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SHORT COMMUNICATIONS

Comparison of Three Enzyme Immunoassays for Measuring 17�-Estradiol
in Flushed Dairy Manure Wastewater

Travis A. Hanselman,* Donald A. Graetz, and Ann C. Wilkie

Abstract nows (Pimephales promelas) after 21 d of laboratory
exposure (Panter et al., 2000). However, research evalu-Natural steroidal estrogens are an environmental concern because
ating the in situ effects of manure-borne estrogens onlow nanogram per liter concentrations in water can adversely affect

aquatic vertebrate species by disrupting the normal function of their wildlife is limited. Irwin et al. (2001) reported that vitel-
endocrine systems. There is a critical need to accurately measure logenin production by female painted turtles (Chrys-
estrogens in dairy wastes, a potential source of estrogens such as 17�- emys picta) in ponds was significantly affected by estro-
estradiol, to assess the risk of estrogen contamination of agricultural gens in beef cattle runoff compared with turtles in ponds
drainage waters resulting from land application. Commercially avail- unexposed to beef cattle runoff.
able enzyme immunoassay (EIA) kits have been used for measuring Clearly, it is important to have accurate information
17�-estradiol in livestock manure, but it is not known if different

about the occurrence of estrogens in manure so thatEIAs provide similar results. We compared three EIAs by measuring
any estrogen contamination of waterways resulting from17�-estradiol in two samples of flushed dairy manure wastewater
dairy waste disposal can be prevented or minimized.(FDMW). The measured concentrations of 17�-estradiol in FDMW
Estrogen characterization of dairy wastes is not a trivialdiffered according to the immunoassay used. The differences were

attributed to a matrix interference associated with coextracted humic task, however, due to the low concentrations that must
substances. Future research should develop methods that enable routine be measured, the difficulties associated with extracting
measurement of 17�-estradiol in livestock wastes by more conclusive estrogens from manure, the chemical complexity of the
analytical techniques such as gas chromatography–mass spectrometry. resulting extract matrix, and the potential for degrada-

tion losses to occur during sample storage (Raman et
al., 2001). A variety of quantitative EIAs have been

Dairy farms in the United States generate approxi- used for the determination of 17�-estradiol in manure-
mately 21.5 million Mg of recoverable manure sol- impacted surface and ground water and in livestock

ids each year that must be managed in a way that does wastes (Nichols et al., 1997; Bushee et al., 1998; Peterson
not adversely impact the environment (USEPA, 2001). et al., 2000; Finlay-Moore et al., 2000). The popularity of
Typically, dairy wastes are applied to nearby pasture EIA for estradiol analysis is attributable to widespread
and croplands as soil amendments because they contain commercial availability, ease of use, pg mL�1 detection
various plant nutrients, including N, P, and K. However, limits, and a lack of alternative quantitation methods.
agricultural drainage waters may become contaminated However, a variety of interferences, arising from poor
with natural steroidal estrogen hormones such as 17�- standardization, cross-reactivity, and matrix effects as-
estradiol when livestock wastes are land-applied (Shore sociated with protein binding, humic substances, and
et al., 1995; Nichols et al., 1997, 1998; Bushee et al., 1998; endogenous enzymes, can adversely affect the quality
Finlay-Moore et al., 2000; Dyer et al., 2001). (accuracy, precision, reproducibility) of the data pro-

Estrogen contamination of waterways is a concern duced (Wood, 1991; Maxey et al., 1992; Nunes et al.,
because low concentrations (10–100 ng L�1) of these 1998; Huang and Sedlak, 2001). Thus, depending on
chemicals in water can adversely affect the reproductive sample complexity and EIA reagents, antibodies, and
biology of vertebrate species such as fish, turtles, and protocol, a potential exists for different EIA systems to
frogs by disrupting the normal function of their endo- yield dissimilar and/or inaccurate results. The objective
crine systems (Panter et al., 1998, 2000; Tyler et al., of this study was to determine if three different commer-
1998; Irwin et al., 2001; Oberdorster and Cheek, 2001). cially available 17�-estradiol EIAs yielded similar esti-
For example, 17�-estradiol concentrations of �30 ng mates of the endogenous concentration of 17�-estradiol
L�1 induced vitellogenin (an egg yolk precursor protein in flushed dairy manure wastewater.
that is normally produced only by adult females) synthe-
sis and abnormal testicular growth in male fathead min- Materials and Methods

Sample Collection
Soil and Water Science Department, 106 Newell Hall, P.O. Box

Many dairies use hydraulic flushing for manure manage-110510, University of Florida, Gainesville, FL 32611-0510. Received
30 October 2003. *Corresponding author (taha@mail.ifas.ufl.edu). ment, followed by primary treatment (mechanical screening

Published in J. Environ. Qual. 33:1919–1923 (2004).
 ASA, CSSA, SSSA Abbreviations: EIA, enzyme immunoassay; FDMW, flushed dairy

manure wastewater; GC–MS, gas chromatography–mass spectrometry.677 S. Segoe Rd., Madison, WI 53711 USA
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or sedimentation, or both) to remove coarse solids. The liquid A2 and A3 immunoassays were selected based on their use
of rabbit polyclonal antibodies (RPA) and the competitivefraction of flushed dairy manure after settleable solids are

removed is referred to as FDMW (Wilkie et al., 2004). A 1-L assay principle, and a low cross-reactivity with other steroids
(Table 1).grab sample of FDMW was collected from the University

of Florida Dairy Research Unit located at Hague, FL, and Each of the EIAs used in this study were based on the
competitive binding principle, whereby 17�-estradiol and aimmediately (�1 h) transported to the laboratory for liquid–

liquid ether extraction. Two weeks later, a second 1-L sample fixed amount of enzyme-labeled estradiol compete for RPA
binding sites. However, the A2 and A3 assays use RPAs thatof FDMW was collected and processed in a similar manner.

The total solids content of these samples was determined are directly coated onto the microplate wells, whereas the
A1 microplate wells are coated with goat anti-rabbit IgG toby a standard method (American Public Health Association,

1998). The first and second FDMW samples contained an capture the 17�-estradiol–RPA complex. The alkaline phos-
phatase, streptavidin-horseradish peroxidase, and horseradishaverage of 0.57 and 0.62% total solids, respectively.
peroxidase enzyme tracers used by A1, A2, and A3, respec-
tively, represent commonly used enzyme reagents for estrogenExtraction
immunoassay (Table 1) (Meyer et al., 1990; DeBoever et al.,

For each wastewater sample, four aliquots (20 mL) of FDMW 1995; Mares et al., 1995; Vos, 1996). As shown in Table 1,
were poured into separate 50-mL glass centrifuge tubes. Twenty each immunoassay has a low (�5%) cross-reactivity with other
milliliters of pesticide-grade ethyl ether (Fisher Scientific, estrogen steroids.
Hampton, NH) was added to each tube for extraction of 17�-
estradiol. Liquid–liquid extraction with ether was used for

Immunoassay Analysissample preparation because it is a traditional solvent of choice
for steroid extraction from biological samples; ether extraction Each assay was performed according to the manufacturer’s
is recommended for sample purification by the EIA manufac- instructions. All standards and samples were assayed in dupli-
turers used in this study, and it has been used previously for cate and an average value was used to generate standard
extraction and purification of dairy waste samples for EIA curves and interpolate unknown sample concentrations. Mi-
analysis (Raman et al., 2001). croplate washing was performed with an ELx50/8 strip washer

The tubes were shaken horizontally for 2 h followed by (Bio-Tek Instruments, Winooski, VT) using the wash buffer
centrifugation at 500 � g for 5 min to facilitate layer separa- reagents provided by each company. The absorbance values
tion. Three 4-mL aliquots (one for each assay) of the ether of each well were measured using an FL 600 microplate reader
extract were subsampled from each tube and placed into sepa- (Bio-Tek Instruments). A four-parameter logistic equation
rate 5-mL evaporation flasks. The ether was evaporated to was used for all calibration curves (Rodbard and Lewald,
dryness at 40�C under N2. The dried sample was immediately 1974).
reconstituted in 1 mL of bulk assay buffer that was purchased Immunoassay performance characteristics including sensi-
from each immunoassay manufacturer. The reconstituted sam- tivity, standardization, precision, and recovery of diluted and
ples were individually sonicated for approximately 1 min to spiked samples were evaluated on both days of wastewater
enhance solubilization in the assay buffer. The samples were analysis. Sensitivity is defined as the lowest measurable con-
poured into 1.5-mL micro-centrifuge tubes, capped tightly, centration of 17�-estradiol that can be distinguished from theand stored overnight (�20�C) before immunoassay analysis. respective 0 pg mL�1 calibrator (95% confidence interval)

associated with each EIA (Vadlamudi et al., 1991). Sensitivity
Immunoassay Description was calculated for each EIA by interpolation of the mean of

eight replicate samples of the respective 0 pg mL�1 calibratorEnzyme immunoassay kits for the quantitative determination
minus two standard deviations.of 17�-estradiol were purchased from Assay Designs (Catalog

Standardization accuracy refers to the ability of each EIAno. 900-008; Ann Arbor, MI), Diagnostics Systems Laboratories
to yield a correct measurement of 17�-estradiol for a known(Catalog no. DSL-10-4300; Webster, TX), and Immuno-Biolog-
standard concentration. Standardization accuracy was evalu-ical Laboratories (Catalog no. RE 52041; Minneapolis, MN).
ated at three concentrations (1500, 750, and 375 pg mL�1) byThe immunoassay kits were designated A1, A2, and A3, re-
diluting a 300 000 pg 17�-estradiol mL�1 buffer solution (Assayspectively. The A1 immunoassay (Catalog no. 900-008) was
Designs) with the respective 0 pg mL�1 calibrator of each EIA.selected because it has been used previously for the quantifica-

tion of 17�-estradiol in dairy wastes (Raman et al., 2001). The Three concentrations were measured to ensure accurate recov-

Table 1. Description and cross-reactivity of three enzyme immunoassay systems used for measuring 17�-estradiol in flushed dairy
manure wastewater.†

Description A1 A2 A3

Assay principle competitive competitive competitive
17�-Estradiol antibody rabbit polyclonal rabbit polyclonal rabbit polyclonal
Matrix TBS serum serum
Conjugate, enzyme E2-ALP E2-biotin, SHRP E2-HRP
Substrate p-NPP TMB TMB
Range, pg mL�1 0–30 000 0–6000 0–2000
MDL, pg mL�1 29 7 10
Precision, % CV 9 4 4
Cross-reactivity, %

17�-estradiol 100 100 100
17�-estradiol 0.1 0.3 0.3
Estrone 4.6 1.4 2.1
Estriol 0.5 1.1 1.5

† TBS, Tris-buffered saline containing proteins and detergents and sodium azide as a preservative; E2, 17�-estradiol; ALP, alkaline phosphatase; SHRP,
streptavidin horseradish peroxidase; HRP, horseradish peroxidase; p-NPP, p-nitrophenol phosphate; TMB, tetramethylbenzidine; MDL, minimum
detection limit.
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ery at different interpolation points along the calibration curve. data demonstrate the exceptionally low 17�-estradiol
A recovery percentage for each standard concentration was concentrations that can be measured using EIA.
calculated by dividing the measured sample concentration by Recovery data shown in Table 2 demonstrate that the
the known sample concentration and multiplying the result A1 and A2 assays were relatively well standardized for
by 100. The three resulting values were averaged to express both analyses. The calibration of the A3 assay appearedEIA standardization accuracy.

to be somewhat less accurate for each individual analysisIntra-assay precision refers to the within-run reproducibility
since it overestimated by 36% and underestimated byof the 17�-estradiol signal that is produced for a particular
25%, respectively, the standard concentrations for thesample in an EIA. We evaluated precision by calculating the
first and second analysis. Overall, however, the averagepercent coefficient of variation observed between duplicate

measurements corresponding to the four neat wastewater sam- recovery percentage for both analyses was 105, 98, and
ples. The four resulting % CV values were averaged to ex- 106% for the A1, A2, and A3 immunoassays, respec-
press precision. tively. Therefore, it seems that each of the EIAs was

Recovery of diluted and spiked samples is a gauge of the reasonably well standardized.
linear relationship between 17�-estradiol measured in diluted Each assay also showed a high degree of intra-assay
or spiked samples relative to the neat samples. Dilution recov- precision between duplicate samples. The % CV forery was measured by diluting each of the four neat wastewater

both analyses averaged 8, 7, and 9%, respectively, forsamples with an equal volume of the respective 0 pg mL�1

the A1, A2, and A3 assays. The low % CV values indi-calibrator of each assay. Spiked recovery was measured by
cate that the chemical reactions involved in generatingspiking the neat wastewater samples with an equal volume of
the 17�-estradiol signals for each EIA was highly repro-the second greatest respective 17�-estradiol calibrator from

each EIA (i.e., A1, 7500 pg mL�1; A2, 2000 pg mL�1; A3, ducible within the analytical run.
1000 pg mL�1). The second greatest calibrators were used for The recovery of diluted samples ranged from 66 to
spiking to ensure that the resulting spiked sample concentra- 128%, depending on the EIA and day of analysis (Ta-
tions would be interpolated from the mid-portion of the cali- ble 2). The recovery of diluted samples for both analyses
bration curve of each assay. Dilution and spiked recovery was averaged 79, 119, and 124%, respectively, for the A1,
expressed as a percentage by dividing the measured concentra- A2, and A3 assays. In contrast to diluted samples, recov-tion of the diluted or spiked sample by the theoretically ex-

ery improved markedly when the neat samples werepected concentration of the diluted or spiked sample, and the
spiked with 17�-estradiol. The recovery of the spikedresult was multiplied by 100.
samples averaged 92, 95, and 91%, respectively, for the
A1, A2, and A3 immunoassays. Overall, the recovery ofData Analysis
diluted and spiked samples demonstrates a reasonably

The experimental design was a two-way factorial (three linear recovery of 17�-estradiol at the different interpo-
immunoassay methods � two FDMW samples) with four rep- lation points evaluated from the standard curve.
lications. Experimental data were analyzed using the General Although some minor differences were encountered
Linear Model program of SAS with a separation of sample between assays regarding standardization accuracy, intra-means by Duncan’s new multiple range test (SAS Institute,

assay precision, and recovery of diluted and spiked sam-2000).
ples, the measured concentration of 17�-estradiol in
both sets of FDMW samples differed according to theResults and Discussion EIA used (Fig. 1). The A1 assay consistently measured
the greatest 17�-estradiol concentrations and the A2A summary of the immunoassay performance charac-

teristics from each FDMW analysis is shown in Table 2. assay measured the lowest. The average concentration
of 17�-estradiol in the first wastewater sample measuredThe measured sensitivity data corresponding to the first

wastewater sample were similar to or better than the with the A1, A2, and A3 immunoassays was 526, 161,
and 332 ng L�1, respectively, and 1310, 181, and 356 ngmanufacturer’s data for each EIA. However, the sensi-

tivity data corresponding to the second analysis were L�1, respectively, in the second wastewater sample.
Because no differences were observed between EIAssomewhat larger for each assay. The average EIA sensi-

tivity for both analyses was 62, 14, and 26 pg mL�1 for when a pure solution of 17�-estradiol was analyzed
(standardization accuracy) (Table 2), the apparent dif-the A1, A2, and A3 assays, respectively. The sensitivity
ference between assays suggests that an interference
affected 17�-estradiol quantitation in FDMW samplesTable 2. Summary of performance data for analysis of two flushed

dairy manure wastewater samples by three different immuno- in one or more of the EIAs. A known source of interfer-
assays. ence with the EIAs is the presence of other steroidal

Performance characteristic FDMW† n A1 A2 A3 estrogens that are listed as cross-reactants in Table 1.
It was noticed that the apparent concentrations of 17�-Sensitivity, pg mL�1 1 8 25 7 10

2 8 98 20 41 estradiol in the wastewater followed in the same qualita-
Standardization accuracy, % 1 3 102 88 136 tive order (A1 � A3 � A2) as the reported estrone

2 3 108 108 75
cross-reactivity of the different assays. Consequently,Precision of replicate samples, % CV 1 4 13 9 11

2 4 3 4 7 estrone was a suspected source of bias between assays.
Recovery of diluted samples, % 1 4 92 109 124 Hence, we measured estrone with an estrone EIA (Cata-2 4 66 128 124

log no. DB 520 51; Immuno-Biological Laboratories).Recovery of spiked samples, % 1 4 88 101 96
2 4 96 89 85 Similar estrone EIAs were not available from the other

† Flushed dairy manure wastewater. companies for comparison.
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Ideally, the lack of agreement between immunoassays
could be reconciled with a more conclusive measurement
technique like gas chromatography–mass spectrometry
(GC–MS) to determine which assay provided the most
accurate measurement of 17�-estradiol in FDMW. Un-
fortunately, GC–MS quantification was not possible with
these wastewater samples due to the extraordinary sam-
ple complexity associated with the ether extracts and
because the ng L�1 sample concentrations are several
orders of magnitude lower than the detection limits
(approximately 10 �g L�1) associated with the only pub-
lished method for the GC–MS analysis of dairy wastes
(Raman et al., 2001). A similar problem was reported
by Raman et al. (2001), who tried to compare the endog-
enous concentration of 17�-estradiol in press-cake dairy
solids measured by the A1 EIA and GC–MS. Endoge-
nous 17�-estradiol could not be measured by GC–MS
due to the relatively poor detection limits. However,
when 17�-estradiol was spiked into the press-cake sam-
ples, the A1 EIA and GC–MS methods agreed well.
Nevertheless, the spiked EIA and GC–MS comparison
does not yield much information regarding bias of the
A1 assay because an interference, if present, would have
been greatly masked by dilution of the spiked samples.

Based on the large differences observed between
EIAs in this study, caution should be observed when
interpreting the biological significance or ecological risk
of 17�-estradiol concentrations in livestock wastes when
measured by EIA. Immunoassays are potentially valu-
able tools for the rapid screening of environmental sam-Fig. 1. Apparent concentration of 17�-estradiol in flushed dairy ma-

nure wastewater (FDMW) samples measured by three immuno- ples. However, a better understanding of the artifacts
assays. Different letters (a,b) indicate a significant difference (� 	 and interferences associated with highly complex and
0.05) between sample means. Error bars denote standard error of variable livestock waste matrices is clearly needed. Tothe mean.

better understand EIA limitations, it is critical that sen-
sitive and reliable GC–MS or liquid chromatography–Estrone concentrations were 562 and 781 ng L�1 in
mass spectrometry (LC–MS)-based methods be devel-the first and second wastewater samples, respectively.
oped as definitive reference methods.Based on the cross-reactivity data shown in Table 1,

estrone in the first wastewater sample would have con-
Conclusionstributed approximately 26, 8, and 12 ng L�1 of 17�-

estradiol signal to the A1, A2, and A3 assays, respec- Ether extraction and quantitation by EIA is a conve-
tively. Likewise, estrone in the second set of wastewater nient method for measuring estrogens in FDMW. Al-
samples would have contributed approximately 36, 11, though no differences were observed between EIAs
and 16 ng L�1 to the 17�-estradiol signal. If the estrone when a pure solution of 17�-estradiol was analyzed, three
cross-reactivity data provided by the manufacturers are EIAs gave different 17�-estradiol results for the same
correct and the EIA measured estrone concentrations wastewater samples. The differences are most likely
are accurate, the large differences observed between caused by one or more matrix interferences associated
assays do not appear to be caused by estrone cross-reac- with coextracted humic substances in the sample. The
tivity. poor quality of the ether extracts and low concentrations

Other types of matrix interferences that are known of 17�-estradiol in the wastewater prevented GC–MS
to affect the quality of EIA data are often associated quantitation and therefore it is not known which of the

three EIAs yielded the most accurate measurement ofwith coextracted humic substances. For example, Huang
17�-estradiol. Future research needs to develop betterand Sedlak (2001) demonstrated that certain types of
extraction and/or purification techniques so that 17�-humic substances extracted from surface water could
estradiol and other estrogens can be measured ingive positive signals during 17�-estradiol EIA. Presum-
FDMW by more conclusive techniques like GC–MS orably, the humic substances cross-react with the 17�-
LC–MS and to ensure that immunoassay results can beestradiol antibody or adsorb to the estradiol enzyme
validated.conjugate in a manner that inhibits the competitive anti-

body binding and thus give a false-positive EIA signal.
AcknowledgmentsOn the other hand, humic substances may cause false-

negative EIA signals if they inhibit the competitive bind- This research was supported by the Florida Agricultural
Experiment Station and a grant from the School of Naturaling of 17�-estradiol to the antibody binding sites.



R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

HANSELMAN ET AL.: COMPARISON OF THREE ENZYME IMMUNOASSAYS 1923

in food and environmental samples by enzyme-linked immuno-Resources and Environment Mini-Grants Program, Univer-
sorbent assays. TrAC Trends Anal. Chem. 17:79–87.sity of Florida, and approved for publication as journal series

Oberdorster, E., and A.O. Cheek. 2001. Gender benders at the beach:number R-09877.
Endocrine disruption in marine and estuarine organisms. Environ.
Toxicol. Chem. 20:23–36.

Panter, G.H., R.S. Thompson, and J.P. Sumpter. 1998. Adverse repro-References
ductive effects in male fathead minnows (Pimephales promelas)

American Public Health Association. 1998. Standard methods for the exposed to environmentally relevant concentrations of the natural
examination of water and wastewater. 20th ed. APHA, Washing- oestrogens, oestradiol and oestrone. Aquat. Toxicol. 42:243–253.
ton, DC. Panter, G.H., R.S. Thompson, and J.P. Sumpter. 2000. Intermittent

Bushee, E.L., D.R. Edwards, and P.A. Moore. 1998. Quality of runoff exposure of fish to estradiol. Environ. Sci. Technol. 34:2756–2760.
from plots treated with municipal sludge and horse bedding. Trans. Peterson, E.W., R.K. Davis, and H.A. Orndorff. 2000. 17�-Estradiol
ASAE 41:1035–1041. as an indicator of animal waste contamination in mantled karst

DeBoever, J., A. Mares, G. Stans, E. Bosmans, and F. Kohen. 1995. aquifers. J. Environ. Qual. 29:826–834.
Comparison of chemiluminescent and chromogenic substrates of Raman, D.R., A.C. Layton, L.B. Moody, J.P. Easter, G.S. Sayler,
alkaline-phosphatase in a direct immunoassay for plasma estradiol. R.T. Burns, and M.D. Mullen. 2001. Degradation of estrogens in
Anal. Chim. Acta 303:143–148. dairy waste solids: Effects of acidification and temperature. Trans.

Dyer, A.R., D.R. Raman, M.D. Mullen, R.T. Burns, L.B. Moody, ASAE 44:1881–1888.
A.C. Layton, and G.S. Sayler. 2001. Determination of 17�-estradiol Rodbard, D., and J.E. Lewald. 1974. Statistical analysis of radioimmu-
concentrations in runoff from plots receiving dairy manure. ASAE noassays and immunoradiometric labeled antibody assays: A gener-
Meeting Paper 01-2107. ASAE, St. Joseph, MI. alized, weighted, iterative least squares method for logistic curve

Finlay-Moore, O., P.G. Hartel, and M.L. Cabrera. 2000. 17�-Estradiol fitting. p. 165–192. In Radioimmunoassay and related procedures
and testosterone in soil and runoff from grasslands amended with in medicine. Vol. 1. Int. Atomic Energy Agency, Vienna.
broiler litter. J. Environ. Qual. 29:1604–1611. SAS Institute. 2000. The SAS system for Windows. Release 8.01. SAS

Huang, C.H., and D.L. Sedlak. 2001. Analysis of estrogenic hormones Inst., Cary, NC.
in municipal wastewater effluent and surface water using enzyme- Shore, L.S., D.L. Correll, and P.K. Chakraborty. 1995. Relationship
linked immunosorbent assay and gas chromatography/tandem mass of fertilization with chicken manure and concentrations of estro-
spectrometry. Environ. Toxicol. Chem. 20:133–139. gens in small streams. p. 155–162. In K. Steele (ed.) Animal waste

Irwin, L.K., S. Gray, and E. Oberdorster. 2001. Vitellogenin induction and the land-water interface. Lewis Publ., Boca Raton, FL.
in painted turtle, Chrysemys picta, as a biomarker of exposure to Tyler, C.R., S. Jobling, and J.P. Sumpter. 1998. Endocrine disruption
environmental levels of estradiol. Aquat. Toxicol. 55:49–60. in wildlife: A critical review of the evidence. Crit. Rev. Toxicol.

Mares, A., J. DeBoever, G. Stans, E. Bosmans, and F. Kohen. 1995. 28:319–361.
Synthesis of a novel biotin-estradiol conjugate and its use for the USEPA. 2001. Environmental assessment of proposed revisions to
development of a direct, broad range enzyme immunoassay for the national pollutant discharge elimination system regulation and
plasma estradiol. J. Immunol. Methods 183:211–219. the effluent guidelines for concentrated animal feeding operations.

Maxey, K.M., K.R. Maddipati, and J. Birkmeier. 1992. Interference EPA-821-B-01-001. USEPA, Washington, DC.
in enzyme immunoassays. J. Clin. Immunoassay 15:116–120. Vadlamudi, K., W.D. Stewart, K.J. Fugate, and T.M. Tsakeris. 1991.

Meyer, H.H.D., H. Sauerwein, and B.M. Mutayoba. 1990. Immuno- Performance-characteristics for an immunoassay. Scand. J. Clin.
affinity chromatography and a biotin-streptavidin amplified enzyme- Lab. Invest. 51(Supplement 205):134–138.
immunoassay for sensitive and specific estimation of estradiol-17�. Vos, E.A. 1996. Direct ELISA for estrone measurement in the feces
J. Steroid Biochem. Mol. Biol. 35:263–269. of sows: Prospects for rapid, sow-side pregnancy diagnosis. Therio-

Nichols, D.J., T.C. Daniel, D.R. Edwards, P.A. Moore, and D.H. Pote. genology 46:211–231.
1998. Use of grass filter strips to reduce 17�-estradiol in runoff Wilkie, A.C., H.F. Castro, K.R. Cubinski, J.M. Owens, and S.C. Yan.
from fescue-applied poultry litter. J. Soil Water Conserv. 53:74–77. 2004. Fixed-film anaerobic digestion of flushed dairy manure after

Nichols, D.J., T.C. Daniel, P.A. Moore, D.R. Edwards, and D.H. Pote. primary treatment: Wastewater production and characterization.
1997. Runoff of estrogen hormone 17�-estradiol from poultry litter Biosyst. Eng. (in press).
applied to pasture. J. Environ. Qual. 26:1002–1006. Wood, W.G. 1991. Matrix effects in immunoassays. Scand. J. Clin.

Lab. Invest. 51(Supplement 205):105–112.Nunes, G.S., I.A. Toscano, and D. Barcelo. 1998. Analysis of pesticides


