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ABSTRACT

USE OF COMMON CARP (CYPRINUS CARPIO) TO MONITOR WASTEWATER
EFFLUENTS /N S/TU FOR THE PRESENCE OF ENDOCRINE MODULATING
CHEMICALS

By

Erin Michelle Snyder

Recent reports have indicated that chemical contaminants entering Lake
Mead, Nevada, via the Las Vegas Wash are capable of causing estrogenic
(estrogen-like) effects in wild common carp and in an estrogen-responsive
cell line. Two separate, but nearly identical, studies were performed using
caged carp (Cyprinus carpio) to test the Las Vegas Wash influent for the
presence of chemical contaminants capable of producing estrogenic effects
in fish. In both studies, adult male and female carp were exposed separately
in cages (30 fish per cage) at four sites in Lake Mead: one site directly in the
influent of the Las Vegas Wash (LW) as it enters Lake Mead, one site in Las
Vegas Bay (LX) where the influent of the Wash is more dilute, and two
reference sites. Endpoints examined included condition factor (K),
gonadosomatic index (GSI), plasma concentrations of sex steroids and
vitellogenin (VTG), and histology of the hepatopancreas, ovary, and testis.
Plasma sex steroids measured were 17p3-estradiol (E2), testosterone (T), and

11-ketotestosterone (11-KT).



The first study (Study |) took place from mid-February to late March or early
April; exposure duration ranged from 42 to 48 d. A second study (Study Il)
was conducted in the same fashion but later in the year, with exposures
beginning in late March or early April and lasting through mid-May; exposure
duration was 38 to 49 d. Study |: Although LW influent might have altered
sex steroid profiles in the carp, it could not be determined conclusively that
the effects were due to chemical exposure rather than site-to-site
temperature variation. Median plasma VTG concentration in male carp caged
in LW was elevated 3- to 10-fold above the concentrations measured in male
carp caged at all other sites, indicating that the male carp caged in LW
possibly had been exposed to an exogenous estrogenic chemical. However,
an effect of site temperature on plasma sex steroid concentrations
subsequently resulting in VTG induction cannot be ruled out as a potential
cause. Study ll: No significant VTG induction was observed in male carp.
Mild proliferation of Sertoli cells was observed in the testes of male carp
caged at LX. The most interesting findings were possible inhibition of
testicular growth in male carp caged in LX and LW and decreased plasma
11-KT concentrations in male carp caged at LW. However, water
temperature differences among sites might explain, at least in part, the
findings of reduced GSI and plasma 11-KT concentrations; therefore, these

conclusions are stated tentatively.
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(hinges) represent first and third quartiles. Whiskers show the range
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text under “Statistical analyses” for discussion of terms. Results of
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L (1 1 1 T J N 246

Figure 3-3. Gonadosomatic index (GSI). Bar heights represent means, and
error bars are 2 SEM. Letters above the bars represent Tukey
groupings within each sex. GSI= [gonad weight / (body weight -
gonad weight)]l, where all weights are in grams..............cccevevennene 247

Figure 3-4. Vacuolation of the hepatopancreas in adult female and male
carp. Bar height represents median vacuolation score for each site.
Letters above the bars represent Tukey groupings within each sex. ¢
= significant difference in median vacuolation score from fish of the
opposite sex caged at the same Site..........cccoceviviiiiieiniieriiinieennns 248

Figure 3-5. Profiles of percentages of ovarian follicles in each of three
stages: primary, secondary, and tertiary. Each point represents the
mean percentage of follicles in the corresponding stage ............... 249

Figure 3-6. Percentages of ovarian follicles in each of three stages: primary,
secondary, and tertiary. Bar segments represent the mean percentage
of follicles in each stage .........c.ccevveiiiiiiiiiiiiiiiiiiiiiin e 250

Figure 3-7. Plasma vitellogenin (VTG, pg/mL) concentrations in adult female
and male carp. Letters above boxes represent Tukey-like groupings
within each sex. The center horizontal lines mark the medians for
each site, and upper and lower edges of the boxes (hinges) represent
first and third quartiles. Whiskers show the range of observed values
that fall within the inner fences. Asterisks mark “outside values”
(those between the inner and outer fences), and circles mark “far
outside values” (those beyond the outer fences). See text under
“Statistical analyses” for discussion of terms.........c.ccccvvvviniinennnn.. 251

XVii



Figure 3-8. Plasma 17pB-estradiol (E2, pg/mL) concentrations in adult female
and male carp. Letters above the bars represent Tukey groupings
within each sex. Error bars are 2 SEM. The sexes differed
significantly in mean plasma E2 concentration within a site only at
reference sites MC and WBL..........cccoceiiiiiiiiiiiiiiiiiiiiccnec e e, 252

Figure 3-9. Plasma testosterone (T, pg/mL) concentrations in adult female
and male carp. Letters above bars represent Tukey groupings within
each sex. Bar heights represent site means, and error bars are 2 SEM.
The sexes differed significantly within a site only at LW and LX.... 2563

Figure 3-10. Ratio of plasma 17p-estradiol to plasma testosterone (E2:T) in
adult female and male carp. Letters above bars represent Tukey
groupings within each sex. The bar heights represent site means, and
error bars are 2 SEM. The sexes differed significantly in site mean
E2:T among fish caged at the same site only at LX and LW .......... 254

Figure 3-11. Plasma 11-ketotestosterone (11-KT, pg/mL) concentrations in
adult female and male carp. Letters above bars represent Tukey
groupings within each sex. Males and females caged at the same site
differed significantly in mean plasma 11-KT concentration only at LX
=13 o I L PPN 255

Figure 3-12. Ratio of plasma 17B-estradiol to plasma 11-ketotestosterone
(E2:11-KT) in adult female and male carp. Letters above boxes
represent Tukey-like groupings within each sex. The center horizontal
lines mark the medians for each site, and upper and lower edges of
the boxes (hinges) represent first and third quartiles. Whiskers show
the range of observed values that fall within the inner fences.
Asterisks mark “outside values” (those between the inner and outer
fences), and circles mark “far outside values” (those beyond the outer
fences). See text under “Statistical analyses” for discussion of terms.
Fish of different sexes caged at the same site differed significantly in
median E2:11-KT at all sites but LW ......ccccoiiiiiiiiiiiiiiiiiiiiiiinnen. 256

xviii



LIST OF ABBREVIATIONS

A I T PPN vitellogenin
[N | PPt not detected
1 7 PPN not applicable
B e e 17B-estradiol
L P testosterone
ToQIUC e e re e e testosterone-glucuronide
T1-KT-gluC...ciiiiiriiiiiiiiiiiinnin e 11-ketotestosterone-glucuronide
L I G I PP TP PPPP 11-ketotestosterone
LA = PP PPPPR Water Barge Cove
M ettt ettt et e e ea e e et e e e e ranenen Moon Cove
LK ittt e rerr e e e e e e e e et n e ee e en e ranaans Las Vegas Bay
LWV e s e e e a e e aeas Las Vegas Wash
o | PP hatchery fish
€ 1 PP gonadosomatic index
K et as Fulton-type condition factor
o kilograms
o [ PP PPRUTE grams
1 milligrams
VT e micrograms
31« [ PPN nanograms
oo picograms
PPN liters
1 milliliters
L microliters
2 | o I O PN high pressure liquid chromatography
B2 et e e s e e e e estradiol to testosterone ratio
E2:11-KT .o estradiol to 11-ketotestosterone ratio
E:A o estrogen to androgen ratio (E2:T or 11-KT)
V. microSiemens
L 5 1 N trypsin inhibition units
2 1 radioimmunoassay
ELISA .. enzyme-linked immunosorbent assay
171 ] method detection limit
KD ittt e r e e et aa e e e e easnaaneaan kiloDaltons
313 1 I PP PP nanometers
(1171 1 I PPN millimeters
LI S RPN 17a-hydroxyprogesterone
17,20-P . 17a,20B-dihydroxyprogesterone
€ ) { o D PPN gonadotropin
GNRH ... gonadotropin-releasing hormone

XiX



HPG-aXiS...iitieiiieiiiieiiitineiniieineiecneieensnecnces hypothalamic-pituitary-gonad axis

L3 111 o T PP minutes
31 hours
o PPN days
11T weeks
[ 1 e National Turbidity Units
Lo o 0 days post-hatch
24 €1 03 PPPTPON primordial germ cells
GVBD ..o germinal vesicle breakdown
N et ittt eeieeeeedeeaeeaeieteieereeneeeereeatteateteanrantereereeneeaenas volts
A e e e rereeeeeteeeeeeeea e eanteeere e teneaareanrenennenas amps
LU YT RPPPPP ultraviolet
SDS-PAGE ........... sodium dodecyl sulfate-polyacrylamide gel electrophoresis
2V O PRSPPI polyvinyl chloride
[ 20 = L PPN polychlorinated biphenyls
0 enhanced chemiluminescence
TBST i eaes Tris-buffered saline with Tween-20
TBST-SG ....ccevvvvenenenennee. Tris-buffered saline with Tween-20 and goat serum
)\ T 1 01 F PP PO sodium chloride
O hydrochloric acid
NAOH ... e s sodium hydroxide
oL gamma globulin
L0 ] = 5 P o-phenylene diamine
[ | 1 P horseradish peroxidase
111, P PO TP PPPPPPTPT millimolar
Vit i ittt ettt ee e et e e rnessesententansseasansentanaennesnsenannannsennns molar
0 T PN optical density
Bo it e e r s s e e e ae e e n e aes maximum binding
1 1 J PP PPOTE slope of the least squares regression line
o J PR y-intercept of the regression line
Y OV percent coefficient of variation
ANOV A L ettt e et re e e analysis of variance
ANCOV A ..t e e eee e neeaens analysis of covariance
S O PP PP PP PR degrees in Celsius
1157 = 2P non-specific binding
SEM e e standard error of the mean
0164 0 L U TR SPRTSTPRTPR calcium carbonate
5 dissolved oxygen
I o P PP leutenizing hormone
] o PN follicle stimulating hormone
20B-HSD ...t 20B-hydroxysteroid dehydrogenase
7 ] 1 4 TR parts per million
N S ittt cre e eeneense e rsensenasnnseneanns neurotransmitters
[\ | o F PP neurohormones

XX



WV et e s s s e e e rans body weight

PR standard length
MSU e a e Michigan State University
USGS .. i e e United States Geological Survey
SNW A L e Southern Nevada Water Authority
NDOW. .. i c s es s e e Nevada Division of Wildlife
NPS e e e aes National Park Service
BRD .o Biological Resources Division
LU 1 PPt United States
U QPP United Kingdom
Tl e e toxicity identification and evaluation

XXi



INTRODUCTION

Lake Mead is a large reservoir formed by impoundment of the Colorado River
behind the Hoover Dam. The reservoir serves as a source of domestic and
agricultural water for more than 22 million users (LaBounty et al., 1997) and,
as part of the Lake Mead National Recreational Area, is used for activities
such as boating, swimming, and fishing. The Las Vegas Wash enters the
Boulder Basin of Lake Mead via the Las Vegas Bay and provides one the
greatest inflows of water into Lake Mead, second only to the Colorado River
(LaBounty et al., 1997). The flow of the Las Vegas Wash consists entirely
of tertiary treated municipal sewage effluent, urban storm water flow, and
groundwater seepage from the urbanized Las Vegas Valley (LaBounty et al.,
1997). The water entering Lake Mead via the Las Vegas Wash is
considerably more dense and exhibits greater conductivity and turbidity than
main body Lake Mead water (LaBounty et al., 1997). The difference in
density causes the intrusion of the Las Vegas Wash to form an interflow that
extends from Las Vegas Bay into the Boulder Basin. At times, the influence
of this interflow has been detected on the basis of its conductivity at the
Hoover Dam, 16 km away from the confluence of the Las Vegas Wash with

Lake Mead.



In 1996, the United States Geological Survey (USGS) reported evidence that
suggested endocrine disruption in wild adult male and female common carp
(Cyprinus carpio) associated with the Las Vegas Wash and Bay (Bevans et
al., 1996). This evidence included alterations in plasma sex steroid
concentrations in male and female fish relative to those observed in fish at a
reference site and induction of a female-specific protein, vitellogenin (VTG),
in the blood of male carp in the absence of a concomitant increase in plasma
17B-estradiol. These findings prompted concern for the razorback sucker
(Xyrauchen texanus), an endangered species of fish that spawns in the Las

Vegas Bay (Holden et al., 1999).

The potential causes of the effects observed in the Lake Mead carp are
many, but the induction of VTG in male fish without a concomijtant increase
in plasma E2 indicated that the fish had been exposed to an estrogen-like
(estrogenic) chemical in the environment. VTG is an egg yolk precursor
synthesized in the liver of fish in response to the estrogenic sex steroid 17-
estradiol (E2). VTG is transported in the blood to the ovary, where it is
sequestered into developing oocytes in preparation for spawning (Mommsen
et al., 1988). VTG serves no known function in male fish and normally is
not detected (or detected only in very low concentrations) in their blood
plasma, presumably because E2 levels are not great enough in male fish to

induce VTG synthesis (Mommsen et al., 1988; Specker et al., 1994).



However, male fish possess the VTG gene and are capable of producing VTG
when exposed to exogenous estrogenic chemicals (Mommsen et al., 1988;
Specker et al., 1994). VTG is a useful biomarker of exposure to estrogenic
chemicals in male fish for several reasons. VTG induction is a specific
response to estrogenic chemicals, and, in male fish, is attributable to
exposure to an estrogenic substance (Mommsen et al., 1988). Because
male fish do not possess a normal clearance mechanism for VTG (i.e.,
deposition into oocytes), it can build to considerable and measurable
concentrations in their blood plasma (Mommsen et al., 1988). Also, only a
small volume of plasma is needed for measurement of VTG, leaving the
remainder for measurement of plasma sex steroids or other hormones that

might be important in evaluating potential reproductive dysfunction.

Exposure to an estrogenic chemical also might cause alterations in plasma
sex steroid levels in fish, although not necessarily through an estrogen
receptor-mediated mechanism (MacLatchy et al., 1997; Tremblay et al.,
1998). Given that the Las Vegas Wash consists of wastewater, which can
be expected to contain a complex mixture of chemical contaminants, the
effects on sex steroids and on plasma VTG in Lake Mead carp might have
occurred through entirely different mechanisms and/or by exposure to
different chemicals. Studies in the United Kingdom (UK) (Harries et al.,

1996; Harries et al., 1997; Harries et al., 1999) and in the United States



(US) (Folmar et al., 1996) on fish in municipal sewage effluent or in rivers
receiving it have suggested that contaminants in sewage effluent can cause
VTG induction and other reproductive effects in fish. Results of the work
conducted in the UK indicated that VTG induction observed in fish in sewage
effluents and in some rivers might be caused by water soluble contaminants
such as the animal steroids E2 and estrone (E1) and/or an oral birth control

medication component, ethinylestradiol (EE2) (Routledge et al., 1998).

To investigate the possibility that water soluble contaminants in the Las
Vegas Wash might be causing estrogenic effects in Lake Mead fish,
researchers from Michigan State University (MSU) adopted a toxicity
identification and evaluation (TIE) scheme to accomplish two goals initially:
(1) to determine whether extracts from water samples collected from the Las
Vegas Wash (LW) and Las Vegas Bay (LX) were capable of producing an
estrogenic response in vitro in MCF7-luciferase cells, and (2) to identify likely
chemical causes for any in vitro responses observed. In 1997, 5 L water
samples were collected from LW, LX, and two reference sites in Lake Mead
(Saddle Island and Callville Bay) and subjected to solid phase extraction
(Snyder et al., 1999). The resulting extracts were fractionated into 3
classes based on polarity and each class was screened for estrogenic activity
using an in vitro bioassay (MCF7-luciferase) (Snyder et al., 2000b). These

same fractions were analyzed for the presence of selected estrogenic



chemicals by separation of analytes with high-pressure liquid
chromatography (HPLC) and subsequent detection by fluorescence or
radioimmunoassay (RIA). Significant estrogenic responses were induced in
the bioassay by the extracts from LW and LX and not by extracts from the
reference sites. The bioactivity of these extracts was associated with the
fraction of greatest polarity. Mass-balance analysis of known estrogenic
chemicals identified in the fractions indicated that steroidal estrogens such
as E2 and EE2 were likely causes for the observed bioactivity of the LW and
LX extracts. Although they have been implicated as potential causative
agents for endocrine disruption in fish exposed to sewage effluent in the UK
(Purdom et al., 1994; Harries et al., 1997), alkylphenol ethoxylates and their
degradation products, the alkylphenols, are not likely to have contributed
significantly to the estrogenic bioactivity of these Lake Mead water extracts

in vitro (Snyder et al., 2000b).

Although steroidal estrogens appeared to be the most potent estrogenic
chemicals in extracts from LW and LX when tested in vitro, it cannot be
assumed that this would hold true in vivo as well. Estrogens produce a
variety of effects at multiple targets, some of which involve interaction of
different tissues; these types of effects cannot be predicted with a single in
vitro bioassay (Zacharewski, 1997). /n vitro bioassays do not account for

pharmacokinetics, bioaccumulation, or metabolism (Zacharewski, 1997), all



of which can cause substantial differences in the responses of whole animals
versus cells in culture. Therefore, the studies reported here were intended to
address the following questions: (1) Can effects observed in wild carp by
researchers at USGS be reproduced in caged fish? (2) Are steroidal
estrogens and other relatively polar contaminants present in the Las Vegas
Wash and Las Vegas Bay at concentrations likely to cause reproductive
effects observed in fish? For several reasons, these studies complement the
ongoing USGS work with wild carp. The wild carp represent fish receiving
natural exposure. Wild carp will feed on detritus in the lake sediment and
might be exposed to more hydrophobic chemicals present in food or
sediment by this route. They also might receive longer-term exposure or
exposure during critical periods of development that might result in effects
that would not be detected with a short-term exposure conducted with adult
fish. However, the caged fish receive a more controlled exposure with a
specified duration and under monitored conditions. Wild fish are free to
move in and out of the influence of the Las Vegas Wash, whereas caged fish

receive a known level of exposure.

Two separate, but nearly identical, studies were conducted using caged fish
to monitor the Las Vegas Wash and Las Vegas Bay for the presence of
chemical contaminants with the potential to cause alterations in reproductive

endpoints in fish, particularly alterations that would indicate estrogenic



effects. In the first field exposure study (mid-February to late March or early
April), adult male and female common carp (Cyprinus carpio) were exposed
separately in cages (30 fish per cage) for 42 to 48 d at four sites in Lake
Mead: one site directly in the influent of the Las Vegas Wash as it enters
Lake Mead, one site in Las Vegas Bay where the influent of the Wash is
more dilute, and two reference sites. Endpoints examined included condition
factor (K), gonadosomatic index (GSl), plasma concentrations of sex steroids
and vitellogenin (VTG), and histology of the hepatopancreas, ovary, and
testis. Plasma sex steroids measured were 17f3-estradiol (E2), testosterone
(T), and 11-ketotestosterone (11-KT). The second study was nearly
identical, but exposures took place for 38 to 49 d starting in late March or
early April and lasting to mid-May. Two nearly identical studies were
conducted in an attempt to capture a period of active gonadal growth and
development in the carp, to account for fluctuations in contaminants in the
Las Vegas Wash, and to determine how potential effects on the fish might

vary with time of year or period of seasonal sexual development of the fish.



Chapter 1
USE OF THE COMMON CARP (CYPRINUS CARPIO) TO EVALUATE

POTENTIAL IMPACTS OF XENOBIOTICS IN SEWAGE TREATMENT PLANT
EFFLUENT ON FISH REPRODUCTIVE ENDOCRINOLOGY AND PHYSIOLOGY

Estrogenic, or estrogen-like, effects on reproductive endpoints in fish
exposed to sewage treatment plant effluent have been reported in the United
Kingdom (Purdom et al., 1994; Harries et al., 1996; Harries et al., 1997;
Harries et al., 1999) and in the United States (Bevans et al., 1996; Folmar et
al., 1996). In the field of environmental toxicology, methods are being used
or developed that utilize the common carp as an experimental model for
detecting and studying the impacts of environmental contaminants,
particularly those with estrogenic activity, on fish reproductive physiology
and endocrinology (Sivarajah et al., 1979; Kumar et al., 1988; Gimeno et al.,
1996; Gimeno et al., 1997; Gimeno et al., 1998a; Gimeno et al., 1998b;
Smeets et al., 1999). Recent reports have suggested that wild common
carp (Cyprinus carpio) collected from some areas in the United States have
been exposed to estrogenic chemicals, and possibly other endocrine
disrupting chemicals (EDCs), associated with sewage treatment plant
effluents. Evidence for the occurrence of endocrine disruption in carp
included altered sex steroid hormone concentrations or ratios in male and
female carp and induction of a female-specific protein, vitellogenin (VTG), in
the blood plasma of male carp. Reduced serum testosterone (T)

concentrations and elevated plasma VTG concentrations were reported in



male carp collected from an effluent channel below a metropolitan sewage
treatment plant (Folmar et al., 1996). In a separate study headed by
researchers at the United States Geological Survey (USGS), male and female
carp were collected from areas of Lake Mead, Nevada, that are influenced by
wastewater from the urbanized Las Vegas Valley (Bevans et al., 1996).
Male and female carp demonstrated elevated concentrations of plasma VTG
and altered concentrations of plasma sex steroid hormones relative to fish

caught at reference sites in the lake.

The presence of elevated concentrations of VTG in the blood of male carp
indicated that they were exposed to an estrogenic substance. VTG is an egg
yolk precursor synthesized in the liver or hepatopancreas of oviparous
vertebrates in response to stimulation by estrogen (17B-estradiol, or E2)
secreted by the ovary (Mommsen et al., 1988; Specker et al., 1994). VTG
is transported in the blood to the ovary, where it is sequestered into
developing oocytes and subsequently cleaved to form lipovitellin and
phosvitin, the principle components of yolk (Mommsen et al., 1988). VTG
has no known function in male fish and normally is not detected, or detected
only at very small concentrations, in their blood, presumably because E2
concentrations are too small in male fish to induce vitellogenesis (Mommsen
et al., 1988; Specker et al., 1994). However, male fish possess the VTG

gene and can produce VTG under stimulation by exogenous estrogen or



estrogen-like chemicals. Because there is no normal mechanism for
clearance of VTG (i.e., deposition into oocytes) in male fish, VTG can build
up to great concentrations in their blood (Mommsen et al., 1988). VTG
production is a specific response to estrogen and, in some fish species, is
highly inducible (Harries et al., 1997); therefore, it serves as a useful
biomarker of exposure to estrogenic chemicals. Sexually immature juvenile
fish of both sexes also produce only very low levels of VTG, making VTG
induction in juvenile fish a useful biomarker as well (Mommsen et al., 1988;

Specker et al., 1994).

The results of studies conducted on wild common carp in the United States
suggest that carp are responsive to estrogenic chemicals in the environment.
Therefore, we proposed the use of caged common carp as part of a toxicity
identification and evaluation scheme to identify potential causes for
estrogenic effects observed in carp exposed to wastewater entering Lake
Mead. The sites selected for study were previously reported to be
associated with VTG induction in wild common carp (Bevans et al., 1996),
and extracts from water samples taken at these sites caused significant
responses /in vitro in an estrogen-responsive cell bioassay (Snyder et al.,
2000a). Researchers in the UK explored the possibility of using caged
juvenile common carp to test for estrogenic effects of sewage effluents and

found that, in parallel studies with male trout, carp were far less sensitive to

10



the estrogenic effects of sewage effluents and certain estrogenic chemicals
(Purdom et al., 1994). However, they cautioned that the lesser sensitivity of
carp might be explained by the fact that exposures took place at
temperatures likely to be too low for normal vitellogenesis in carp (Purdom et
al., 1994). This hypothesis was supported by another study in which VTG
synthesis was induced in male carp held under two different temperature
regimes. Intraperitoneal injection of E2 induced vitellogenesis in male carp at
18 to 20 °C but not at 9 to10 °C (Herndndez et al., 1992). Although carp
are less sensitive than rainbow trout, carp are hardier fish and more likely to
survive the conditions encountered in wastewater effluents. In addition, the
water temperatures at Lake Mead during the seasons of interest are greater

than 10 °C and thus probably conducive to VTG synthesis in carp.

As part of the process of developing the common carp as a fish model for in
situ reproductive toxicity testing of sewage effluents, some basic information
on carp biology, reproductive biology, and reproductive endocrinology was

compiled and is presented here.

Common carp as a test species in toxicity studies
The following are properties of the common carp that make it a species
useful for environmental toxicology studies. (1) Worldwide, the common

carp represents approximately 75% of total freshwater fish production in

11



aquaculture (Billard, 1999b). Because of its importance as a food fish in
other countries, particularly in China, there is a great volume of information
available on carp aquaculture and reproduction. (2) The common carp is
tolerant of a wide range of water quality conditions; this is particularly
important when choosing a species for use in monitoring wastewater
effluents, which can vary widely in quality. Carp can tolerate low levels of
dissolved oxygen (as little as 2 ppm for brief periods of time) that would be
lethal to most other species of fish (Panek, 1987). They also can tolerate
high turbidity (Panek, 1987). (3) Sexually mature adults can be obtained
that are small enough to handle with relative ease but large enough to
provide blood and tissue samples of sufficient size for measurement of
multiple reproductive endpoints. (4) The common carp is one of the best-
characterized warm water fish with regard to its reproductive physiology and
endocrinology such that alterations in the normal state can be detected. (5)
The carp has a wide geographical range so that it can be used for
environmental monitoring studies in many parts of the world. Effects
demonstrated in carp can be applied to risk assessments conducted on wild
carp worldwide, with some accounting for differences in strain and variations

in reproductive strategy in this species in different geographic regions.

The following are disadvantages associated with the use of common carp as

a test species. (1) Carp can be less sensitive to some environmental
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contaminants than other potentially more economically or aesthetically
important species, such as trout (Purdom et al., 1994). (2) In the United
States, the carp is considered to be a pest species and not necessarily
deserving of protection. Negative reproductive effects observed in carp are
not likely to draw much interest from the public. (3) Carp are not strongly
sexually dimorphic and are difficult to sex accurately outside the spawning
season without using invasive methods. (4) There are few commercial
suppliers of common carp in the United States. (5) The cycle of ovarian
development (asynchronous ovary- discussed below) and associated changes
in reproductive endocrinology in carp are complex and can vary with
geographic region and strain of fish; this can complicate the interpretation of

chemically-induced alterations in reproductive endpoints.

General biology

The common carp is a teleost (ray-finned bony fish) belonging to the family
Cyprinidae (cyprinid fishes). The cyprinid fishes (carps and minnows) also
include two other important freshwater fish species commonly used in
scientific research, the fathead minnow (Pimephales promelas) and the
goldfish (Carassius auratus). For the purposes of this work, the term "carp”
may include the common carp, Cyprinus carpio, and the different varieties of
this species including the Japanese ornamental koi carp and four European

varieties (sometimes termed “table carp”) bred for fast growth, meat
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production, and sometimes easier scaling (Huner et al., 1984). The
European varieties are named for their scale patterns ranging from fully
scaled to scaleless; these include the scale carp, mirror (Israeli) carp, line

(Zeil) carp, and leather carp (Huner et al., 1984).

The common carp has been introduced in North America and now thrives
over a large range, including most of the contiguous United States, and in a
variety of aquatic ecosystems (Boschung et al., 1995). Common carp
originally were introduced in United States in the late 1880s as sport fish but
never became particularly popular with anglers and are now considered to be
a pest (Boschung et al., 1995). Complaints against the carp include that it
competes with native fishes for resources, destroys aquatic vegetation, and
increases water turbidity by foraging in the sediment for food (Billard,
1999b). Carp are raised in a few aquaculture operations in the United
States, primarily to supply Asian and Eastern European communities with
food fish. Carp are used as food fish and raised in aquaculture in countries
outside North America, particularly in Asia, Eastern Europe, and Israel, and
hence a large proportion of the available literature on carp culture and

reproduction comes from these parts of the world.

14



Reproductive strategy

Carp are oviparous (eggs are fertilized and hatch outside the body) and
iteroparous (i.e., they spawn more than once in a lifetime). The number of
spawnings per year varies with geographic region, such that carp may spawn
only once a year in some colder regions (Aida, 1988) and two or more times
in a year in warmer locations (Boon Swee et al., 1966). In North America,
spawning usually begins in spring (Peter, 1981) and may last through early
fall (September). In the wild, carp gather in groups of both sexes or with
several males per female (polyandrous spawning) to spawn in vegetation
found in shallow water (Boon Swee et al., 1966). Males drive the females
into the vegetation, where females release their eggs and males release
sperm (Boon Swee et al., 1966). The eggs are adhesive and cling to the
vegetation where they remain until hatching. Carp do not exhibit any

parental care of eggs or offspring.

Sex determination

Carp are subject to genotypic XY sex determination, with the female as the
homogametic sex (XX) and the male as the heterogametic sex (XY) (Komen
et al., 1992; Gimeno et al.,, 1996). Carp are phenotypically sexually
undifferentiated for the first few weeks post-hatch (Komen et al., 1992). In

addition to genetic control, hormones and other factors also influence the
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development of reproductive structures and sexual differentiation of somatic

tissue in fish (Redding et al., 1993).

The timing of sexual differentiation varies with temperature and with sex. In
a genetically all-male population of common carp (resulting from fertilization
of XX eggs with sperm from a YY male) held at 25 °C, sexual differentiation
began at 50 days post-hatch (dph) (Gimeno et al., 1997). At that time,
primordial germ cells (PGCs), which later develop into gametes, began to
proliferate (Gimeno et al., 1997). In a separate study, carp from a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>