaotopoesis and
development of immune cells (176; 179), both crucial processes if an appropriate
immune response upon pathogen challenge is to occur.

Several studies have demonstrated changes in the expression level of hundreds of
genes associated with the immune response and physiological function in fish following
pollutant exposure (164; 31; 167; 168; 165; 169; 166). While the majority of the studies
conducted have primarily focused on genes involved in metabolism, Xxenobiotic exposure
(for example, CYP1A), or biomarkers of EDCs such as Vtg, others have also examined
genes with direct immunological relevance (31; 167; 166). We also examined the.
expression levels of immunologically relevant genes, namely toll-like receptor-22, tumor-
necrosis factor alpha, macrophage colony stimulating receptor-1 and granulin.

Toll-like receptor-22 (TLR-22) gene expression did not differ greatly between the
wastewater treatment groups, nor did it change with the length of exposure. A possible
exception to this pattern occurred on Day 21 post-exposure; xenobiotic exposure in the
MF wastewater treatment may have resulted in an increased TLR-22 gene expression
compared to other wastewater exposures or time points. Since TLRs recognize specific
pathogen surface patterns and are important receptors in the recognition of self from non-
self, one would expect to see a constitutive level of expression of this gene. On Day 21, a
small proportion (~12%) of FE and MF exposure fish had greatly enhanced TLR-22
mRNA expression compared to the majority of cohort fish. Due to the fact that this large
variability was not observed in wastewater treatment groups at any other sampling points,
it is likely that the increase in average TLR-22 gene expression was due to heterogeneity

between fish in endogenous TLR-22 expression levels, or possibly due to prior bacterial
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infections in these specific fish. Previous work in our lab (171) found that in vitro
exposure of goldfish macrophages to pathogens or to bacterial products such as LPS
resulted in an induction of the TLR-22 gene compared to untreated macrophages,
indicating a potential for this gene’s up-regulation to be in response to bacterial stimuli.
The exact ligand and function of TLR-22 is thus far unknown.

Interestingly, an increase in the transcription of the pro-inflammatory cytokine
tumor-necrosis factor alpha (TNFa) gene was observed following short-term exposure to
xenobiotics present in either the FE wastewater or the MF wastewater. TNFa mRNA
was up-regulated approximately five-fold compared to fish that were not exposed to
xenobiotics, control fish, and fish exposed to MCF wastewater. This up-regulation was
not due to a handling or transport related stress response, as fish exposed to MCF
wastewater did not show this induction. If this increase in TNFa mRNA was followed
by a corresponding increase in TNFa secretion from leukocytes with no reduction in
TNFa receptor prevalence, fish exposed to FE and MF wastewater may have experienced
a transient period of immunostimulation and an increased pro-inflammatory response at
seven days post-exposure. However, whether the increase in TNFo mRNA expression
did indeed correlate with an increase in the actual cytokine secretion remains to be
determined. At twenty-one days post-exposure and all time points thereafter, TNFa gene
expression in all wastewater treatment groups was similar to that of control fish. The
return to constitutive levels of TNFa gene expression could be due to homeostatic
mechanisms that stabilized any immunostimulatory effects caused by exposure to
xenobiotics in the effluent. Alternatively, due to the labile nature of the chemical
compounds and concentrations of xenobiotics found in the wastewater, it is possible that
the chemical factors which induced the increase in TNFa gene expression were no longer
present for the remaining sampling time points.

Quabius et al. (167) exposed immature female rainbow trout (O. mykiss) head
kidney leukocytes to PCB 126 and also found a transient increase in the expression of a
pro-inflammatory cytokine, IL-1p. The expression of IL-1 was found to be significantly
up-regulated between 2-4 hours following exposure to this xenobiotic; however, PCB
exposure was not found to cause any permanent damage to these immune cells (167). In

the same study, chronic stress mimicked by prolonged exposure to the hormone cortisol,
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inhibited IL-1f gene expression in addition to reducing the level of CYP1A gene
expression, indicating that extended periods of stress in these animals may not only result
in immunosuppression, but also an impaired ability to metabolize toxicants, further
reducing the animal’s overall fitness.

While an increased TNFa. mRNA expression has been shown in fish monocytes
following the addition of a mitogen or parasite (174; 175) and following exposure to FE
or MF reuse water in this study, exposure of fish or fish tissues to xenobiotics usually
result in immunosuppressive effects (27; 29; 30; 44; 181; 123; 31). For example, when
carp macrophages were isolated and exposed in vitro to the pesticide and wood
preservative pentachlorophenol (PCP), a suppression of TNFa and IL-1f mRNA was
observed in exposed macrophages compared to unexposed controls (31). Furthermore,
supernatants from these PCP treated macrophages had a reduced stimulatory effect on B
cells, as shown by a significantly suppression of IgM secretion (31).

Similar to TNFa gene expression, exposure of goldfish to wastewater
contaminated with the highest concentration of xenobiotics resulted in an induction of
colony-stimulating factor-1 receptor (CSF-1R) kidney mRNA over that of control fish or
those exposed to MCF wastewater. CSF-1R gene expression in fish exposed to MCF
wastewater did not differ from that of control fish at any time point. Unlike TNFa
however, CSF-1R expression was elevated until Day 21 post-exposure in fish exposed to
FE and MF wastewater. The increase in CSF-1R mRNA may be correlated to an
increased prevalence of CSF-1R protein on the surface of kidney macrophages, indicating
that wastewater exposure may have caused an increase in the secretion of the receptor’s
native ligand, CSF-1. A higher level of ligand-CSF-1R binding could have resulted in an
induction of receptor-mediated downstream events in these cells, such as the
proliferation, differentiation and survival of macrophages and cells of the monocytic
lineage (177). Consequently, the increase in the transcription of the CSF-1R gene may
correspond to a concomitant increase in the number of proliferating and developing
monocytes or macrophages within these fish exposed in fish exposed to FE and MF
wastewater. The observed increase in the proliferation ratio of PBLs from fish exposed
to Day 21 MF wastewater compared to that of Day 21 MCF wastewater exposed fish may
have been partially due to the induction of the CSF-1R gene. Alternatively, it is possible
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that xenobiotic exposure resulted in a low level of CSF-1 in the tissues of the fish and the
CSF-1R gene was upregulated because of homeostatic mechanisms rather than as a direct
result of xenobiotics acting upon the CSF-1R gene itself. However, since neither CSF-
1R protein expression nor CSF-1 mRNA were measured, it is impossible to know.
definitively what specific effects the increased CSF-1R gene expression may have had on
goldfish immune response.

The gene expression of granulin, another growth factor involved in the
proliferation of myeloid progenitor cells, was very different compared to the other
immunological genes examined. While wastewater treatment did not seem to affect the
mRNA expression of this growth factor, the length of exposure did result in substantial
variation between sampling dates. All wastewater exposure treatments (FE, MF and
MCF) exhibited a marked decrease in kidney granulin gene expression at Day 7 after
wastewater exposure. However, gene expression was similar to that of control fish for all
other time points sampled. If the observed reduction in granulin gene expression was
mirrored by a corresponding reduction in the level of granulin secretion and its effecter
function, it is possible that the proliferation of early monocytic progenitor cells or
monocyte subpopulations could have been suppressed in the kidney of wastewater
exposed fish, as studies have shown that exposure of goldfish primary head kidney
myeloid progenitor cells to recombinant goldfish granulin induced a dose dependant
proliferation of these cells (179).

The reduction in granulin mRNA expression observed on Day 7 post-exposure was
unlikely to be due to xenobiotics present in the wastewater, since this suppression was
detected in all treatment groups, including fish exposed to MCF wastewater. Of the
chemicals we detected, passage through a GAC filter unit substantially reduced
xenobiotic contamination of the wastewater. However, wastewater effluent potentially
contains thousands of different xenobiotic chemical compounds (1) and chemical analysis
of wastewater through gas chromatography/mass spectrometry is limited in the chemicals
that may be accurately detected. It is possible that the suppression of granulin mRNA
expression in exposed goldfish may be due to a xenobiotic(s) that was not sufficiently
removed by the activated carbon filter unit, and remained undetected due to our chemical

analysis protocols.
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Granulin gene expression may have also been reduced due to persistent stress
response caused by transport from the University of Alberta aquatics facility to Gold Bar
seven days beforehand that only affected granulin gene expression, or due to exposure to
higher concentrations of organic compounds such as ammonia or nitrate/nitrite. During
the Winter 2006 study, ammonia levels in FE tanks ranged up to 14.15 mg/L nitrogen,
whereas MF and MCF wastewater ammonia levels were less variable (0.16 - 3.79 mg/L
nitrogen; see Chapter Four). Exposure of aquatic organisms such as fish to ammonia can
affect their physiology and immune response. For example, smolting Chinook salmon
(O. tshawytscha) exposed to ammonia (up to 10 mg/L nitrogen for 10 days) had
significantly fewer circulating immune cells such as lymphocytes and granulocytes
compared to control fish, as well as a higher mortality upon subsequent infection with the
bacteria Vibrio anguillarum (182). In my study, goldfish exposed to FE wastewater
experienced periods of up to eight days in which measured ammonia levels exceeded 9
mg/L nitrogen (January 29 to January 26, 2006; data not shown). The potential impacts
of ammonia in the wastewater on other aspects of the study are not known.

In toxicological studies, it is important to use a number of immunological assays to
best determine the effects of xenobiotic exposure on aquatic organisms’ immune
responses. In vitro immune function assays where leukocytes or other factors are directly
isolated from exposed fish are advantageous in that they measure the cumulative effect of
multiple-xenobiotic exposure on fish immune response. ‘In this study, the peripheral
blood leukocyte proliferation assay examined the ability of these cells to proliferate in
response to mitogens, but this facet of the goldfish immune system was largely
unaffected by wastewater treatment. In previous experiments done during the
Spring/Summer 2005, I used other immunocompetence assays such as the respiratory
burst and nitric oxide assay to assess the impacts of wastewater treatment on fish immune
responses. These studies used in vitro cultured primary head kidney macrophages that
were isolated from fish exposed to FE, MF or MCF wastewater for various time periods.
However, no differences were observed between treatment groups or over time (data not
shown); it is hypothesized that this was due to the six to eight day culturing period

between the isolation of the cells and the application of the assay. The respiratory burst
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and nitric oxide assays were not used on macrophages or PBLs directly isolated from
exposed fish in the Winter 2006 experiment due to time constraints.

I believe that the expression of key immunological genes by semi-quantitative RT-
PCR may be used to help determine the mechanisms that mediate xenobiotic-induced
changes in the immune system. However, it may be difficult to predict the physiological
effect on the whole organism by looking at mRNA expression alone, as protein
expression and ligand/receptor production and display may also greatly influence
downstream effects. Furthermore, the initiation, maintenance and suppression of an
appropriate immune response is a complex process that involves numerous cytokines and
growth factors, many interactions of which have yet to be fully elucidated.

Immunosuppression of fish exposed to xenobiotics, either as individual chemicals
or as complex mixtures found in effluent, have been reported by numerous researchers (4;
7). These effects range from the suppression of antibody production or B cell numbers
(27, 29; 30; 181; 123; 31), changes in the production of reactive oxygen intermediates
(181; 31; 183), cell proliferation (133; 30; 44; 128), phagocytic ability (181), and the
expression of genes involved in an immune response and inflammation (31; 184). In the
present study, we observed indications of a possible acute stimulatory effect in the
immune system of goldfish exposed to xenobiotics, either in FE or MF wastewater.
These responses were generally eliminated if wastewater was filtered using activated
carbon. Many toxicological experiments involve the exposure of organisms to pollutant
or EDCs in the range of days to weeks. Consequently, transient increases in gene
expression, as observed in Quabius et al. (167), or even the TNFa induction seen in my
study following seven days of FE and MF wastewater exposure, may be undetected due
to the sampling time points chosen. The temporal differences observed within
wastewater treatment groups over the ninety day exposure period further highlight the
importance of using both short-term as well as long-term exposure periods to best
determine what, if any, physiological effects wastewater exposure has on the immune

responses of aquatic organisms.
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Figure 6.1  Non-stimulated and stimulated peripheral blood leukocyte (PBL)
proliferation in goldfish exposed to different wastewater treatments during the Winter
2006 experiment. PBLs, isolated from the blood of the fish, were seeded in sterile 96 well
plates (50,000 cells per well), in addition to either complete medium alone (non-
stimulated) or an equal volume of mitogens (10 pg/mL ConA; 10 ng/mL PMA; 100
ng/mL calcium ionophore A23187) and cultured for 48 hours at 20°C. BrdU labelling
reagent was then added and cells were allowed to proliferate for a further 24hrs prior to
colourimetric analysis, as described in Chapter 3. Sample size, as indicated on the graph,
refers to both non-stimulated and stimulated bars (samples were paired). Differing lower
case letters indicate statistical significance between treatment groups within the same
sampling day, differing upper case letters refer to significant differences within a
wastewater treatment group over time, and asterisks refer to significant differences
between experimental groups and control fish.
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Figure 6.2  Proliferation Ratio of peripheral blood leukocytes (mean mitogen
stimulated absorbance/mean non-stimulated absorbance at 450nm) isolated from fish
exposed to different wastewater treatments during the Winter 2006 experiment. Sample
size, data and methodologies are as described in Figure 6.1. Differing lower case letters
indicate statistical significance between treatment groups within the same sampling day,
differing upper case letters refer to significant differences within a wastewater treatment
group over time, and asterisks refer to significant differences between experimental
groups and control fish.
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Figure 6.3  Semi-quantitative RT-PCR gene expression of toll-like receptor 22 in the
head kidney of fish exposed to different wastewater treatments during the Winter 2006
experiment. Relative expression levels of the specific gene bands were determined by
densitometry using the Kodak ID 3.0 software (Eastman Kodak). Letters/symbols
indicating statistical significance are as described in Figure 6.1 Sample size is 12 fish for
all except: Day 7 MCF (n = 10) and Control, Day 60 FE, Day 60 MF, Day 90 FE, Day 90
MF (n =11).
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Figure 6.4  Semi-quantitative RT-PCR gene expression of toll-like receptor 22 in the
head kidney of fish exposed to different wastewater treatments during the Winter 2006
experiment upon removal of fish densitometry data that were greater than 3 fold that of
their remaining cohorts. Relative expression levels of the specific gene bands were
determined by densitometry using the Kodak ID 3.0 software (Eastman Kodak).
Letters/symbols indicating statistical significance are as described in Figure 6.1. Sample
size is 12 fish for all except: Day 7 MCF and Day 21 MF (n = 10 for each) and Control,
Day 21 FE, Day 60 FE, Day 60 MF, Day 90 FE, Day 90 MF (n=11).
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Figure 6.5  Semi-quantitative RT-PCR gene expression of tumor necrosis factor-alpha
in the head kidney of fish exposed to different wastewater treatments during the Winter
2006 experiment. Relative expression levels of the specific gene bands were determined
by densitometry using the Kodak ID 3.0 software (Eastman Kodak). Letters/symbols
indicating statistical significance are as described in Figure 6.1 Sample size is 12 fish for
all except: Day 7 MCF (n =9) and Control, Day 7 MF, Day 21 FE, Day 60 FE, Day 90
FE and Day 90 MF (n=11).
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Figure 6.6  Semi-quantitative RT-PCR gene expression of colony stimulating factor
receptor-1 in the head kidney of fish exposed to different wastewater treatments during
the Winter 2006 experiment. Relative expression levels of the specific gene bands were
determined by densitometry using the Kodak ID 3.0 software (Eastman Kodak).
Letters/symbols indicating statistical significance are as described in Figure 6.1 (n=12).
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Figure 6.7  Semi-quantitative RT-PCR gene expression of granulin in the head kidney
of fish exposed to different wastewater treatments during the Winter 2006 experiment.
Relative expression levels of the specific gene bands were determined by densitometry
using the Kodak ID 3.0 software (Eastman Kodak). Letters/symbols indicating statistical
significance are as described in Figure 6.1 (n = 12).
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CHAPTER SEVEN

TRYPANOSOMA DANILEWSKYIINFECTION OF FISH
EXPOSED TO WASTEWATER

7.1 Introduction
Pathogen infection studies, in which organisms are exposed to live parasites,

bacteria or other microorganisms in vivo, directly measure the ability of the host immune
system to control or resolve an infection. This method allows for a much more
comprehensive assessment of an animal’s immunocompetence than assays that measure
single, cellular-based functions alone, such as reactive oxygen intermediate production,
cytokine secretion or the expression of immune genes. This is because cellular-based
assays may not necessarily predict the net effects of an exposure treatment on the
animal’s physiology due to redundancy within the organisms’ immune system and/or
physiological homeostatic mechanisms.

Trypanosoma danilewskyi, the parasite used for the goldfish infection studies
discussed in this chapter, is a haemoflagellate protozoan that can be naturally found in the
blood of freshwater cyprids such as the common carp (185). In the wild, 7. danilewskyi
is naturally transmitted between fish by blood-feeding leeches of the genera Hemiclepsis
and Pisciola (186; 187). The parasites first develop within the stomach of their
intermediate host and then migrate to the crop where they infect the fish during the
leeches’ next feeding. Parasites replicate within the blood of the fish, with parasitemia
generally peaking in experimentally infected goldfish approximately fourteen to twenty-
one days post-infection (138; 139). By fifty-six to eighty-four days post-infection,
parasitemia levels are greatly reduced. Previously infected fish are resistant to re-
infection and it is believed that this immunity is due to anti-parasite antibodies, as
inoculation of naive fish with plasma from fish that have recovered from previous T
danilewskyi infection confers protection upon the naive fish (185; 138; 188).

Goldfish are closely related to carp and are also susceptible to 7. danilewskyi
infection (138). Goldfish can be infected through either intra-peritoneal infection of
parasites isolated from previously infected fish, or by injection with parasites grown

using in vitro cultivation (138; 139). Cultivation and maintenance of parasite populations
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using in vitro methodologies is advantageous as large numbers of these parasites
(primarily trypomastigotes) can be grown quickly and inexpensively with no associated
fish mortalities.

Many aquaculture operations are located on river systems that are also the
recipient of municipal and industrial effluents or agricultural runoff. Since many farmed
fish populations commonly experience bacterial or parasitic infections (189; 190) and
exposure of aquatic vertebrates to xenobiotics or endocrine disrupting compounds may
result in immunosuppression (4; 6; 7), it is possible that exposure of farmed or native fish
populations to polluted environments may exacerbate pathogenic infections.

Studies have demonstrated the interaction between pollutant exposure and parasite
or bacterial infection in host resistance and physiology. For example, cadmium exposure
has been shown to reduce survival of three-spined sticklebacks (Gastersteus aculeatus)
infected with the tapeworm Schistocephalus solidus compared to the survival of
cadmium-exposed non-infected fish (191). Enhanced pathogenicity was thought to be
due to immunosuppressive effects induced by xenobiotic exposure. Exposure of
Japanese medaka to benzo[a]pyrene reduces host resistance against the bacterial
pathogen Yersinia ruckeri, and is associated with reduction of both mitogen-stimulated
lymphocyte proliferation and phagocyte mediated oxygen radical production (30).
Pollutants may not simply immunosuppress hosts and render them more susceptible to
infection. Indeed, the parasitism itself may exacerbate the toxic effects of environmental
pollutants such that the health of the parasitized organism is reduced beyond that of
unparasitized contaminant-exposed hosts. Marcogliese ef al. (192) demonstrated that the
combination of both pollutant exposure and nematode or digenean worm infection in
yellow perch (Perca flavencens) resulted in greater oxidative stress than that observed in
unparasitized fish from the same polluted location.

In this chapter I examined the effect of exposing goldfish to treated final sewage
effluent (FE wastewater) on the course of infection of the protozoan parasite
Trypanosoma danilewskyi. Also of interest was whether further treatment of this
wastewater through membrane ultrafiltration (UF; MF wastewater) or subsequent
granular activated carbon (GAC) unit filtration (MCF wastewater) reduced any potential

effects of FE wastewater exposure on parasitemia of the exposed fish. Goldfish were
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exposed to wastewater effluents on two separate occasions: The first parasite infection
experiment (termed Winter 2006) occurred between February 5, 2006 and April 30, 2006
and involved the infection of control goldfish or goldfish exposed to municipal
wastewater for twenty days with 6.25 x 10 parasites per fish. The second parasite
experiment (termed Summer 2006) involved the infection of control goldfish or fish that
had been exposed to wastewater for approximately seven days with either 6.25 x 10
parasites per fish or a higher dose of 1.0 x 10 parasites per fish and occurred between
June 1, 2006 and August 24, 2006. For each parasite infection study, fish were
monitored for mean parasitemia and survivorship three days post-infection and on a

weekly basis until approximately eighty-four days later.

7.2 Results

7.21 T. danilewskyi infection of fish exposed to different
wastewaters (Winter 2006 experiment)

In the Winter 2006 experiment all fish exposed to FE wastewater died
accidentally on Day 24 post-infection due to a valve malfunction that resulted in the tank
draining of water. Consequently, for all following time points only fish exposed to MF
wastewater were exposed to xenobiotics in the wastewater. This is due to the incomplete
removal of various pharmaceutical residues and pesticides from municipal sewage
effluent by the membrane UF (see Chapter 4). Statistical analysis on the effect of
wastewater treatment (MF, MCF and BS water), fish gender, and the number of days post
infection on mean parasitemia of 7. danilewskyi infected goldfish resulted in no
significant effects of wastewater treatment alone or the sex of the fish on parasitemia
(P>0.05). However, the number of days post-infection was found to be highly significant
(P<0.01) as would be expected in an infection study in which some fish are able to clear
an infection over time. Furthermore, the interaction between the number of days post-
infection and the wastewater treatment was also found to be highly significant (P<0.01),
indicating that parasitemia levels in the blood of fish exposed to certain wastewater
treatments differed significantly from that of fish exposed to other wastewater treatments,

but only at certain time points of the infection.
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When examining parasitemia trends in fish during the early stages of infection (3-
28 days post-infection) no substantial differences were observed in fish exposed to
wastewater containing xenobiotics (FE, MF wastewater) and those exposed to
environments with low to zero levels of xenobiotics (MCF wastewater; Fig. 7.1). During
the mid-stages of infection (Days 35-49 post-infection), fish exposed to MF wastewater
maintained a mean parasitemia of ten fold higher than that of fish not exposed to
xenobiotics (MCF wastewater, BS water; Fig.7.1). However, due to the variability
between fish within each treatment group during Days 35-49 post-infection, it is difficult
to determine if xenobiotic exposure resulted in true differences between infected
exposure groups. As the experiment progressed, both fish exposed to MCF wastewater
and BS water successfully reduced their mean parasitemia to low levels, whereas fish
exposed to the MF wastewater were unable to clear the infection and parasite
concentrations within the blood of these fish remained high (Fig. 7.1). Furthermore, fish
exposed to MF wastewater experienced a substantial increase in mortality compared to
fish exposed to other wastewater treatments: by Day 84 post-infection only 30% of fish
exposed to MF wastewater remained alive, compared to greater than 80% survivorship of

fish exposed to MCF wastewater and BS water (Fig. 7.2).

7.2.2 T. danilewskyi infection of fish exposed to different
wastewaters (Summer 2006 experiment)

The second parasite infection experiment was done during the summer of 2006.
The experimental design was similar to the previous experiment, except that in addition
to the normal dose parasite exposure (6.25 x 10° parasites/fish) fish were also infected
with a high dose (1.0 x 107 parasites/fish). In this study the gender of the fish, the
number of parasites in the initial infection, and the wastewater treatment did not affect
parasitemia (P>0.05). Consequently, the data for male and female fish from both normal
and high infection parasite dose groups were combined for analysis. A significant effect
of the number of days post-infection on parasite concentration was observed (P<0.05).
This is expected, as the majority of infected fish initially had a high parasitemia in early
stages of the infection but subsequently cleared the parasites. The interaction between
the number of days post-infection and the initial parasite dose was also found to be

significant (P<0.05), indicating that fish infected with different doses of parasites had
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variable parasitemia levels depending upon the number of days following infection, but
these trends were not consistently observed during the course of infection. The
interaction between the number of days post-infection and the wastewater treatment was
marginally significant (P = 0.07). This implies that on certain time points following
parasite challenge, fish from different wastewater treatment groups may have had a lower
concentration of parasites in their blood than other groups, and though this difference was
not statistically significant, the reduction in parasitemia may be of biological relevance
for the well being of the infected fish.

In the early stages of the infection (Days 3-21), the mean parasitemias in fish
exposed to FE or MCF wastewater and BS water were similar (Fig. 7.3). Fish exposed to
MF wastewater, however, had 10-50 fold lower parasitemia compared to other
experimental groups. During the mid-stages of the infection (Days 21-42), while the
parasitemia in fish exposed to MCF wastewater and BS water were similar, both goldfish
exposed to FE and MF wastewater had 10-100 fold lower parasitemia than fish exposed
to MCF or BS water (Fig. 7.3). Fish exposed to MF and FE wastewater continued to
reduce their parasitemia to very low levels (<100 parasites/ml blood) for the remainder of
the experimental period. In general, fish exposed to MCF wastewater or BS water had
similar parasitemia levels for most of the observation period. However, during the mid-
to-late stages of infection, goldfish in the MCF wastewater treatment had parasitemia 10
fold less than that of BS fish (Days 42-84). At the late stages of the infection (Days 70-
84), all fish had a substantially reduced number of parasites in their blood and no
differences were detected between wastewater treatment groups due to high variability
between fish (Fig. 7.3)

Goldfish exposed to MF wastewater experienced the lowest survivorship of all
treatment groups (50%); other treatment groups all experienced greater than 85%
survivorship (Fig. 7.4). The survivorship of non-infected fish exposed to the municipal
wastewater treatments and clean BS water was high: >77% survivorship (Fig. 7.5).
Interestingly, a disproportionate number of MF fish died on Day 40 post-infection. Four
of the fifteen remaining (27%) parasite infected-fish that had been exposed to MF
wastewater and three of thirteen (23%) non-infected MF wastewater control fish died on

this date. In the remaining non-infected fish, very low mortality occurred in fish exposed
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to FE wastewater and no deaths occurred in those exposed to either the MCF wastewater
or BS water treatments died over the entire experimental period (Fig 7.5). The reasons
for the high mortality on Day 40 post-infection are not known, although it is likely
associated with the membrane UF process rather than xenobiotics, as no deaths occurred
in fish exposed to FE wastewater at this time point. Activated carbon treatment appeared
to remove the substance that caused the mortality in fish exposed to MF wastewater,

since no deaths occurred in goldfish exposed to MCF wastewater.

7.3 Discussion
The course of infection in goldfish exposed to different wastewaters was

markedly different between the two individual experiments. The most conspicuous
difference between the two experiments was the ability of the goldfish to clear an
infection of the hemoflagellate protozoan parasite T. danilewskyi following xenobiotic
exposure. In the Winter 2006 experiment fish exposed to MF wastewater, shown to
contain higher levels of pharmaceutical residues and pesticides than that of MCF
wastewater, were unable to successfully clear the parasitic infection and suffered high
mortality, suggesting that a possible xenobiotic-induced immunosuppression occurred in
these fish. However, during the Summer 2006 experiment, the course of infection in fish
exposed to FE or MF wastewater given either the same parasite dose as the Winter 2006
experiment or a higher parasite dose had an enhanced clearance of T. danilewskyi
trypomastigotes compared to their MCF or BS-exposed cohorts. While the fish exposed
to MF wastewater in the Summer 2006 experiment also experienced high mortality, the
majority of deaths occurred on Day 40 post-infection and were likely not associated with
xenobiotic exposure.

In addition to the increased parasitemia observed in the Winter 2006 experiment
goldfish exposed to MF wastewater, many of these fish developed lesions. These
wounds often initially formed at the site of infection or tail bleeding site, but also formed
de novo on the torso, mouth or fins of the fish. In fish exposed to MF wastewater, lesions
were observed as early as Day 21 post-infection (three of eight fish) and progressed until
100% of infected fish had lesions (three fish; Day 63). Fish exposed to MCF wastewater
in the winter of 2006 also formed lesions, but not until much later at Day 56 post-

infection, and only 25% of surviving fish had lesions by the end of the experimental
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period (two of eight fish; Day 84). Fish in the BS aquatics facility water had lesions form
by Day 28 post-infection (one of ten fish), and by Day 84 five of eight fish had
abnormalities such as inflammation of the tail or fin. All fishes’ lesions worsened over
time; no fish appeared to be able to heal from their infections. The increased prevalence
and earlier onset of lesions in fish exposed to MF wastewater could be indicative of a
possible xenobiotic-induced suppression of goldfish immunity during the Winter 2006
experiment, as supported by the increased parasitemia in this treatment group.

During the Summer 2006 experiment, however, goldfish exposed to FE and MF
wastewater did not experience the increased parasitemia observed in the Winter 2006
experiment. Furthermore, these fish did not experience the high prevalence of lesions
observed in the Winter 2006 experiment. In fish infected with the normal dose of 6.25 x
10° parasites, a small lesion formed on the tail of one of eight goldfish exposed to FE
wastewater by Day 63 post-infection, but this wound did not worsen over time. Fish
exposed to MF wastewater did not form any lesions throughout the experimental period,
while only a small number of fish exposed to MCF wastewater showed signs of lesions or
other abnormalities (two of eight fish; Day 63 post infection), one of which healed the
lesion within a week. Clean water exposed fish (BS water) also experienced low rates of
inflammation (one of ten fish; Day 28), and this fish was completely healed one week
later.

Even infection of goldfish with a high dose of parasites did not induce a large
number of lesions or physical abnormalities during the Summer 2006 experiment. Fish
exposed to FE wastewater or BS water that were infected with a high parasite dose did
not develop lesions at any time point. Some fish exposed to MF wastewater lost the
ability to produce mucus and had raised scales, but these fish died shortly thereafter and
this condition was observed during the time of typical peak parasitemia (Day 21; two of
nine fish). One fish exposed to MCF wastewater that was infected with the high parasite
dose experienced inflammation and hemorrhaging of the tail, but otherwise no lesions
were observed (one of nine fish; Day 35 post-infection).

If xenobiotic exposure resulted in fish exposed to MF wastewater being in a
potentially immunosuppressed state during the Winter 2006 parasite experiment and an

immunologically primed state during the Summer 2006 experiment, the observed early
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onset and high incidence of lesions only during the Winter 2006 experiment could
support this hypothesis. However, it should be noted that following ~Day 21 post-
exposure a substantial number of non-infected Winter 2006 fish exposed to FE, MF or
MCF wastewater treatments developed lesions or fin degradations that would often not
fully heal, whereas no lesions or morphological alterations were observed in any non-
infected fish exposed to wastewater treatments during the Summer 2006 experiment. The
possible cause(s) of the lesions are not known, as no epidemiological studies of the
lesions were done.

A variety of factors may have affected the ability of fish exposed to the
wastewater treatments to clear a parasite infection. It is possible that the large
parasitemia differences observed between the Winter 2006 and Summer 2006
experiments may have been influenced by the mixture of xenobiotics present in the
municipal wastewater at the time of exposure. Previous wastewater analysis shows
substantial variability in the types and concentration of pesticides and pharmaceutical and
personal care products in the FE and MF wastewater (see Chapter 4). However, this
variation in xenobiotic concentration was only occasionally greater than 10-fold (2.4-D:
14-fold; MCPP: 39-fold; ibuprofen: 21-fold). It should be noted that since no gas
chromatography/mass spectrometry analysis of wastewater samples took place in the
Summer 2006 experiment due to budgetary reasons, it is unknown whether the fish were
exposed to different concentrations or panels of xenobiotics between the Winter and
Summer 2006 parasite studies.

The length of wastewater exposure prior to parasite infection differed slightly
between trials; the Winter 2006 experiment fish were exposed to wastewater for
approximately 21 days while the fish in the Summer 2006 experiment were infected
following 7 days of exposure to wastewater. It was not expected that the difference in
exposure time would influence the ability of goldfish to clear a parasite infection, as both
7 and 21 days are relatively short-term exposure periods. Interestingly, semi-quantitative
RT-PCR analysis of goldfish immunological genes indicated a possible acute
immunostimulatory effect at 7 days post-exposure in the kidney of fish exposed to FE

and MF wastewater, specifically regarding tumor necrosis factor alpha (INFo) and

colony stimulating factor-1 receptor (CSF-1R) expression (see Chapter 6). It is possible
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that the immune system of fish exposed to FE and MF wastewater during the Summer
2006 experiment may have been in a primed state upon infection with parasites after 7
days of exposure to wastewater. If so, then the immune system of these fish may have
influenced the establishment phase of 7. danilewskyi, resulting in the reduced mean
parasitemia seen in Winter 2006 experiment FE and MF wastewater-exposed fish in the
early-to-mid stages of infection. By Day 21 post-exposure, any possible xenobiotic-
induced immunostimulatory effects (due to TNFo gene expression) were no longer
evident.

A number of studies have demonstrated the modulating effects of pollutant
exposure on fish immune response (4; 6; 7). By far, the majority of these studies have
shown immunosuppressive effect of either individual xenobiotics (191; 193; 29; 30) or
complex mixtures of chemicals (133; 122; 46) on fish immune responses. A
compromised or improper immune response may manifest itself as a reduced ability to
clear an infection with a pathogen. For example, Japanese medaka (Oryzias latipes)
either injected with benzo[a]pyrene (BaP) or exposed to the pesticide malathion in the
water were found to have significantly reduced resistance against Yersinia ruckeri
bacterial infection than unexposed infected control fish (29; 30). In the case of BaP
exposure, the reduced host resistance may have been due to BaP-induced suppression of
lymphocyte proliferation, reduced numbers of antibody-forming cells and reduced free
oxygen radical production (29; 30). Xenobiotic-induced immunosuppressive effects can
result in an increased mortality rate following pathogen infection. Pascoe and Cram
(191) observed that when cadmium-exposed three-spined sticklebacks (Gasterosteus
aculeatus) were subsequently infected with pleurocercoids of the cestode Schistocephalus
solidus, infected cadmium-exposed fish had significantly greater mortality than non-
infected cadmium exposed fish.

Endocrine disrupting compounds may also induce immunosuppression of fish.
Goldfish implanted with 50 mg/fish of the hormone 17f-estradiol (E2) were infected with
2.5 x 10° T danilewskyi parasites pre fish were found to have significantly higher
parasitemia and mortality than infected sham-implanted fish (193). It was hypothesized
that the xenobiotic caused immunosuppression of the host, as E2 implanted fish were

found to have significantly inhibited mitogen-stimulated leukocyte proliferation
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compared to their unexposed cohorts (193). Interestingly, the authors of this study found
that while E2 implantation reduced host resistance against the parasite, the ability of the
fish to respond to subsequent challenge infection did not differ between exposed and
control fish, indicating that the long-term protective immunity of the fish was not affected
by E2 exposure.

Exposure of fish to complex mixtures of xenobiotics may also reduce host
resistance to pathogens. When goldfish were exposed to a mixture of four common
herbicides (atrazine, simazine, diuron, isoproturon; ~50 ug/L of each), Fatima et al. (46)
observed immunological changes in herbicide-exposed fish that were correlated with an
increased mortality following Aeromonas hydrophila bacterial challenge compared to
unexposed fish. Reduced host resistance was also reported in fish isolated from
PAH/PCB contaminated sites that were subsequently exposed to pathogens in a
laboratory setting (122). A survey of native fish populations revealed that parasite
prevalence and abundance were significantly greater in fish located close to polluted
effluent discharge sites than those in fish from clean water reference sites (194).

Heterogeneous mixtures of man-made compound such as that found in sewage
effluent have been shown to affect fish resistance against pathogens (133). Katuka (133)
observed that goldfish exposed to various concentrations of either raw or treated
municipal sewage effluent for thirty days experienced increased mortality upon infection
with Aderomonas salmonicida than control fish. Specifically, the author found that
exposure to as little as 5% treated effluent significantly induced higher mortality while
exposure to greater than 20% raw effluent or 50% treated effluent resulted in 100%
mortality of infected fish. We did not observe such high rates of mortality in FE
wastewater exposed fish; however, parasite-infected fish exposed to MF wastewater had
greater mortality compared to those in other treatment groups.

Some studies have demonstrated a reduction in parasitemia following pollutant
exposure (195-197). For example, American plaice (Hippoglossoides platessoides)
exposed to PAH and PCB contaminated sediments for five months were found to have
reduced numbers of protozoan ectoparasites (Trichodina spp.) than control fish (197).
Similarly, Siddall ez al. (196) observed that naturally infected roach (Rutilus rutilus)
exposed to 10% bleached kraft pulp and paper mill effluent for three weeks had
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significantly fewer monogenean parasites of the Dactylogyrus genera on their gills than
control fish. Pollutant exposure may also affect gastrointestinal parasites of fish. Khan
and Kiceniuk (195) reported a reduction in the prevalence and intensity in both trematode
parasite Steringophorus furciger infection of winter flounder (Pleuronectes americanus)
as well as acanthocephalan Echinorhychus gadi infection of Atlantic cod (Gadus
morhua) following exposure to crude oil contaminated water compared to clean-water
exposed fish.

While we saw evidence suggesting that xenobiotic exposure may reduce the
parasitemia (fish exposed to FE and MF wastewater during the Summer 2006
experiment), it should be noted, that the majority of the pathogens described in the above
studies were ectoparasites or gastrointestinal parasites, and thus may have been exposed
to higher concentrations of xenobiotics than a parasite living in the tissues of the host. It
has been suggested that a reduction in parasitism in fish due to contaminants in the
environment may be due to increased susceptibility of the parasite species to pollutants
compared to that of the host species (198). It is equally possible that xenobiotics may
alter the physiology of the host, which in turn could result in the loss of suitable parasite
habitat (195).

Exposure of goldfish to xenobiotics in treated municipal wastewater or reuse
water prior to infection with the hemoflagellate protozoan parasite 7. danilewskyi yielded
different results depending upon the experiment (Winter 2006 versus Summer 2006).
Host-parasite interactions are complex, even in the absence of the inherent variability
introduced into an experimental system utilizing real-time flow-through effluent exposure
conditions. While it is difficult to precisely identify the factors that may have influenced
our findings, it is clear that xenobiotic exposure in FE or MF wastewater influences the
course of infection in 7. danilewskyi infected goldfish compared to control conditions.
Further study is necessary before the effects of differently filtered municipal wastewater

exposure on the resistance of goldfish to parasitic infection may be fully elucidated.
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Figure 7.1  Mean parasitemia (+ SEM) of Winter 2006 run goldfish exposed to
different municipal wastewater effluents (final treated effluent, FE wastewater; UF
membrane effluent, MF wastewater; and combined UF membrane and GAC unit effluent,
MCF wastewater) that were subsequently infected with 6.25 x 10° parasites/fish. n=10
fish for each wastewater treatment group at time of infection.
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Figure 7.2  Survivorship of Winter 2006 run goldfish exposed to different municipal
wastewater effluents (final treated effluent, FE wastewater; UF membrane effluent, MF
wastewater; and combined UF membrane and GAC unit effluent, MCF wastewater) that
were subsequently infected with 6.25 x 10° parasites/fish. n = 10 fish for each
wastewater treatment group at time of infection.
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Figure 7.3  Mean parasitemia (+ SEM) of Summer 2006 run goldfish exposed to
different municipal wastewater effluents (final treated effluent, FE wastewater; UF
membrane effluent, MF wastewater; and combined UF membrane and GAC unit effluent,
MCF wastewater) that were subsequently infected with either 6.25 x 10°or 1.0 x 10’
parasites/fish. n =20 fish for each wastewater treatment group at time of infection.
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Figure 7.4  Survivorship of Summer 2006 run goldfish exposed to different municipal
wastewater (final treated effluent, FE wastewater; UF membrane effluent, MF
wastewater; and combined UF membrane and GAC unit effluent, MCF wastewater) that
were subsequently infected with 6.25 x 10° or 1.0 x 10 parasites/fish. n = 20 fish for
each wastewater treatment group at time of infection.
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Figure 7.5  Survivorship of non-infected (control) Summer 2006 run goldfish exposed

to different municipal wastewater effluents (final treated effluent, FE wastewater; UF

membrane effluent, MF wastewater; and combined UF membrane and GAC unit effluent,

MCF wastewater). n = 13 fish for both FE and MF wastewater fish, N = 12 for both
MCF wastewater and BS water fish at time of infection.
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CHAPTER EIGHT

GENERAL DISCUSSION

The main objective of my thesis was to examine the ability of goldfish to act as a
biosentinel species for possible physiological effects caused by exposure to treated
municipal sewage final effluent in a real-time flow-through system. Furthermore, I
wished to examine if the length of exposure (7, 21, 60 or 90 days) impacted any potential
toxicological effects in these organisms. My second objective was to examine the ability
of re-use wastewater to reduce or eliminate concentrations of xenobiotics within the
effluent compared to final effluent alone, and to reduce any associated physiological
effects in exposed goldfish. This was accomplished by chemical analysis of wastewater
treatment groups for the presence of a wide panel of man-made compounds and through
the use of a number of different toxicological or immune bioassays in wastewater
exposed goldfish.

The first part of my thesis research investigated the ability of reuse water
methods, specifically membrane ultrafiltration with or without subsequent granular
activated carbon (GAC) filtration (termed MCF wastewater and MF wastewater,
respectively) to reduce or eliminate any xenobiotic contaminates that may have been
present in treated municipal final effluent (FE wastewater). A number of xenobiotics
were detected in the FE, MF and MCF wastewater samples, including pesticides, non-
steroidal anti-inflammatory drugs (NSAIDs), anti-epileptic drugs, lipid lowering drugs
and antibacterial compounds. These chemicals are commonly detected in municipal final
effluent worldwide (1; 64; 42; 10; 2; 16; 65; 69; 49; 13; 50; 3; 60). A preliminary survey
by the Government of Alberta in December of 2002 also examined xenobiotic
contamination in the final effluent from Gold Bar Wastewater Treatment Facility (59).
With the exception of naproxen, diclofenac, salicylic acid, triclosan and methyl triclosan,
all the pharmaceuticals and personal care products (PPCPs) detected during my research
were also found in this preliminary survey. The concentrations of xenobiotics detected
during the Government of Alberta survey and that of my study varied considerably.
However, this is not surprising considering the variability seen within even seven days of

sampling in my study.
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When the GAC unit was replaced on a frequent basis, MCF wastewater contained
greatly reduced concentrations of both pesticides and PPCP compounds compared to FE
wastewater. MF wastewater, however, did not consistently experience this substantial
reduction of xenobiotics. Similar to our results, Clara et al (65) found that ultrafiltration
of sewage effluent through a membrane bioreactor did not lead to removal of select
PPCPs or EDCs. Activated carbon adsorption, however, has been shown to be an
efficient mechanism to reduce pollutants from contaminated solutions (152; 141). In our
experiment, the removal efficiency in MCF wastewater, and to a lesser extent, in MF
wastewater, varied depending upon the chemical compound, its original concentration in
the FE wastewater, and the sampling date. For example, while the NSAID ibuprofen
concentration in MF wastewater did not differ from that of FE wastewater in the
Spring/Summer 2005 experiment, high ibuprofen removal efficiency occurred in both
MF and MCF wastewater in the Winter 2006 experiment.

Ultrafiltration prior to activated carbon filtration was advantageous as it resulted
in the removal of bacterial and all other particulate matter greater than 0.04 um in
diameter, possibly extending the life of the carbon filter. However effective as activated
carbon filtration was at removing PPCPs and pesticides from municipal wastewater, it is
unlikely that this method will ever be used on a large scale in a wastewater treatment
plant such as Gold Bar Wastewater Treatment Plant. This is because of the large amount
of activated carbon required and the associated labour necessary to treat the large volume
of wastewater effluent produced by the facility on a daily basis. More efficient large-
scale xenobiotic removal from municipal sewage effluent would likely occur through
enhanced biological or ozone treatment, for example. For the purpose of this experiment,
however, granular activated carbon filtration successfully removed PPCP compounds and
other bioactive molecules from the wastewater so long as the GAC unit was replaced
every three to four weeks and breakthrough of xenobiotics did not occur.

Chemical analysis of xenobiotics in municipal wastewater is limited in that it does
not predict what, if any, effects these chemicals may have on living organisms. While
single cell-based tests such as the estrogen screen (E-screen) or yeast estrogen screen
(YES) assay are quick and cost-effective methods to screen large numbers of samples for

xenobiotic contamination, these assays may not necessarily reflect the full impact of
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these compounds on an animal’s fitness or physiology. Interactions between different
xenobiotics may result in supra-additive effects on an organism that cannot always be
predicted using results from individual exposure studies (199). Though studies have
suggested that no appreciable human health risk exists from the presence of PPCP
compounds in surface and drinking water at this time (200), these compounds can affect
the physiology of aquatic organisms (4-8), even at low concentrations (44; 111; 45-47).
In order to determine the true physiological consequences of wastewater exposure it is
necessary to use a whole animal model such as teleost fish. Chapters 5-7 of my thesis
research examined the potential toxic effects of FE wastewater compared to that of MF or
MCF wastewater on goldfish (Carassius auratus) physiology.

I chose to use an aquatic vertebrate, the goldfish, as a biosentinel organism for
possible physiological effects of sewage wastewater or reuse wastewater exposure.
Goldfish were chosen over other teleost species such as fathead minnows (Pimephales
promelas), zebrafish (Danio rerio), or rainbow trout (Oncorhynchus mykiss) for a number
of reasons. Goldfish are more resistant than rainbow trout to the fluctuations in dissolved
oxygen that could occur in wastewater effluent, and thus more likely to survive a long-
term exposure study in which various basic water quality parameters may vary
considerably. Goldfish are also of a much larger size than fathead minnow or zebrafish.
Because of this, a larger quantity of tissue can be obtained from each fish, potentially
allowing each exposed fish to be efficiently used for a number of different assays.
Furthermore, as aquatic organisms they are constantly exposed to pollutants in their
environment and may exhibit toxic effects due to wastewater exposure prior to that of an
organism that encounters contaminants on an occasional basis. However, while fish can
serve as biosentinels for pollutant exposure and as powerful tools in pollutant exposure
risk assessment, it is essential to be aware of the vastly different physiological responses
that can occur depending upon the xenobiotic species examined, exposure concentration,
duration of exposure, as well as the species and life stage of the organism exposed to the
contaminant (18).

The 7-ethoxyresorufin-O-deethylase (EROD) assay is a common biomarker of
aryl hydrocarbon exposure in organisms. This assay quantitatively measures the catalytic

activity of the cytochrome P450 (CYP1A) enzyme family to convert 7-ethoxyresorufin
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into its fluorescent product, resorufin. CYP1A proteins are involved in the
biotransformation of aromatic hydrocarbons such as PCBs, PAHs and pesticides into
more excretable forms (5), and numerous studies have shown the upregulation of EROD
enzymatic activity following exposure to a variety of man-made compounds (22; 201;
121). My research has presented evidence that both FE and MF wastewater are weak
EROD inducing mixtures, implying that the membrane UF does not substantially remove
aryl hydrocarbon residues from FE wastewater. This induction of the P450 (CYP1A)
enzyme activity was more evident in the Winter 2006 experiment than the
Spring/Summer 2005 experiment. Furthermore, the importance of proper replacement of
the GAC unit was illustrated by the significant induction of EROD activity in MCF
wastewater exposed fish at Day 60 during the Winter 2006 experiment. Throughout both
the Spring/Summer 2005 and Winter 2006 experiments, no cumulative effects of chronic
wastewater exposure were observed within goldfish exposed to either FE or MF
wastewater. This was supported by the observation that the substantial increase in EROD
activity seen in fish exposed to MCF wastewater at Day 60 was no longer evident by the
Day 90 sampling time point. Other studies have also found that exposure of teleost fish
to municipal FE wastewater induces a similar fold increase in EROD activity compared
to control fish (128; 32). To the best of my knowledge, my study is the first to show that
ultrafiltration of this final effluent wastewater does not reduce the level of P450 (CYP1A)
enzymatic activity in exposed goldfish liver microsomes, and thus likely is inefficient at
removal of aryl hydrocarbon receptor agonists from sewage effluent.

Examination of male goldfish plasma collected at the various sampling time
points throughout the experiment also revealed a significant feminization effect in both
FE and MF wastewater exposed fish. Vitellogenin (Vtg) is a female-specific egg yolk
precursor protein that is naturally found in the plasma of sexually mature female fish.
However, the gene encoding for Vtg is not sex linked and thus the Vtg protein may be
induced in sexually immature fish or male fish following exposure to natural estrogens
(112) or other xenoestrogens found in municipal sewage wastewater (23; 25; 129; 32;
131; 130). My research has confirmed that exposure of male teleost fish to municipal
sewage treatment plant FE wastewater results in a significant induction of plasma Vtg,

and has shown that membrane UF wastewater (MF) can also cause feminization in male
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goldfish. While Li et al. (202) found a significant induction of Vtg (ranging from 0-398
ug/mL) in wild C. auratus caught in a river downstream of sewage treatment plant
effluent discharge sites, others (203) did not detect any Vtg feminization effect in
goldfish following exposure to river water downstream of sewage treatment plants
compared versus reference site fish. The concentrations of xenobiotics, such as
estrogens, in final sewage effluent is highly variable however, and may be influenced by
such factors as the influent concentration, the type of sewage treatment used (140) and
the temperature at which treatment occurs (13).

No Vtg synthesis was induced in male fish exposed to MCF wastewater,
indicating that activated carbon filtration is an effective method to remove estrogenic
EDCs. Activated carbon filtration has been previously shown to remove estrogenic
compounds from polluted wastewater. Similar to our results, Coors et al. (147) found
that aerobic biological degradation of municipal landfill leachate followed by
ultrafiltration and adsorption to activated carbon filtration completely removed any
estrogenicity activity from the leachate, as determined using reporter gene expression in a
human breast cancer derived cell line (MVLN cells).

Though we did not measure the concentrations or relative estradiol equivalents of
specific EDCs in our different wastewater treatments, previous studies have estimated
that final effluent from Gold Bar Wastewater Treatment Plant can have ~20 ng/L of total
estrogenic equivalent activity (75). Furthermore, sampling done by the Alberta
Government also at Gold Bar detected concentrations of 2.08 ng/L 178-estradiol (E2),
34.06 ng/L estrone, and 2391.92 ng/L of nonylphenol in a grab sample of final effluent
during December of 2002 (59).

Different EDCs have variable potencies in terms of eliciting a physiological
response in exposed organisms due to heterogeneous binding affinity to the animal’s
estrogen receptor. However, it is commonly assumed that if an organism is exposed to
mixtures containing several estrogenic EDCs, the xenoestrogens should act in an additive
fashion on the physiology of the exposed organism. Interestingly, recent research has
questioned this belief. Lin and Janz (45) exposed zebrafish (Danio rerio) to binary
mixtures of the weak estrogen receptor agonist nonylphenol and the potent estrogen

receptor agonist EE2 and found that these mixtures may act in an additive or non-additive
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manner depending upon the relative concentrations of each EDC. Vitellogenin was
induced in an additive fashion upon exposure to 1 ng/L 17a-ethinylestradiol (EE2) and
10 ug/L nonylphenol, but higher concentrations of nonylphenol in conjunction with 1
ng/L EE2 resulted in a lower level of Vtg induction in fish compared to fish exposed to 1
ng/L EE2 alone. The authors suggest that this antagonism may be due to competition
between the two EDCs at the estrogen receptor site (45). Consequently, care must be
taken when the total estradiol equivalent activity (EEQ) of mixtures such as sewage
effluent is predicted through the addition of EEQ’s from each HPLC fractionation, as the
calculated estrogenicity may not necessarily correlate with the true estrogenic effects in
exposed organisms.

Binary mixtures of xenobiotics may not merely impact a bioassay such as Vtg
induction alone. Kirby et al. (204) exposed flounder (Platichthys flesus) to the
waterborne EROD inducer dibenz[a,h]anthracene (DbA) and various concentrations of
the estrogenic compounds E2, EE2 or nonylphenol for 10 days before measuring both
EROD activity and Vtg induction in these fish. The authors found that the concentrations
of EE2 and nonylphenol that caused significant Vtg induction were paralleled by a
corresponding inhibition of EROD activity. In fish exposed to DbA and various
concentrations of E2, EROD activity was significantly reduced at E2 levels
approximately 100-fold lower than that required to induce a significant induction of Vtg
protein (204). This suggests that in complex mixtures in which both aryl hydrocarbon
receptor agonists and xenoestrogens are present, such as municipal sewage effluent, the
presence of estrogenic compounds may suppress EROD activity more than would be
otherwise observed, an observation that may have impacted the measured EROD activity
in my study.

EROD activity can also be reduced following exposure to pharmaceuticals found
in municipal wastewater. Carp (Cyprinus carpio) hepatocytes incubated in vifro with
various xenobiotic compounds such as gemfibrozil, diclofenac and the anti-depression
drugs fluoxetine, fluvoxamine and paroxetine were found to have inhibited activity of
CYPI1A enzyme and other enzymatic isoforms (109). When diclofenac was administered
in vitro with an inducer to rainbow trout (O. mykiss) hepatocytes, EROD activity was

reduced compared to that of cells that were not exposed to the NSAID (108).
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Since the FE and MF wastewater exposure conditions in this study contained both
EROD inducing chemicals, estrogenic compounds and PPCPs, the potential intricate
interactions of these compounds may have resulted in much more complex physiological
reactions than if goldfish were exposed to these xenobiotics individually. Mixture
toxicity studies such as the ones discussed above question the applicability of individual-
xenobiotic exposure studies to that of real world environments, where complex mixtures
of chemicals are the norm.

Xenobiotic exposure commonly results in immunosuppressive effects in teleosts
(6; 7; 17). Pollutants have been shown to impact such aspects of the immune response as
mucus production on the gill (126), the relative proportions of leukocytes found in tissues
(133; 30; 135), or the relative activity of immune cells, as measured by such factors as
their ability to undergo proliferation (132; 128), phagocytosis (181), or to produce such
substances as oxygen radicals (27; 30; 181; 183), cytokines (31) or antibodies (181; 123;
31). I chose to examine the immunological response of goldfish to wastewater treatments
through mitogen-stimulated peripheral blood leukocyte (PBL) proliferation and the
expression of immunologically relevant genes through semi-quantitative RT-PCR.

Overall, wastewater exposure did not induce any non-specific changes in un-
stimulated PBL proliferation, and consequently, for subsequent analysis a ratio of the
absorbance of mitogen-stimulated cells over that of un-stimulated absorbance values was
determined for each treatment group and time point. Exposure to wastewater that
contained higher levels of xenobiotics (FE and MF wastewater) did not consistently
impact the mean proliferation ratio. However, fish exposed to these wastewater
conditions at Day 21 post-exposure had a higher proliferative ability than that of MCF
wastewater exposed fish. This suggests that xenobiotic exposure may have resulted in
these fish having an acute immunostimulatory ability that manifested itself as an
increased ability to proliferate their PBLs upon exposure to a mitogen at Day 21 post
exposure. If this increased proliferative ability of PBLs corresponded with an increased
number of circulating leukocytes, fish exposed to FE and MF wastewater may have had
an enhanced ability to fight off an infection. Other studies have also shown an

augmented PBL mitogen-stimulated proliferation following exposure to treated sewage
effluent in fish (135).
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The later time points of FE and MF wastewater exposure in my study did not
parallel this increase in PBL proliferation; in fact, an overall immunosuppression of the
PBL proliferation ratio was observed at Day 60 and Day 90 exposure time points
regardless of wastewater exposure group. Reasons for this uniform reduction in PBL
proliferation are not known. However, Katuka (133) observed that exposure of goldfish
to diluted sewage effluent caused a reduction in the numbers of circulating leukocytes at
later sampling time points. This could have been due to a reduced proliferative ability of
these cells, similar to the results observed in my study.

Gene expression studies also suggest that xenobiotic exposure may cause a short-
term immunstimulatory or priming effect on goldfish physiology, as the relative
expression of the proinflammatory cytokine, tumor-necrosis factor alpha (TNF-a), and
the receptor for the monocytes and macrophage growth factor, colony stimulating factor-
1 (CSF-1R), were both increased early in the exposure study. However, other
immunologically relevant genes, such as the evolutionarily conserved pathogen
associated molecular pattern receptor, toll-like receptor-22 (TLR-22), or another immune
cell growth factor, granulin, were either unaffected by wastewater exposure (TLR-22) or
ubiquitously down-regulated (granulin) at early time points. Furthermore, in all genes
examined, expression levels did not differ from that at control fish at the later time points;
time points during which PBL proliferation ratios were uniformly reduced compared to
control fish.

While Moens ef al. (166) did not detect any changes in immune gene expression
levels following exposure of juvenile carp to industrial effluent, others (31) have found
immunosuppressive effects of pentachlorophenol (PCP) on crucian carp leukocytes TNF-
a and interleukin-1 beta (IL-1f) cytokine mRNA expression when cells were exposed in
vitro. Marchand et al. (205) also observed changes in the expression of genes related to
the immune system (IgM heavy chain constant region and peptidoglycan recognition
protein) in European flounder (Platichthys flesus) following pesticide exposure, as well
as changes in genes related to metabolism, signal proteins, and cytoskeletal transport
proteins. A reduction in gene expression may be correlated with a reduction in the
activity of the animal’s immune cells. For example, in a previous study by Chen et al.

(31), the authors found that irn vitro crucian carp head kidney leukocyte PCP exposure
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resulted in a significant reduction in reactive oxygen intermediate production and
phagocytic ability of these cells, as well as a reduced IgM titre in the serum of fish
exposed to PCP concentrations as low as 0.053 mg/L in vivo. Interestingly, some studies
have found that exposure of rainbow trout head kidney leukocytes to PCB126 causes a
transient (2-4 hrs post exposure) stimulation of IL-1f gene expression rather than long-
term damage to the immune system (167).

The majority of toxicological studies have observed immunosuppression in
xenobiotic-exposed fish, either through exposure to individual xenobiotics in a laboratory
setting or to complex mixtures of chemicals in polluted environments (27; 133; 122; 4;
29; 6; 7;30; 17; 44, 181; 31; 180; 46). Since immunosuppression of an organism may
result in an increased number of pathogens upon infection, we examined whether
goldfish exposed to the different wastewater treatments experienced changes in
parasitemia upon challenge with the parasite Trypanosoma danilewskyi.

During the Winter 2006 experiment, parasite-infected fish exposed to MF
wastewater were unable to clear the infection and suffered a high degree of mortality.
Furthermore, these fish suffered an increased prevalence and earlier onset of fin and body
lesions than those exposed to MCF wastewater or clean water (BS). Alternatively, both
parasite-infected fish exposed to MCF wastewater and BS water had similar parasitemia
to each other throughout the experiment, both had a high degree of survivorship, and both
were able to successfully eliminate the parasites over the infection period. Taken
together, the data suggests that fish exposed to MF wastewater experienced an
immunosuppression due to xenobiotics present within the MF effluent, and this
immunosuppression led to increased parasitemia at later stages of infection, an increased
mortality, and a higher prevalence of lesions compared to fish not exposed to these higher
concentrations of xenobiotics.

Both an impaired ability to clear a pathogen infection and a reduced survivorship
following xenobiotic exposure has been previously observed in fish (133; 122; 28-30).
For example, when Chinook salmon (O. tshawytscha) were collected from either a clean
water reference site or a site contaminated with PAH/PCB mixtures, fish from the
polluted site had significantly reduced resistance against the bacteria Vibrio anguillarum

in a subsequent laboratory challenge (122). These immunological changes may also be
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elicited by sewage wastewater exposure. Infection of male rainbow trout with inactivated
Aeromonas salmonicidia bacteria after exposure to diluted treated sewage effluent
resulted in no enhancement of serum lysozyme activity, while clean water cohort fish did
experience a significant serum lysozyme activity enhancement six weeks later (136).

During the Summer 2006 repeat of the previous parasite infection experiment,
rather than seeing the same trend of immunosuppression in xenobiotic-exposed fish
infected with T. danilewskyi parasites, the mean parasitemia in fish exposed to FE and
MF wastewater treatments was lower than that of MCF wastewater or BS water fish.

This reduction in parasitemia in fish exposed to FE and MF wastewater during the mid-
stages of infection indicates a possible immunostimulatory effect of xenobiotic exposure
in exposed goldfish. Furthermore, compared to the Winter 2006 experiment, very few
lesions were observed in infected fish exposed to municipal wastewater or BS water
treatments, supporting the hypothesis that FE or MF wastewater exposure in parasite
infected goldfish did not result in immunosuppression during the Summer 2006
experiment.

Possible reasons for the discrepancy between parasitemia in the Winter 2006 and
Summer 2006 experiment fish include natural or seasonal changes in the composition and
concentration of xenobiotics in the wastewater, and the number of days fish were exposed
to the wastewater treatments prior to infection. Fish infected with parasites during the
Summer 2006 experiment were exposed to wastewater treatments for only 7 days prior to
challenge, whereas the Winter 2006 experiment fish were exposed to wastewater
treatments for ~21 days prior to infection. At Day 7 post exposure, the expression of
TNFa and CSF-1R were both significantly increased in fish exposed to FE and MF
wastewater. If the increase in TNFa and CSF-1R gene expression corresponded with an
increased proinflammatory response, and enhanced proliferation and survival of
monocytes and macrophages in these fish, respectively, fish infected at Day 7 post-
exposure (Summer 2006 experiment fish) may have been in an immunologically primed
state compared to their MCF and BS exposed cohorts. As such, the observed reduction in
parasite load in these fish may have been due to this immunostimulation, resulting in a
better ability to control the 7. danilewskyi infection. By Day 21, the time point of the

initial Winter 2006 infection study, the induction of TNF-a was no longer evident. This
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could have eliminated any xenobiotic induced-immunostimulatory effects, resulting in
the increased parasitemia values observed within the fish exposed to MF wastewater
during the Winter 2006 experiment.

It is unlikely that infection of goldfish with 7. danilewskyi would be a viable
method to assay for possible toxic effects of municipal wastewater or reuse water. This
parasite-host model system, in addition to the variable effect on immunocompetence
observed between the Winter 2006 and Summer 2006 experiments, was very labour
intensive. Any effects of wastewater exposure on mean parasitemia within infected fish
was generally not observed until several weeks following challenge — far too late if the
fish are to be used to detect possible toxic effects of xenobiotic exposure in the receiving
environment or for society.

Based upon data collected using semi-quantitative RT-PCR of key immunological
genes, mitogen-stimulated PBL proliferation at Day 21 post exposure, and the Summer
2006 experiment parasite study, exposure to FE and MF municipal wastewater may result
in a slight stimulatory effect on the immune system of the goldfish. However, care must
be taken when interpreting these results due to the complexity of the vertebrate immune
response and the fact that only a select number of immunological parameters were
examined in this study. The proliferation of PBLs and the relative expression level of
TLR-22, TNF-a, CSF-1R, and granulin mRNA are only a fraction of the many
immunological genes or assays that can be used to examine the effect of xenobiotic
exposure in fish. Furthermore, it is not known whether any observed changes in gene
expression resulted in alterations in the function or protein expression of these encoded
molecules, nor if an increased proliferative ability of the magnitude observed on Day 21
post-exposure would yield any benefits in pathogen defense.

Interestingly, one of the major assumptions regarding the use of biomarkers in
toxicological studies is that the biomarkers should respond in a dose-dependant manner to
increasing or decreasing xenobiotic concentrations. However, the theory of hormesis —
that the response of an organism to a compound may result in stimulatory effects at low
concentrations and inhibitory results at high concentrations of the effecter substance, has
been shown to be a relatively common and reproducible event in biology (206). Many

toxicological studies show adverse effects of chemical exposure, but only at xenobiotic
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concentrations many folds higher than that found in the environment or even undiluted
sewage effluent. Consequently, it is possible that the lower concentrations and varied
mix of xenobiotics detected in FE and MF wastewater induced the acute induction of the

immunological parameters observed in this study through hormesis.

Future Research
Future research could involve the use of additional bioassays in examining the

possible toxic effects of exposing goldfish to treated municipal wastewater or reuse
water. The induction, suppression or even consistent expression of genes compared to
control fish may help shed light onto the effects of xenobiotic mixtures on an animal’s
physiology. For example, the relative expression level of additional immunologically
relevant genes could be examined in the head kidney or other tissues. These genes could
include inducible nitric oxide synthase (iNOS), the enzyme responsible for the production
of nitric oxide - a reactive nitrogen metabolite involved in innate immunity and
antimicrobial activity. Several other cytokines could also be examined, including the
pro-inflammatory cytokine IL-1, or IL-10, a cytokine involved in the formation of a Ty2
humoral response. My laboratory also has primers available for transforming growth
factor beta (TGF@), a cytokine involved in controlling an immune response through
inhibiting the growth of certain cell types. Furthermore, the expression of the ligand for
CSF-1R, M-CSF, could be analysed to help determine whether the induction of CSF-1R
could have been due to an increase in M-CSF expression.

Alternatively, a DNA microarray, as developed for the closely related common
carp [Cypinus carpio (166)], could be used to simultaneously screen the relative
expression levels of a large number of genes in wastewater-exposed goldfish compared to
unexposed fish. This could allow us to have an increased understanding of the
interactions of hundreds of genes simultaneously compared to examining individual
genes alone. If interesting trends were then observed, the expression of individual genes
could be more closely examined using tradition semi-quantitative RT-PCR techniques or
real-time PCR.

One of the limitations of using PCR techniques is that the actual protein
expression or biological activity of the target genes is often not known. However, my

laboratory has available the proper equipment and techniques to determine the prevalence

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of CSF-1R protein on the surface of fish immune cells from fish exposed to wastewater
using fluorescently labeled anti-CSF-1R antibodies and flow cytometry. This technique
would allow us to examine if wastewater treatment or the length of exposure impact the
relative proportion of monocytic lineage cells in the leukocyte population compared to
control fish, as the expression of this receptor has been shown to increase as cells
progress from monocytes to macrophages (177).

Studies have demonstrated the inhibitory effects of xenobiotic exposure on a
variety of immunological parameters that may also be potentially studied in goldfish
exposed to municipal wastewater (4; 6). These parameters include serum lysozyme
activity, which measures the activity of antimicrobial enzymes (132; 136), and the
production of reactive oxygen intermediates (192; 183; 207). Reactive oxygen
intermediates can indicate the relative activity of immune cells and, when produced in
excess, result in increased peroxidative damage in tissues. Other biomarkers may also be
used to determine effluent-induced physiological changes in goldfish. Fish can become
immunosuppressed when exposed to environmental stressors. In periods of stress, the
metabolic activity of fish is elevated during which glucose is one of the primary sources
of fuel (208). Consequently, the relative plasma glucose or liver glycogen levels may
shed insight into the effects of wastewater exposure on chronic stress within these fish.

In addition to measuring the concentration of inducible reproductive proteins such
as Vtg, physiological effects of EDCs within municipal wastewater may be measured in a
more subtle and sensitive manner by radioimmunoassay (RIA) of reproductive hormones
or cholesterol. For example, RIA has been used to successfully detect changes in plasma
testosterone in goldfish following exposure to the phytoestrogen beta-sitosterol (209).

Another common bioassay that could be used in future studies is the accumulation
of xenobiotics within wastewater-exposed fish. The NSAID diclofenac was found to
bioaccumulate in a dose-dependant manner in the liver of rainbow trout exposed to this
pharmaceutical for 28 days (19). This bioaccumulation has also been observed in other
fish species exposed to different pharmaceutical compounds. Goldfish exposed to the
lipid regulating drug gemfibrozil at environmentally relevant concentrations had
bioconcentration factors of 113 times that found in the surrounding water, and this

bioaccumulation was linked to parallel physiological changes in the fish (116). Due to
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the presence of PPCP compounds in the FE and MF wastewater samples in this study, gas
chromatography/ mass spectrometry of various tissue from goldfish exposed to municipal
wastewater could allow us to more closely predict what, if any bioaccumulation occurs in
chronically exposed organisms in the environment and if accumulation of PPCPs or other
xenobiotics are linked to physiological effects within these fish. Furthermore, the
presence of xenobiotics in the tissues of fish may lend insight to chemicals that the fish
was previously exposed to — compounds that may have not been detected in periodic
chemical analysis of wastewater samples.

Another method used to remove xenobiotics from sewage wastewater, ozonation,
has been show to reduce PPCPs and EDCs concentrations by as much as >90% over the
influent values (210). In addition to reducing the concentration of these compounds, the
biological effects of wastewater exposure may also be reduced by ozonation. Estrogenic
activity in primary or secondary municipal effluent has been shown to be reduced to
extremely low levels following ozonation, as measured using in vitro methodology (211;
212). Reductions in the toxic effects elicited by municipal wastewater exposure may
also be observed using animal models in vivo. Gagné et al. (213) exposed of freshwater
mussels (Elliptio complanata) using a real-time flow system to different dilutions of
primary treated sewage effluent or to ozonated effluent. Ozonation either reduced the
intensity of the toxic response or resulted in an increase in the concentration of effluent
required to elicit a statistically significant response in the mussels. However, the authors
did find that lipid peroxidation was increased in the gills of mussels exposed to ozonated
effluent, suggesting that ozonation may increase oxidative stress within these animals.
Future research could compare the ability of ozonation versus activated carbon
adsorption in reducing chemical contaminants from municipal wastewater, and these
technologies’ effects on physiological changes in exposed goldfish.

The use of real-time flow-through exposure conditions allows us to determine the
overall net effects of municipal final effluent and reuse water on goldfish physiology.
The ability of goldfish to act as biosentinel organisms for xenobiotics in municipal
wastewater, as shown through my studies, will greatly enhance our ability to assess the
efficacy of new chemical removal technologies on a variety of whole animal

physiological parameters — ranging from xenobiotic removal to endocrine disrupting
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compounds or even an animal’s immune response, with the potential for many other
toxicological assays to be tested within this system. Consequently, through studies such
as this, we may be able to determine the most efficient way to ensure that treated
municipal wastewater or reuse water has the minimum impact upon exposed organisms

and future generations.

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER NINE

LITERATURE CITED

1. Daughton CG & Ternes TA (1999). Pharmaceuticals and personal care products in the
environment: agents of subtle change? Environ Health Perspect 107 Suppl 6, 907-
938.

2. Heberer T (2002). Occurrence, fate, and removal of pharmaceutical residues in the
aquatic environment: a review of recent research data. Toxicol Lett 131, 5-17.

3. Falconer IR, Chapman HF, Moore MR & Ranmuthugala G (2006). Endocrine-
disrupting compounds: a review of their challenge to sustainable and safe water
supply and water reuse. Environ Toxicol 21, 181-191.

4. Zelikoff JT (1998). Biomarkers of immunotoxicity in fish and other non-mammalian
sentinel species: predictive value for mammals? Toxicology 129, 63-71.

5. Whyte JJ, Jung RE, Schmitt CJ & Tillitt DE (2000). Ethoxyresorufin-O-deethylase
(EROD) activity in fish as a biomarker of chemical exposure. Crit Rev Toxicol
30, 347-570.

6. Zelikoff JT, Raymond A, Carlson E, Li Y, Beaman JR & Anderson M (2000).
Biomarkers of immunotoxicity in fish: from the lab to the ocean. Toxicol Lett
112-113, 325-331.

7. Bols NC, Brubacher JL, Ganassin RC & Lee LE (2001). Ecotoxicology and innate
immunity in fish. Dev Comp Immunol 25, 853-873.

8. Fent K, Weston AA & Caminada D (2006). Ecotoxicology of human pharmaceuticals.
Aquat Toxicol 76, 122-159.

9. Ogoshi M, Suzuki Y & Asano T (2001). Water reuse in Japan. Water Sci Technol 43,
17-23.

10. Drewes JE, Heberer T & Reddersen K (2002). Fate of pharmaceuticals during indirect
potable reuse. Water Sci Technol 46, 73-80.

11. Hattingh WH & Bourne DE (1989). Research on the health implications of the use of
recycled water in South Africa. S Afr Med J 76, 7-10.

12. Heberer T & Stan HJ (1997). Determination of clofibric acid and N-(Phenylsulfonyl)-
Sarcosine in sewage, river and drinking water. Int J Environ Anal Chem 67, 113-
124.

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Vieno NM, Tuhkanen T & Kronberg L (2005). Seasonal variation in the occurrence
of pharmaceuticals in effluents from a sewage treatment plant and in the recipient
water. Environ Sci Technol 39, 8220-8226.

Ternes T (1998). Occurrence of drugs in German sewage treatment plants and rivers.
Water Res 32, 3245-3260.

Ternes TA, Kreckel P & Mueller J (1999). Behaviour and occurrence of estrogens in
municipal sewage treatment plants--II. Aerobic batch experiments with activated
sludge. Sci Total Environ 225, 91-99.

Metcalfe CD, Koenig BG, Bennie DT, Servos M, Ternes TA & Hirsch R (2003).
Occurrence of neutral and acidic drugs in the effluents of Canadian sewage
treatment plants. Environ Toxicol Chem 22, 2872-2880.

Kollner B, Wasserrab B, Kotterba G & Fischer U (2002). Evaluation of immune
functions of rainbow trout (Oncorhynchus mykiss)--how can environmental
influences be detected? Toxicol Lett 131, 83-95.

Hutchinson TH, Ankley GT, Segner H & Tyler CR (2006). Screening and testing for
endocrine disruption in fish-biomarkers as "signposts," not "traffic lights," in risk
assessment. Environ Health Perspect 114 Suppl 1, 106-114.

Schwaiger J, Ferling H, Mallow U, Wintermayr H & Negele RD (2004). Toxic
effects of the non-steroidal anti-inflammatory drug diclofenac. Part I:
histopathological alterations and bioaccumulation in rainbow trout. Aquat Toxicol
68, 141-150.

Triebskorn R, Casper H, Heyd A, Eikemper R, Kohler HR & Schwaiger J (2004).
Toxic effects of the non-steroidal anti-inflammatory drug diclofenac. Part II:
cytological effects in liver, kidney, gills and intestine of rainbow trout
(Oncorhynchus mykiss). Aquat Toxicol 68, 151-166.

Wong CK, Yeung HY, Cheung RY, Yung KK & Wong MH (2000). Ecotoxicological
assessment of persistent organic and heavy metal contamination in Hong Kong
coastal sediment. Arch Environ Contam Toxicol 38, 486-493.

Sakamoto KQ, Nakai K, Aoto T, Yokoyama A, Ushikoshi R, Hirose H, Ishizuka M,
Kazusaka A & Fujita S (2003). Cytochrome p450 induction and gonadal status
alteration in common carp (Cyprinus carpio) associated with the discharge of
dioxin contaminated effluent to the Hikiji River, Kanagawa Prefecture, Japan.
Chemosphere 51, 491-500.

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rodgers-Gray TP, Jobling S, Kelly C, Morris S, Brighty G, Waldock MJ, Sumpter JP
& Tyler CR (2001). Exposure of juvenile roach (Rutilus rutilus) to treated sewage
effluent induces dose-dependent and persistent disruption in gonadal duct
development. Environ Sci Technol 35, 462-470.

Sole M, Raldua D, Barcelo D & Porte C (2003). Long-term exposure effects in
vitellogenin, sex hormones, and biotransformation enzymes in female carp in
relation to a sewage treatment works. Ecotoxicol Environ Saf 56, 373-380.

Aravindakshan J, Paquet V, Gregory M, Dufresne J, Fournier M, Marcogliese DJ &
Cyr DG (2004). Consequences of xenoestrogen exposure on male reproductive
function in spottail shiners (Notropis hudsonius). Toxicol Sci 78, 156-165.

Spano L, Tyler CR, van Aerle R, Devos P, Mandiki SN, Silvestre F, Thome JP &
Kestemont P (2004). Effects of atrazine on sex steroid dynamics, plasma
vitellogenin concentration and gonad development in adult goldfish (Carassius
auratus). Aquat Toxicol 66, 369-379.

Arkoosh MR, Clemons E, Myers M & Casillas E (1994). Suppression of B-cell
mediated immunity in juvenile chinook salmon (Oncorhynchus tshawytscha) after
exposure to either a polycyclic aromatic hydrocarbon or to polychlorinated
biphenyls. Immunopharmacol Immunotoxicol 16, 293-314.

Zelikoff JT, Li Y, Carlson E & Raymond A (1998). The immune response of fish: a
sensitive indicator of permethrin toxicity. Soc Environ Toxicol Chem 19, 249.

Beaman JR, Finch R, Gardner H, Hoffmann F, Rosencrance A & Zelikoff JT (1999).
Mammalian immunoassays for predicting the toxicity of malathion in a laboratory
fish model. J Toxicol Environ Health A 56, 523-542.

Carlson EA, Li Y & Zelikoff JT (2002). Exposure of Japanese medaka (Oryzias
latipes) to benzo[a]pyrene suppresses immune function and host resistance
against bacterial challenge. Aquat Toxicol 56, 289-301.

Chen X, Yao G & Hou Y (2005). Pentachlorophenol reduces B lymphocyte function
through proinflammatory cytokines in Carassius auratus. Food Chem Toxicol 43,
239-245.

Ma T, Wan X, Huang Q, Wang Z & Liu J (2005). Biomarker responses and
reproductive toxicity of the effluent from a Chinese large sewage treatment plant
in Japanese medaka (Oryzias latipes). Chemosphere 59, 281-288.

Chen Z, Grasby SE, Osadetz KG & Fesko P (2006). Historical climate and stream
flow trends and future water demand analysis in the Calgary region, Canada.
Water Sci Technol 53, 1-11.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Asano T (2002). Water from (waste)water--the dependable water resource. Water Sci
Technol 45, 24-33.

Kinney CA, Furlong ET, Werner SL & Cahill JD (2006). Presence and distribution of
wastewater-derived pharmaceuticals in soil irrigated with reclaimed water.
Environ Toxicol Chem 25, 317-326.

Jansen HP, Stenstrom MK & de Koning J (2007). Development of indirect potable
reuse in impacted areas of the United States. Water Sci Technol 55, 357-366.

Jiminez B & Chavez A (2004). Quality assesment of an aquifer recharged with
wastewater for its potential use as drinking source: "El Mezquital Valley" case.
Water Sci Technol 150, 269-276.

De Feo G, Galasso M & Belgiorno V (2007). Groundwater recharge in an endoreic
basin with reclaimed municipal wastewater. Water Sci Technol 55, 449-457.

Zhang Y, Chen X, Zheng X, Zhao J, Sun Y, Zhang X, Ju Y, Shang W & Liao F
(2007). Review of water reuse practices and development in China. Water Sci
Technol 55, 495-502.

Chiou RJ, Chang TC & Ouyang CF (2007). Aspects of municipal wastewater
reclamation and reuse for future water resource shortages in Taiwan. Water Sci
Technol 55, 397-405.

Lahnsteiner J & Lempert G (2007). Water management in Windhoek, Namibia.
Water Sci Technol 55, 441-448.

Snyder SA, Villeneuve DL, Snyder EM & Giesy JP (2001). Identification and
quantification of estrogen receptor agonists in wastewater effluents. Environ Sci
Technol 35, 3620-3625.

Pedersen JA, Soliman M & Suffet IH (2005). Human pharmaceuticals, hormones, and
personal care product ingredients in runoff from agricultural fields irrigated with
treated wastewater. J Agric Food Chem 53, 1625-1632.

Milston RH, Fitzpatrick MS, Vella AT, Clements S, Gundersen D, Feist G, Crippen
TL, Leong J & Schreck CB (2003). Short-term exposure of Chinook salmon
(Oncoryhnchus tshawytscha) to 0,p-DDE or DMSO during early life-history
stages causes long-term humoral immunosuppression. Environ Health Perspect
111, 1601-1607.

Lin LL & Janz DM (2006). Effects of binary mixtures of xenoestrogens on gonadal
development and reproduction in zebrafish. Aquat Toxicol 80, 382-395.

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Fatima M, Mandiki SN, Douxfils J, Silvestre F, Coppe P & Kestemont P (2007).
Combined effects of herbicides on biomarkers reflecting immune-endocrine

interactions in goldfish Immune and antioxidant effects. Aquat Toxicol 81, 159-
167.

Gravel A & Vijayan MM (2007). Non-steroidal anti-inflammatory drugs disrupt the
heat shock response in rainbow trout. Aquat Toxicol 81, 197-206.

Chapman H (2003). Removal of endocrine disruptors by tertiary treatments and
constructed wetlands in subtropical Australia. Water Sci Technol 47, 151-156.

Bendz D, Paxeus NA, Ginn TR & Loge FJ (2005). Occurrence and fate of
pharmaceutically active compounds in the environment, a case study: Hoje River
in Sweden. J Hazard Mater 122, 195-204.

Zuccato E, Castiglioni S, Fanelli R, Metcalfe CD, Koenig BG, Bennie DT, Servos M,
Ternes TA, Hirsch R, Miao XS, Struger J, Reitano G, Bagnati R, Chiabrando C,
Pomati F, Rossetti C, Calamari D, Bendz D, Paxeus NA, Ginn TR, Loge FJ,
Heberer T, Stumpf M, Wilken RD, Rodrigues SV, Baumann W, Drewes JE,
Reddersen K, Halling-Sorensen B, Nors Nielsen S, Lanzky PF, Ingerslev F,
Holten Lutzhoft HC, Jorgensen SE, Clara M, Strenn B, Ausserleitner M,
Kreuzinger N & Feldmann D (2005). Identification of the pharmaceuticals for
human use contaminating the Italian aquatic environment. J Hazard Mater 122,
205-209.

Gagne F, Blaise C, Aoyama I, Luo R, Gagnon C, Couillard Y, Campbell P & Salazar
M (2002). Biomarker study of a municipal effluent dispersion plume in two
species of freshwater mussels. Environ Toxicol 17, 149-159.

Clara M, Strenn B & Kreuzinger N (2004). Carbamazepine as a possible
anthropogenic marker in the aquatic environment: investigations on the behaviour
of Carbamazepine in wastewater treatment and during groundwater infiltration.
Water Res 38, 947-954.

Holm JV, Rugge K, Bjerg PL & Christensen TH (1995). Occurrence and distribution
of pharmaceutical organic compounds in the groundwater downgradient of a
landfill (Grindsted, Denmark). Environ Sci Technol 29, 1414-1420.

Boxall AB, Fogg LA, Blackwell PA, Kay P, Pemberton EJ & Croxford A (2004).
Veterinary medicines in the environment. Rev Environ Contam Toxicol 180, 1-

91.

Zhu J, Schmidt DR, Randall GW & Morey RV (2000). Seepage from deep bedded
and poultry litter systems. J Environ Sci Health B 35, 585-598.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56. Orlando EF, Kolok AS, Binzcik GA, Gates JL, Horton MK, Lambright CS, Gray LE,
Jr., Soto AM & Guillette LJ, Jr. (2004). Endocrine-disrupting effects of cattle

feedlot effluent on an aquatic sentinel species, the fathead minnow. Environ
Health Perspect 112, 353-358.

57. Panter GH, Thompson RS, Beresford N & Sumpter JP (1999). Transformation of a
non-oestrogenic steroid metabolite to an oestrogenically active substance by
minimal bacterial activity. Chemosphere 38, 3579-3596.

58. Stumpf M, Ternes TA, Wilken RD, Rodrigues SV & Baumann W (1999). Polar drug
residues in sewage and natural waters in the state of Rio de Janeiro, Brazil. Sci
Total Environ 225, 135-141.

59. Sosiak A & Hebben T (2005). A preliminary survey of pharmaceuticals and
endocrine disrupting compounds in treated municipal wastewaters and receiving
rivers of Alberta. ed. Branch Emae, pp. 1-52. Alberta Environment.

60. Hua WY, Bennett ER, Maio XS, Metcalfe CD & Letcher RJ (2006). Seasonality
effects on pharmaceuticals and s-triazine herbicides in wastewater effluent and
surface water from the Canadian side of the upper Detroit River. Environ Toxicol
Chem 25, 2356-2365.

61. Insel PA (1990). Analgesic-antipyretics and antiinflammatory agents: Drugs
employed in the treatment of rheumatoid arthritis and gout. Pergamon Press
Canada Ltd., Toronto.

62. Wallace JL (1999). Distribution and expression of cyclooxygenase (COX)
isoenzymes, their physiological roles, and the categorization of nonsteroidal anti-
inflammatory drugs (NSAIDs). Am J Med 107, 118-16S; discussion 16S-17S.

63. Bertolini A, Ottani A & Sandrini M (2001). Dual acting anti-inflammatory drugs: a
reappraisal. Pharmacol Res 44, 437-450.

64. Ternes TA, Stumpf M, Mueller J, Haberer K, Wilken RD & Servos M (1999).
Behavior and occurrence of estrogens in municipal sewage treatment plants--1.
Investigations in Germany, Canada and Brazil. Sci Total Environ 225, 81-90.

65. Clara M, Strenn B, Ausserleitner M & Kreuzinger N (2004). Comparison of the
behaviour of selected micropollutants in a membrane bioreactor and a
conventional wastewater treatment plant. Water Sci Technol 50, 29-36.

66. Metcalfe CD, Miao XS, Koenig BG & Struger J (2003). Distribution of acidic and
neutral drugs in surface waters near sewage treatment plants in the lower Great
Lakes, Canada. Environ Toxicol Chem 22, 2881-2889.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Heberer T & Feldmann D (2005). Contribution of effluents from hospitals and private
households to the total loads of diclofenac and carbamazepine in municipal
sewage effluents--modeling versus measurements. J Hazard Mater 122, 211-218.

Calamari D, Zuccato E, Castiglioni S, Bagnati R & Fanelli R (2003). Strategic survey
of therapeutic drugs in the Rivers Po and Lambro in Northern Italy. Environ Sci
Technol 37, 1241-1248.

Kreuzinger N, Clara M, Strenn B & Kroiss H (2004). Relevance of the sludge
retention time (SRT) as design criteria for wastewater treatment plants for the
removal of endocrine disruptors and pharmaceuticals from wastewater. Water Sci
Technol 50, 149-156.

Oros DR, Jarman WM, Lowe T, David N, Lowe S & Davis JA (2003). Surveillance
for previously unmonitored organic contaminants in the San Francisco Estuary.
Mar Pollut Bull 46, 1102-1110.

CEPA (1999). Canadian Environmental Protection Act, Part 3: Information gathering,
guidlelines and codes of practice. ed. Canada, Department of Justice.

Balaguer P, Joyeux A, Denison MS, Vincent R, Gillesby BE & Zacharewski T
(1996). Assessing the estrogenic and dioxin-like activities of chemicals and
complex mixtures using in vitro recombinant receptor-reporter gene assays. Can J
Physiol Pharmacol 74, 216-222.

Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der
Burg B & Gustafsson JA (1998). Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor beta. Endocrinology 139, 4252-4263.

Desbrow C, Routledge EJ, Brighty G, Sumpter JP & Waldock MJ (1998).
Identification of estrogenic chemicals in STW effluent. 1. Chemical fractioning
and in vitro biological screening. Environ Sci Technol 32, 1549-1558.

Fernandez MP, Ikonomou MG & Buchanan I (2007). An assessment of estrogenic
organic contaminants in Canadian wastewaters. Sci Total Environ 373, 250-269.

Croll BT (1991). Pesticides in surface waters and groundwaters. J Inst Wat Environ
Manag 5, 389-395.

Dunier M & Siwicki AK (1993). Effects of pesticides and other organic pollutants in

the aquatic environment on immunity of fish: a review. Fish Shellfish Immunol 3,
423-438.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Matthiessen P, Sheahan D, Harrison R, Kirby M, Rycroft R, Turnbull A, Volkner C
& Williams R (1995). Use of a Gammarus pulex bioassay to measure the effects
of transient carbofuran runoff from farmland. Ecotoxicol Environ Safe 30, 111-
119.

Kirk LA, Tyler CR, Lye CM & Sumpter JP (2002). Changes in estrogenic and
androgenic activities at different stages of treatment in wastewater treatment
works. Environ Toxicol Chem 21, 972-979.

Svenson A & Allard AS (2004). Occurrence and some properties of the androgenic
activity in municipal sewage effluents. J Environ Sci Health A Tox Hazard Subst
Environ Eng 39, 693-701.

Albert LA & Badillo F (1991). Environmental lead in Mexico. Rev Environ Contam
Toxicol 117, 1-49.

Cheng S (2003). Heavy metal pollution in China: origin, pattern and control. Environ
Sci Pollut Res Int 10, 192-198.

Eisler R (2004). Mercury hazards from gold mining to humans, plants, and animals.
Rev Environ Contam Toxicol 181, 139-198.

Sharma OP, Bangar KS, Jain R & Sharma PK (2004). Heavy metals accumulation in
soils irrigated by municipal and industrial effluent. J Environ Sci Eng 46, 65-73.

Wang Q, Kim D, Dionysiou DD, Sorial GA & Timberlake D (2004). Sources and
remediation for mercury contamination in aquatic systems--a literature review.
Environ Pollut 131, 323-336.

Paoliello MM & De Capitani EM (2005). Environmental contamination and human
exposure to lead in Brazil. Rev Environ Contam Toxicol 184, 59-96.

Jarup L (2003). Hazards of heavy metal contamination. Br Med Bull 68, 167-182.

Chambers PA, Allard M, Walker SL, Marsalek J, Lawrence J, Servos M, Busnarda J,
Munger KS, Jeffereson C, Kent RA, Wong MP & Adare K (1997). Impacts of
municipal wastewater effluents on Canadian waters: a review. Water Qual Res J
Can 32, 659-713.

Pham T-T, Proulx S, Brochu C & Moore S (1999). Composition of PCBs and PAHs
in the Montreal Urban Community wastewater and in the surface water of the St.
Lawrence River (Canada). Water Air Soil Poll 111, 251-270.

Grung M, Lichtenthaler R, Ahel M, Tollefsen KE, Langford K & Thomas KV (2007).

Effects-directed analysis of organic toxicants in wastewater effluent from Zagreb,
Croatia. Chemosphere 67, 108-120.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91. Pavoni B, Berto D, Rigoni M & Salizzato M (2000). Micropollutants and organic
carbon concentrations in surface and deep sediments in the Tunisian coast near
the city of Sousse. Mar Environ Res 49, 177-196.

92. Stevens J, Green NJ & Jones KC (2001). Survey of PCDD/Fs and non-ortho PCBs in
UK sewage sludges. Chemosphere 44, 1455-1462.

93. Shugart LR, McCarthy JF & Halbrook RS (1992). Biological markers of
environmental and ecological contamination: an overview. Risk Anal 12, 353-
360.

94. Melancon MJ (1995). Bioindicators used in aquatic and terrestrial monitoring. CRC
Press, Boca Raton.

95. Altenburger R, Backhaus T, Boedeker W, Faust M, Scholze M & Grimme LH (2000).
Predictability of the toxicity of multiple chemical mixtures to Vibrio fischeri:

mixtures composed of similarly acting chemicals. Environ Toxicol and Chem 19,
2341-2347.

96. Cleuvers M (2004). Mixture toxicity of the anti-inflammatory drugs diclofenac,
ibuprofen, naproxen, and acetylsalicylic acid. Ecotoxicol Environ Saf 59, 309-
315.

97. Schmitt-Jansen M, Bartels P, Adler N & Altenburger R (2006). Phytotoxicity
assessment of diclofenac and its phototransformation products. Anal Bioanal
Chem 387, 1389-1396.

98. Fairbairn DW, Olive PL & O'Neill K (1995). The comet assay: A comprehensive
review. Mut Res 339, 37-59.

99. Nehls S & Segner H (2005). Comet asay with the fish cell line Rainbow Trout
Gonad-2 for in vitro genotoxicity testing of xenobiotics and surface waters.
Environ Toxicol and Chem 24, 2078-2087.

100. Korner W, Hanf V, Schuller W, Kempter C, Metzger J] & Hagenmaier H (1999).
Development of a sensitive E-screen assay for quantitative analysis of estrogenic
activity in municipal sewage plant effluents. Sci Total Environ 225, 33-48.

101. Soto AM, Sonnenschein C, Chung KL, Fernandez MF, Olea N & Serrano FO
(1995). The E-SCREEN assay as a tool to identify estrogens: an update on

estrogenic environmental pollutants. Environ Health Perspect 103 Suppl 7, 113-
122.

102. Baker VA (2001). Endocrine disrupters--testing strategies to assess human hazard.
Toxicol In Vitro 15, 413-419.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103. Bernhardt R (1996). Cytochrome P450: structure, function, and generation of
reactive oxygen species. Rev Physiol Biochem Pharmacol 127, 137-221.

104. Stegeman JJ & Hahn ME (1994). Biochemistry and molecular biology of
monoxygenases: current perspectives of forms, functions, and regulation of
cytochrome P450 in aquatic species. Lewis Publishers, Boca Raton.

105. Andersson T & Forlin L (1992). Regulation of the cytochrome P450 enzyme system
in fish. Aquat Toxicol 24, 1-20.

106. Guengerich FP & Leibler DC (1985). Enzymatic action of chemicals to toxic
metabolites. Crit Rev Toxicol 14, 259-307.

107. Nebert DW, Puga A & Vasiliou V (1993). Role of the Ah receptor and the dioxin-
inducible [Ah] gene battery in toxicity, cancer, and signal transduction. Ann N 'Y
Acad Sci 685, 624-640.

108. Laville N, Ait-Aissa S, Gomez E, Casellas C & Porcher JM (2004). Effects of
human pharmaceuticals on cytotoxicity, EROD activity and ROS production in
fish hepatocytes. Toxicology 196, 41-55.

109. Thibaut R, Schnell S & Porte C (2006). The interference of pharmaceuticals with
endogenous and xenobiotic metabolizing enzymes in carp liver: an in-vitro study.
Environ Sci Technol 40, 5154-5160.

110. Cheung AP, Lam TH & Chan KM (2004). Regulation of Tilapia metallothionein
gene expression by heavy metal ions. Mar Environ Res 58, 389-394.

111. Parrott JL & Blunt BR (2005). Life-cycle exposure of fathead minnows (Pimephales
promelas) to an ethinylestradiol concentration below 1 ng/L reduces egg
fertilization success and demasculinizes males. Environ Toxicol 20, 131-141.

112. Sumpter JP & Jobling S (1995). Vitellogenesis as a biomarker for estrogenic
contamination of the aquatic environment. Environ Health Perspect 103 Suppl 7,
173-178.

113. Pappas P, Stephanou P, Vasiliou V & Marselos M (1998). Anti-inflammatory agents
and inducibility of hepatic drug metabolism. Eur J Drug Metab Pharmacokinet 23,
457-460.

114. Gravel A & Vijayan MM (2006). Salicylate disrupts interrenal steroidogenesis and
brain glucocorticoid receptor expression in rainbow trout. Toxicol Sci 93, 41-49.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115. Mimeault C, Trudeau VL & Moon TW (2006). Waterborne gemfibrozil challenges
the hepatic antioxidant defense system and down-regulates peroxisome
proliferator-activated receptor beta (PPARbeta) mRNA levels in male goldfish
(Carassius auratus). Toxicology 228, 140-150.

116. Mimeault C, Woodhouse AJ, Miao XS, Metcalfe CD, Moon TW & Trudeau VL
(2005). The human lipid regulator, gemfibrozil bioconcentrates and reduces
testosterone in the goldfish, Carassius auratus. Aquat Toxicol 73, 44-54.

117. Gagne F, Blaise C & Andre C (2006). Occurrence of pharmaceutical products in a
municipal effluent and toxicity to rainbow trout (Oncorhynchus mykiss)
hepatocytes. Ecotoxicol Environ Saf 64, 329-336.

118. Schwaiger J, Spieser OH, Bauer C, Ferling H, Mallow U, Kalbfus W & Negele RD
(2000). Chronic toxicity of nonylphenol and ethinylestradiol: haematological and
histopathological effects in juvenile Common carp (Cyprinus carpio). Aquat
Toxicol 51, 69-78.

119. Bjerselius R, Lundstedt-Enkel K, Olsen H, Mayer I & Dimberg K (2001). Male
goldfish reproductive behaviour and physiology are severely affected by
exogenous exposure to 17beta-estradiol. Aquat Toxicol 53, 139-152.

120. Hirai N, Nanba A, Koshio M, Kondo T, Morita M & Tatarazako N (2006).
Feminization of Japanese medaka (Oryzias latipes) exposed to 17-beta estradiol:
Effect of exposure period on spawning performance in sex-transformed females.
Aquat Toxicol 79, 288-295.

121. Struve J, Hasselberg L, Falth H, Celander M & Forlin L (2006). Effects of North
Sea oil and alkylphenols on biomarker responses in juvenile Atlantic cod (Gadus
morhua). Aquat Toxicol 78S, S73-78.

122. Arkoosh MR, Casillas E, Clemons E, Kagley AN, Olson R, Reno P & Stein JE
(1998). Effects of pollution on fish diseases: Potential impacts on salmonid
populations. Journal of Aquatic Animal Health 10, 182-190.

123. Sures B & Knopf K (2004). Individual and combined effects of cadmium and
3,3',4,4',5-pentachlorobiphenyl (PCB 126) on the humoral immune response in
European eel (4nguilla anguilla) experimentally infected with larvae of
Anguillicola crassus (Nematoda). Parasitology 128, 445-454.

124. Anderson MJ, Barron MG, Diamond SA, Lipton J & Zelikoff JT, ed (1997).
Biomarkers selection for restoration monitoring of fishery resources. , vol. 6.
ASTM STP.

125. Boudou A & Ribeyre F (1997). Aquatic ecotoxicology: from the ecosystem to the
cellular and molecular levels. Environ Health Perspect 105 Suppl 1, 21-35.

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



126. Lock RA & van Overbeeke AP (1981). Effects of mercuric chloride and
methylmercuric chloride on mucus secretion in rainbow trout, Salmo gairdneri
Richardson. Comp Biochem Physiol C 69C, 67-73.

127. Fulladosa E, Deane E, Ng AH, Woo NY, Murat JC & Villaescusa I (2006). Stress
proteins induced by exposure to sublethal levels of heavy metals in sea bream
(Sparus sarba) blood cells. Toxicol In Vitro 20, 96-100.

128. Hoeger B, van den Heuvel MR, Hitzfeld BC & Dietrich DR (2004). Effects of
treated sewage effluent on immune function in rainbow trout (Oncorhynchus
mykiss). Aquat Toxicol 70, 345-355.

129. Diniz MS, Peres I, Magalhaes-Antoine I, Falla J & Pihan JC (2005). Estrogenic
effects in crucian carp (Carassius carassius) exposed to treated sewage effluent.
Ecotoxicol Environ Saf 62, 427-435.

130. Hoger B, Taylor S, Hitzfeld B, Dietrich DR & van den Heuvel MR (2006).
Stimulation of reproductive growth in rainbow trout (Oncorhynchus mykiss)
following exposure to treated sewage effluent. Environ Toxicol Chem 25, 2753-
2759.

131. Bjerregaard LB, Madsen AH, Korsgaard B & Bjerregaard P (2006). Gonad
histology and vitellogenin concentrations in brown trout (Salmo trutta) from
Danish streams impacted by sewage effluent. Ecotoxicology 15, 315-327.

132. Price MA, Jurd RD & Mason CF (1997). A field investigation into the effect of
sewage effluent and general water quality on selected immunological indicators in
carp (Cyprinus carpio). Fish and Shellfish Immunology 7, 193-207.

133. Katuka I (1997). Effect of sewage on blood parameters and the resistance against
bacterial infection of goldfish, Carassius auratus. Environ Toxicol Water Qual
12, 43-51.

134. Burkhardt-Holm P, Escher M & Meier W (1997). Waste-water management plant
effluents cause cellular alterations in the skin of brown trout. J Fish Biol 50, 744-
758.

135. Hoeger B, Koellner B, Kotterba G, van den Heuvel MR, Hitzfeld B & Dietrich DR
(2004). Influence of chronic exposure to treated sewage effluent on the
distribution of white blood cell populations in rainbow trout (Oncorhynchus
mykiss) spleen. Toxicol Sci 82, 97-105.

136. Hoeger B, Hitzfeld B, Kollner B, Dietrich DR & van den Heuvel MR (2005). Sex
and low-level sampling stress modify the impacts of sewage effluent on the
rainbow trout (Oncorhynchus mykiss) immune system. Aquat Toxicol 73, 79-90.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137. Neumann NF & Belosevic M (1996). Deactivation of primed respiratory burst
response of goldfish macrophages by leukocyte-derived macrophage activating
factor(s). Dev Comp Immunol 20, 427-439.

138. Wang R & Belosevic M (1994). Cultivation of Trypanosoma danilewskyi (Laveran
& Mesnil, 1904) in serum-free medium and assessment of the course of infection
in goldfish, Carassius auratus (L.). J Fish Diseases 17, 47-56.

139. Bienek DR & Belosevic M (1997). Comparative assessment of growth of
Trypanosoma danilewskyi (Laveran & Mesnil) in medium containing fish or
mammalian serum. J Fish Dis 20, 217-221.

140. Heberer T (2002). Tracking persistent pharmaceutical residues from municipal
sewage to drinking water. J Hydrol 266, 179-189.

141. Ghosh PK & Philip L (2005). Performance evaluation of waste activated carbon on
atrazine removal from contaminated water. J Environ Sci Health B 40, 425-441.

142. Battaglin WA & Goolsby DA (1999). Are shifts in herbicide use reflected in
concentration changes in midwestern rivers? Environ Sci Technol 33, 2917-2925.

143. Buerge, 11, Poiger T, Muller MD & Buser HR (2003). Caffeine, an anthropogenic
marker for wastewater comtamination of surface waters. Environ Sci Technol 37,
691-700.

144. Tixier C, Singer HP, Oellers S & Muller SR (2003). Occurrence and fate of
carbamazepine, clofibric acid, diclofenac, ibuprofen, ketoprofen, and naproxen in
surface waters. Environ Sci Technol 37, 1061-1068.

145. Chevre N, Loepfe C, Singer H, Stamm C, Fenner K & Escher BI (2006). Including
mixtures in the determination of water quality criteria for herbicides in surface
water. Environ Sci Technol 40, 426-435.

146. Ternes TA, Meisenheimer M, McDowell D, Sacher F, Brauch HJ, Haist-Gulde B,
Preuss G, Wilme U & Zulei-Seibert N (2002). Removal of pharmaceuticals
during drinking water treatment. Environ Sci Technol 36, 3855-3863.

147. Coors A, Jones PD, Giesy JP & Ratte HT (2003). Removal of estrogenic activity
from municipal waste landfill leachate assessed with a bioassay based on reporter
gene expression. Environ Sci Technol 37, 3430-3434.

148. Kurniawan TA, Chan GY, Lo WH & Babel S (2006). Comparisons of low-cost
adsorbents for treating wastewaters laden with heavy metals. Sci Total Environ
366, 409-426.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149. Kurniawan TA, Lo WH & Chan GY (2006). Physico-chemical treatments for
removal of recalcitrant contaminants from landfill leachate. J Hazard Mater 129,
80-100.

150. Urase T, Salequzzaman M, Kobayashi S, Matsuo T, Yamamoto K & Suzuki N
(1997). Effect of high concentration of organic and inorganic matters in landfill

leachate on the treatment of heavy metals in very low concentration level. Water
Sci Technol 36.

151. Oota S, Murakami T, Takemura K & Noto K (2005). Evaluation of MBR effluent
characteristics for reuse purposes. Water Sci Technol 51, 441-446.

152. Fettig J (1999). Removal of humic substances by adsorption/ion exchange. Water
Sci Technol 40.

153. Goksoyr A & Husoy AM (1998). Immunochemical approaches to studies of CYP1A
localization and induction by xenobiotics in fish. Exs 86, 165-202.

154. Gillesby BE & Zacharewski T (1998). Exoestrogens: mechanisms of action and
strategies for identification and assessment. Environ Toxicol and Chem 17, 3-14.

155. Safe SH & Gaido K (1998). Phytoestrogens and anthropogenic estrogenic
compounds. Environ Toxicol and Chem 17, 119-126.

156. Colavecchia MV, Hodson PV & Parrott JL (2006). CYP1A induction and blue sac
disease in early life stages of white suckers (Catostomus commersoni) exposed to
oil sands. J Toxicol Environ Health A 69, 967-994.

157. Khan RA & Payne JF (2002). Some factors influencing EROD activity in winter
flounder (Pleuronectes americanus) exposed to effluent from a pulp and paper
mill. Chemosphere 46, 235-239.

158. Servos MR, Bennie DT, Burnison BK, Jurkovic A, MclInnis R, Neheli T, Schnell A,
Seto P, Smyth SA & Ternes TA (2005). Distribution of estrogens, 17beta-
estradiol and estrone, in Canadian municipal wastewater treatment plants. Sci
Total Environ 336, 155-170.

159. Holthaus KI, Johnson AC, Jurgens MD, Williams RJ, Smith JJ & Carter JE (2002).
The potential for estradiol and ethinylestradiol to sorb to suspended and bed

sediments in some English rivers. Environ Toxicol Chem 21, 2526-2535.

160. Braga O, Smythe GA, Schafer Al & Feitz AJ (2005). Steroid estrogens in ocean
sediments. Chemosphere 61, 827-833.

161. Zuccato E, Calamari D, Natangelo M & Fanelli R (2000). Presence of therapeutic
drugs in the environment. Lancet 355, 1789-1790.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



162. Koplin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB &
Buxton HT (2002). Pharmaceuticals, hormones, and other organic wastewater
contaminants in U.S. streams, 1999-2000: A national reconnaissance. Environ Sci
Technol 36, 1202-1211.

163. Hu VW, Black GE, Torres-Duarte A & Abramson FP (2002). 3H-thymidine is a
defective tool with which to measure rates of DNA synthesis. Faseb J 16, 1456-
1457.

164. Koskinen H, Pehkonen P, Vehniainen E, Krasnov A, Rexroad C, Afanasyev S,
Molsa H & Oikari A (2004). Response of rainbow trout transcriptome to model
chemical contaminants. Biochem Biophys Res Commun 320, 745-753.

165. Klaper R, Rees CB, Drevnick P, Weber D, Sandheinrich M & Carvan MJ (2006).
Gene expression changes related to endocrine function and decline in
reproduction in fathead minnow (Pimephales promelas) after dietary
methylmercury exposure. Environ Health Perspect 114, 1337-1343.

166. Moens LN, Smolders R, van der Ven K, van Remortel P, Del-Favero J & De Coen
WM (2007). Effluent impact assessment using microarray-based analysis in
common carp: A systems toxicology approach. Chemosphere 67, 2293-2304.

167. Quabius ES, Krupp G & Secombes CJ (2005). Polychlorinated biphenyl 126 affects
expression of genes involved in stress-immune interaction in primary cultures of
rainbow trout anterior kidney cells. Environ Toxicol Chem 24, 3053-3060.

168. Roberts AP, Oris JT, Burton GA, Jr. & Clements WH (2005). Gene expression in
caged fish as a first-tier indicator of contaminant exposure in streams. Environ
Toxicol Chem 24, 3092-3098.

169. Mortensen AS & Arukwe A (2006). The persistent DDT metabolite, 1,1-dichloro-
2,2-bis(p-chlorophenyl)ethylene, alters thyroid hormone-dependent genes, hepatic
cytochrome P4503A, and pregnane X receptor gene expressions in Atlantic
salmon (Salmo salar) Parr. Environ Toxicol Chem 25, 1607-1615.

170. Medzhitov R, Preston-Hurlburt P & Janeway CA, Jr. (1997). A human homologue
of the Drosophila Toll protein signals activation of adaptive immunity. Nature
388, 394-397.

171. Stafford JL, Ellestad KK, Magor KE, Belosevic M & Magor BG (2003). A toll-like

receptor (TLR) gene that is up-regulated in activated goldfish macrophages. Dev

Comp Immunol 27, 685-698.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172. Zou J, Peddie S, Scapigliati G, Zhang Y, Bols NC, Ellis AE & Seacombes CJ
(2003). Functional characterization of the recombinant tumor necrosis factors in
rainbow trout Oncorhynchus mykiss. Dev Comp Immunol 27, 813-822.

173. Garcia-Castillo J, Chaves-Pozo E, Olivares P, Pelegrin P, Meseguer J & Mulero V
(2004). The tumor necrosis factor alpha of the bony fish seabream exhibits the in
vivo proinflammatory and proliferative activities of its mammalian counterparts,
yet it functions in a species-specific manner. Cell Mol Life Sci 61, 1331-1340.

174. MacKenzie S, Planas JV & Goetz FW (2003). LPS-stimulated expression of a tumor
necrosis factor-alpha mRNA in primary trout monocytes and in vitro
differentiated macrophages. Dev Comp Immunol 27, 393-400.

175. Saeij JP, Stet RJ, de Vries BJ, van Muiswinkel WB & Wiegertjes GF (2003).
Molecular and functional characterization of carp TNF: a link between TNF
polymorphism and trypanotolerance? Dev Comp Immunol 27, 29-41.

176. Stanley ER, Berg KL, Einstein DB, Lee PS, Pixley FJ, Wang Y & Yeung YG
(1997). Biology and action of colony-stimulating factor-1. Mol Reprod Dev 46, 4-
10.

177. Stanley ER (1994). Colony stimulating factor-1 (macrophage colony stimulating
factor). Academic Press, London.

178. Barreda DR, Hanington PC, Stafford JL & Belosevic M (2005). A novel soluble
form of the CSF-1 receptor inhibits proliferation of self-renewing macrophages of
goldfish (Carassius auratus L.). Dev Comp Immunol 29, 879-894.

179. Hanington PC, Barreda DR & Belosevic M (2006). A novel hematopoietic granulin
induces proliferation of goldfish (Carassius auratus L.) macrophages. J Biol
Chem 281, 9963-9970.

180. Hoeger B, Kollner B, Dietrich DR & Hitzfeld B (2005). Water-borne diclofenac
affects kidney and gill integrity and selected immune parameters in brown trout
(Salmo trutta f. fario). Aquat Toxicol 75, 53-64.

181. Chen X, Yin D, Hu S & Hou Y (2004). Immunotoxicity of pentachlorophenol on
macrophage immunity and IgM secretion of the crucian carp (Carassius auratus).
Bull Environ Contam Toxicol 73, 153-160.

182. Ackerman PA, Wicks BJ, Iwama GK & Randall DJ (2006). Low levels of

environmental ammonia increase susceptibility to disease in Chinook salmon
smolts. Physiol Biochem Zool 79, 695-707.

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



183. Santos MA, Pacheco M & Ahmad I (2006). Responses of European eel (Anguilla
anguilla L.) circulating phagocytes to an in situ closed pulp mill effluent exposure

and its association with organ-specific peroxidative damage. Chemosphere 63,
794-801.

184. Hook SE, Skillman AD, Small JA & Schultz IR (2006). Temporal changes in gene
expression in rainbow trout exposed to ethynyl estradiol. Comp Biochem Physiol
C Toxicol Pharmacol.

185. Woo PT (1981). Acquired immunity against Trypanosoma danilewskyi in goldfish,
Carassius auratus. Parasitology 83, 343-346.

186. Qadri SS (1962). An experimental study of the life cycle of Trypansoma danilewskyi
in the leech, Hemiclepsis marginata. J Protozool 9, 254-258.

187. Woo PTK & Black GA (1984). Trypanosoma danilewskyi: Host specificity and
host's effect on morphometrics. J Parasitol 70, 788-793.

188. Bienek DR, Plouffe DA, Wiegertjes GF & Belosevic M (2002). Immunization of
goldfish with excretory/secretory molecules of Trypanosoma danilewskyi confers
protection against infection. Dev Comp Immunol 26, 649-657.

189. Bruno DW, Griffiths J, Mitchell CG, Wood BP, Fletcher ZJ, Drobniewski FA &
Hastings TS (1998). Pathology attributed to Mycobacterium chelonae infection

among farmed and laboratory-infected Atlantic salmon Salmo salar. Dis Aquat
Organ 33, 101-109.

190. Butler JR (2002). Wild salmonids and sea louse infestations on the west coast of
Scotland: sources of infection and implications for the management of marine
salmon farms. Pest Manag Sci 58, 595-608; discussion 622-599.

191. Pascoe D & Cram P (1977). The effect of parasitism on the toxicity of cadmium to
the three-spined stickleback, Gaserosteus aculeatus L. J Fish Biol 10, 467-472.

192. Marcogliese DJ, Brambilla LG, Gagne F & Gendron AD (2005). Joint effects of
parasitism and pollution on oxidative stress biomarkers in yellow perch Perca
Sflavescens. Dis Aquat Organ 63, 77-84.

193. Wang R & Belosevic M (1994). Estradiol increases susceptibility of goldfish to
Trypanosoma danilewskyi. Dev Comp Immunol 18, 377-387.

194. Billiard SM & Khan RA (2003). Chronic stress in cunner, Tautogolabrus adspersus,
exposed to municipal and industrial effluents. Ecotoxicol Environ Saf 55, 9-18.

195. Khan RA & Kiceniuk J (1983). Effects of crude oils on the gastrointestinal parasites
of two species of marine fish. J Wildl Dis 19, 253-258.

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



196. Siddall R, Koskivaara M & Valtonen ET (1997). Dactylogyrus (Monogenea)
infections on the gills of roach (Rutilus rutilus L.) experimentally exposed to pulp
and paper mill effluent. Parasitology 114, 439-446.

197. Marcogliese DJ, Nagler JJ & Cyr DG (1998). Effects of exposure to contaminated
sediments on the parasite fauna of American plaice (Hippoglossoides
platessoides). Bull Environ Contam Toxicol 61, 88-95.

198. Sures B (2004). Environmental parasitology: relevancy of parasites in monitoring
environmental pollution. Trends Parasitol 20, 170-177.

199. Gracia T, Hilscherova K, Jones PD, Newsted JL, Zhang X, Hecker M, Higley EB,
Sanderson JT, Yu RM, Wu RS & Giesy JP (2006). The H295R system for
evaluation of endocrine-disrupting effects. Ecotoxicol Environ Saf 65, 293-305.

200. Schwab BW, Hayes EP, Fiori JM, Mastrocco FJ, Roden NM, Cragin D, Meyerhoff
RD, D'Aco VJ & Anderson PD (2005). Human pharmaceuticals in US surface
waters: a human health risk assessment. Regul Toxicol Pharmacol 42, 296-312.

201. Ortiz-Delgado JB, Segner H & Sarasquete C (2005). Cellular distribution and
induction of CYP1A following exposure of gilthead seabream, Sparus aurata, to
waterborne and dietary benzo(a)pyrene and 2,3,7,8-tetrachlorodibenzo-p-dioxin:
an immunohistochemical approach. Aquat Toxicol 75, 144-161.

202. Li CR, Kim KT, Kang YJ, Kim A, Kang SW & Park JS (2005). A novel enzyme-
linked immunosorbent assay system for the quantitative analysis of Carassius
auratus vitellogenin. Chemosphere 59, 997-1003.

203. Giesy JP, Snyder EM, Nichols KM, Snyder SA, Villalobos SA, Jones PD &
Fitzgerald SD (2003). Examination of reproductive endpoints in goldfish
(Carassius auratus) exposed in situ to municipal sewage treatment plant effluent
discharges in Michigan, USA. Environ Toxicol Chem 22, 2416-2431.

204. Kirby MF, Smith AJ, Rooke J, Neall P, Scott AP & Katsiadaki I (2007).
Ethoxyresorufin-O-deethylase (EROD) and vitellogenin (VTG) in flounder
(Platichthys flesus): System interaction, crosstalk and implications for monitoring.
Aquat Toxicol 81, 233-244.

205. Marchand J, Tanguy A, Charrier G, Quiniou L, Plee-Gauthier E & Laroche J (2006).
Molecular identification and expression of differentially regulated genes of the
European flounder, Platichthys flesus, submitted to pesticide exposure. Mar
Biotechnol (NY) 8, 275-294.

206. Calabrese EJ & Baldwin LA (1998). Hormesis as a biological hypothesis. Environ
Health Perspect 106 Suppl 1, 357-362.

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207. Valavanidis A, Vlahogianni T, Dassenakis M & Scoullos M (2006). Molecular
biomarkers of oxidative stress in aquatic organisms in relation to toxic
environmental pollutants. Ecotoxicol Environ Saf 64, 178-189.

208. Mommsen TP, Vijayan MM & Moon TW (1999). Cortisol in teleosts: Dynamics,
mechanisms of action and metabolic regulation. Rev Fish Biol Fish 9, 211-268.

209. Sharpe RL, Drolet M & MacLatchy DL (2006). Investigation of de novo cholesterol
synthetic capacity in the gonads of goldfish (Carassius auratus) exposed to the
phytosterol beta-sitosterol. Reprod Biol Endocrinol 4, 60-71.

210. Huber MM, Gobel A, Joss A, Hermann N, Loffler D, McArdell CS, Ried A, Siegrist
H, Ternes TA & von Gunten U (2005). Oxidation of pharmaceuticals during
ozonation of municipal wastewater effluents: a pilot study. Environ Sci Technol
39, 4290-4299.

211. Zhang H, Yamada H, Kim SE, Kim HS & Tsuno H (2006). Removal of endocrine-
disrupting chemicals by ozonation in sewage treatment. Water Sci Technol 54,
123-132.

212. Kim SE, Yamada H & Tsuno H (2007). Ozonation parameter for removal of
oestrogenicity from secondary effluent without by-products. Water Sci Technol
55, 233-240.

213. Gagné F, Andre C, Cejka P, Gagnon C & Blaise C (2007). Toxicological effects of
primary-treated urban wastewaters, before and after ozone treatment, on
freshwater mussels (Elliptio complanata). Comp Biochem Physiol C Toxicol
Pharmacol 145, 542-552.

214. Gagnon MM & Holdway DA (2000). EROD induction and biliary metabolite
excretion following exposure to the water accommodated fraction of crude oil and
to chemically dispersed crude oil. Arch Environ Contam Toxicol 38, 70-77.

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



