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Persistence of endocrine-disrupting chemicals
in agricultural soils1

Angela Lorenzen, Kent Burnison, Mark Servos, and Edward Topp

Abstract: Biosolids and animal wastes can contain natural hormones or synthetic chemicals that have the potential to
disrupt endocrine function in wildlife should they move offsite. The persistence in soil of estrogenic substances that could
reach agricultural land via fertilization with organic amendments has been evaluated. 4-Nonylphenol, ethynylestradiol,
estradiol, and estrone are rapidly dissipated in soils under a range of conditions typical of a temperate growing season with
half-lives ranging from a few hours to a few days. We conclude that these chemicals are rapidly removed from aerated
soils under temperate growing conditions such that application methods that minimize preferential flow or runoff of animal
or human wastes should protect adjacent water from contamination. The use of recombinant yeast and cell culture estrogen
receptor gene transcription bioassays were investigated as potential tools to detect non-labile estrogenic or anti-estrogenic
substances in runoff from soils receiving liquid swine slurry or biosolids.
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Résumé : Les biosolides et les déchets d’origine animale peuvent contenir des hormones naturelles ou des produits
chimiques de synthèse qui ont un potentiel de perturber la fonction endocrine chez les animaux sauvages si ces produits
devaient s’échapper du site où ils sont produits. La persistance dans le sol de substances œstrogéniques qui pourraient
atteindre les terres agricoles par la fertilisation au moyen de fertilisants organiques a été évaluée. Le 4-nonylphénol,
l’éthynylestradiol, l’œstradiol et l’œstrone sont rapidement dissipés dans les sols sous une plage de conditions typiques
d’une saison de croissance tempérée avec des demi-vies biologiques variant de quelques heures à quelques jours. Nous
avons conclu que ces produits chimiques sont rapidement éliminés de sols aérés sous des conditions de croissance
tempérées; les méthodes d’application qui minimisent l’écoulement préférentiel des déchets d’origine humaine ou animale
devraient permettre de protéger l’eau adjacente contre la contamination. L’utilisation de levure recombinante ainsi que
les essais biologiques sur la transcription des gênes des récepteurs d’œstrogènes en culture cellulaire ont également été
examinés comme outils potentiels pour détecter les substances œstrogéniques et anti-œstrogéniques non labiles dans le
ruissellement provenant de sols recevant des boues liquides de lisiers de porcs ou des biosolides.

Mots clés : biosolides, fumiers, lisiers, perturbation endocrinienne, œstrogènes, nonylphénol, persistance dans le sol, essai
biologique.

[Traduit par la Rédaction]

Introduction

There is growing concern about the apparently increasing in-
cidence of reproductive disorders and abnormal development
in wildlife and reduced fertility in human males, problems
which may be caused by so-called endocrine disrupting chem-
icals (EDCs) released anthropogenically into the environment
(Ashby et al. 1997; Sonnenschein and Soto 1998). Known or

Received 9 November 2004. Revision accepted 14 June 2005. Pub-
lished on the NRC Research Press Web site at http://jees.nrc.ca/ on
29 April 2006.

A. Lorenzen and E. Topp.2 Agriculture and Agri-Food Canada,
London, ON N5V 4T3, Canada.
K. Burnison and M. Servos. National Water Research Institute,
Environment Canada, Burlington, ON L7R 4A6, Canada.

Written discussion of this article is welcomed and will be received
by the Editor until 30 September 2006.

1This article is one of a selection of papers published in this
Special Issue on Biosolids.
2 Corresponding author (e-mail: toppe@agr.gc.ca).

suspected man-made EDCs include industrial chemicals such
as dioxins, PCBs, and nonylphenols, and a number of persis-
tent pesticides, such as DDT, that are no longer in use (Safe
and Gaido 1998; Kavlock et al. 1996). Endocrine disrupting
chemicals possess the ability to alter or disrupt endocrine sys-
tem function by mimicking, antagonizing, or interfering with
the biosynthesis or biodegradation of endogenous hormones
(Sonnenschein and Soto 1998). Perhaps the clearest evidence
of endocrine disruption in wildlife is reproductive abnormali-
ties observed in fish or amphibians exposed to effluents from
sewage treatment plants or pulp and paper mills, and possibly
agricultural runoff.

Agriculture could potentially be a source of environmental
EDCs through the use of certain pesticides, land application
of sewage biosolids, or land application of animal wastes con-
taining elevated levels of hormones such as 17β-estradiol and
estrone excreted by poultry or livestock (Nichols et al. 1997;
Ternes et al. 1999). These hormones are found in some animal
wastes, and are notably excreted by pregnant livestock or laying
poultry (Peterson et al. 2000; Shore et al. 1995). Furthermore,
mixtures of estrogenic compounds may act in combination to
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produce an enhanced response, complicating the risk assess-
ment of mixed effluents such as agricultural runoff (Daughton
and Ternes 1999). 17β-Estradiol and estrone are bioactive at
remarkably low environmental concentrations. For example,
the induction of vitellogenin production in male fish occurs at
estradiol concentrations as low as 1 ng/L (Purdom et al. 1994).
A number of recent studies have revealed movement of 17β-
estradiol from manured land into surface and groundwater in
concentrations that could affect wildlife (Peterson et al. 2000).

The synthetic analogue of 17β-estradiol, 17α-ethynylestra-
diol, is a potent xenoestrogen and is a component of oral contra-
ceptives. Excreted 17α-ethynylestradiol is incompletely
degraded in sewage treatment plants, and contributes to the
feminization of male fish in rivers receiving sewage outflow
(Routledge et al. 1998). The efficiency of biodegradation of
both natural and synthetic estrogenic substances, and the con-
centrations that will be exported in biosolids, varies according to
sewage treatment characteristics, with aeration notably increas-
ing efficiency (Esperanza et a. 2004; Joss et al. 2004; Lorenzen
et al. 2004).

The lipophilic aromatic compound nonylphenol is suspected
to be a xenoestrogen, a man-made molecule that has estro-
genic effects. This suspicion is based in part on evidence that
nonylphenol can bind to the human estrogen receptor, stimu-
late human breast cancer cell growth, and induce the expression
of the egg protein vitellogenin in fish (e.g., Lech et al. 1996).
4-Nonylphenol is suspected of contributing to the feminiza-
tion of male fish in sewage outflows. This compound is a pri-
mary breakdown product of nonylphenol ethoxylates, non-ionic
surfactants widely used in industrial, agricultural, and house-
hold applications. Large amounts of nonylphenol ethoxylates
are typically processed by municipal sewage treatment plants
where they are partially degraded to 4-nonylphenol. Most of the
4-nonylphenol produced during the breakdown of nonylphe-
nol ethoxylates during sewage treatment becomes sorbed to the
solids, and concentrations of this chemical in sewage sludge
can be in the gram per kilogram range.

Given the significant scientific and regulatory concern re-
garding the potential human and environmental impacts of these
chemicals, we have been evaluating the persistence and mobility
of selected estrogenic compounds in agricultural soils, and es-
trogen receptor gene transcription activity of agricultural runoff
by means of bioassays.

Materials and methods

The persistence and mineralization of estradiol, estrone,
ethynylestradiol, and 4-nonylphenol were evaluated in soil mi-
crocosms in laboratory incubations by following the disposition
of C14 or H3 labeled parent compound. Detailed descriptions
of the soils used in the experiments, laboratory microcosms,
sample preparation and solvent extraction, HPLC analysis, ra-
dioisotope methods, and hormonal activity bioassays are to be
found in a series of publications (Colucci et al. 2001; Colucci

and Topp 2001, 2002; Lorenzen et al. 2004; Topp and Starratt
2000).

Extracts of liquid swine slurry or municipal biosolids were
subjected to a toxicity identification evaluation (TIE) analy-
sis to quantitatively identify which chemicals were contribut-
ing to estrogen receptor binding activity as described previ-
ously (Burnison et al. 2003). Properties of the aerated munici-
pal biosolids obtained from a city with a population of 130 000,
and liquid swine manure slurry obtained from a commercial
farm have been described (Burnison et al. 2003; Lee and Peart
2002). Briefly, methanol extracts were fractionated by means
of HPLC, and the fractions were analyzed by a recombinant
yeast estrogenicity screen (YES assay) to determine estrogen
receptor binding activities (Gaido et al. 1997). The identity of
compounds with estrogen receptor binding activities was estab-
lished on the basis of retention time in comparison with standard
compounds.

To assess the ability of existing assays to provide full
concentration–response data for estrogen receptor gene tran-
scription activities of agricultural effluents, selected biosolid
and liquid swine manure extracts were analyzed by two in vitro
bioassays. Properties of the aerated municipal biosolids and
the swine manure slurry used for the methods comparison have
been described (Burnison et al. 2003; Jacobsen et al. 2005). The
first method was a YES assay based on an estrogen-responsive
recombinant yeast strain developed by Routledge and Sumpter
(1996) as described previously (Colucci et al. 2001; Colucci
and Topp 2001, 2002). The second assay utilized a recombi-
nant estrogen-responsive human ovarian carcinoma cell line,
BG1Luc4E2 , propagated in cell culture (Rogers and Denison
2000). This cell line has been stably transfected with an estro-
gen responsive luciferase reporter gene. For both, the principle
of the assay consists of placing a reporter enzyme under the con-
trol of genetic control elements that are activated in the presence
of hormonal substances. The expression of the reporter enzyme
is quantitatively detected by means of colour or luminescence,
and is related to the estrogenic activity in the test extract.

Results

Toxicity identification evaluations of liquid swine slurry
(Fig. 1) and municipal biosolids (Fig. 2) illustrate the variety
of natural and synthetic estrogenic substances in these com-
plex materials. For these studies, HPLC fractions were each
evaluated by means of a YES assay, and the chromatographic
retention time of active fractions compared to standard com-
pounds (Burnison 2003). The estrogen receptor gene transcrip-
tion activity in this manure sample was dominated by equol, a
phytoestrogen derived from soybeans that are fed to the pigs.
In addition, natural steroidal female hormones estradiol and
estrone had significant activities. In contrast, estrogen recep-
tor gene transcription activity in the municipal biosolid sample
was dominated by alkylphenols, components of a wide variety
of detergents that are released during anaerobic treatment.
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Lorenzen et al. 213

Fig. 1. Toxicity identification evaluation of liquid swine slurry. Bars indicate the estrogen receptor gene transcription activity of HPLC
fractions with the indicated retention times, the dashed line indicates UV absorbance during the HPLC run. The retention time of
estrogen standards are indicated by the solid line.
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Fig. 2. Toxicity identification evaluation of a municipal biosolid sample. Bars indicate the estrogen receptor gene transcription activity
of HPLC fractions with the indicated retention times, the dashed line indicates UV absorbance during the HPLC analysis of the sample,
the solid line indicates absorbance during the HPLC analysis of a mixture of estrogen standards. The retention times of the estrogen
standards are indicated. EE2, ethynylestradiol; OP, octylphenol; NP, nonylphenol.
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A series of laboratory soil microcosm experiments were un-
dertaken to elucidate the kinetics and mechanisms of removal of
estrogenic substances from soils (Colucci et al. 2001; Colucci
and Topp 2001, 2002; Topp and Starratt 2000). Figures 3 and 4
illustrate typical results with, in this case, persistence of ethynyl-
estradiol. The removal of ethynylestradiol was closely paral-
leled by the loss of estrogen receptor gene transcription activity

detected by the YES assay, indicating that there were no ex-
tractable intermediates produced during the biodegradation of
this compound capable of binding to and activating estrogen
receptors (Fig. 3). In a separate experiment, the loss of HPLC-
detectable H3-labeled ethynylestradiol in three soils varying in
texture was closely accompanied by the loss of extractable ra-
dioactivity, indicating that residues became bound to the soil
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Fig. 3. Removal of ethynylestradiol (EE2) measured by HPLC (open triangles), and removal of estrogen receptor gene transcription
activity (expressed as estradiol equivalents, closed triangles) in a loam soil receiving 1 mg ethynylestradiol/kg soil.
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Fig. 4. Removal of ethynylestradiol (EE2) measured by HPLC (top panel), and removal of extractable radioactivity (bottom panel) in
three agricultural soils varying in texture. The initial ethynylestradiol concentration was 120 ng/kg soil. The HPLC detection limit was
12 ng/kg soil, indicated by the dotted line on the top panel (Colucci and Topp 2002).
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Fig. 5. Concentration–response data for estrogen receptor gene transcription activity of estradiol in BG1Luc4E2 cells (filled circles) and
recombinant yeast (open circles). Bars represent standard error; n = 5 for BG1Luc4E2 cells; n = 224 for YES assay.
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Fig. 6. Concentration–response data for estrogen receptor gene transcription activity of two biosolid extracts in BG1Luc4E2 cells (filled
circles) and recombinant yeast (open circles). Bars represent standard deviation; n = 3 for BG1Luc4E2 cells; n = 2 for YES assay.
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(Fig. 4). Ethynylestradiol was reduced to the extremely low
HPLC-radioactivity detector detection limit of 12 ng/kg soil
(i.e., 12 parts per trillion).

Concentration–response data for estrogen receptor gene tran-
scription activity of estradiol are shown in Fig. 5. Similar curves
were obtained for both theYES assay and the BG1Luc4E2 cells.
However, the recombinant yeast were approximately 10–15
times less sensitive to estradiol than the BG1Luc4E2 cells. Typ-
ical EC50 (concentration of estradiol required to achieve 50%
of the maximal amount of activity) and EC20 (concentration
of estradiol required to achieve 20% of the maximal amount of
activity) values were 0.0058 nmol/L and 0.0023 nmol/L, respec-

tively, for BG1Luc4E2 cells and 0.11 nmol/L and 0.027 nmol/L,
respectively, for the YES assay.

Serial dilutions of biosolid extracts obtained from the same
site at two different time points were analyzed for estrogen
receptor gene transcription activities in both BG1Luc4E2 cells
and theYES assay. Similar concentration–response curves were
obtained for both assays and, as for estradiol, the recombinant
yeast were approximately 10–15 times less sensitive to the ex-
tracts than the BG1Luc4E2 cells (Fig. 6). Relative potencies of
the extracts were determined by dividing the EC20 of estradiol
by the dilution of extract required to attain a response equal
to 20% of the maximum response observed for estradiol. For
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Fig. 7. Concentration–response data for estrogen receptor gene transcription activity of a liquid swine manure extract in BG1Luc4E2

cells (filled triangles) and recombinant yeast (open triangles). Bars represent standard deviation; n = 3 for BG1Luc4E2 cells; n = 2 for
YES assay.
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Fig. 8. Concentration–response data for estrogen receptor gene transcription activity of tamoxifen in BG1Luc4E2 cells (solid bars) and
recombinant yeast (open bars) co-treated with estradiol. Errors represent standard deviation; n = 3 for BG1Luc4E2 cells; n = 2 for YES
assay.
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the extract collected at time 1, the relative potencies were 0.40
for the BG1Luc4E2 cells and 0.63 for the YES assay and for
the extract collected at time 2 were 1.03 for the BG1Luc4E2
cells and 1.94 for the YES assay. The estrogen receptor gene
transcription assays were also used to obtain concentration–
response data for a liquid swine manure extract. Data obtained
for this extract are shown in Fig. 7. Relative potencies of the
extract were calculated to be 1.03 for the BG1Luc4E2 cells and
1.44 for the YES assay.

To assess whether the BG1Luc4E2 cells or the YES assay
could be used to discriminate estrogenic (receptor agonist) and
anti-estrogenic (receptor antagonist) activities, cells were
treated with a concentration of estradiol that produced
sub-maximal receptor binding activities (0.01 nmol/L for
BG1Luc4E2 cells, 0.5 nmol/L forYES assay) plus various con-
centrations of the pharmacological anti-estrogen, tamoxifen.
As shown in Fig. 8, tamoxifen effectively inhibited estrogen re-
ceptor gene transcription activity in a concentration-dependent
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Fig. 9. Concentration–response data for estrogen receptor gene transcription activity of tamoxifen in recombinant yeast. Bars represent
standard deviation; n = 2.
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manner in the BG1Luc4E2 cells, but not in theYES assay. When
the recombinant yeast were treated with tamoxifen alone, re-
ceptor gene transcription activity was observed (Fig. 9).

Discussion

Using a TIE approach, a wide variety of estrogenic com-
pounds was detected in both animal wastes and municipal bio-
solids. In general, animal manure was shown to contain both
natural estrogens and phytoestrogens derived from animal feeds.
The predominate compounds with estrogen receptor gene tran-
scription activities in municipal biosolids were the alkylphenols
— particularly nonylphenol and octylphenol.

Based on our findings concerning the soil persistence of these
natural and synthetic estrogenic substances a number of general
comments can be made. All of the compounds we have studied
to date are non-persistent, with half-lives of a few hours or days
when soil is incubated at moderate temperature and moisture.
Since these compounds are much more stable in sterilized soils,
their degradation is apparently microbially-mediated (data not
shown). Finally, oxygen greatly enhances degradation — these
compounds are much more persistent in anaerobic soils (data
not shown).

Several experiments were conducted to assess the utility of
two in vitro assays for the determination of concentration–
response data for estrogen receptor gene transcription activities
of biosolids and liquid swine manure extracts. The first assay,
based on an estrogen-responsive recombinant yeast strain de-
veloped by Routledge and Sumpter (1996) was for the most
part able to provide sufficient concentration–response data to
obtain relative potencies for the extracts tested. However, cy-
totoxicity (cell lysis) was observed for almost all of the higher
concentrations of the extracts tested (data not shown). Because

cell lysis influenced the absorbance readings, data from any
dilutions of the extracts exhibiting lysis were not included in
the concentration–response analysis. For some extracts, this re-
sulted in truncated concentration–response curves that did not
achieve a response equal to or greater than 20% of that observed
for estradiol and relative potencies could not be determined. As
cell lysis may be an important endpoint for the assessment of
the toxicology of the extracts, efforts are currently underway
to more accurately quantitate cytotoxicity in this recombinant
yeast strain.

The second estrogen receptor bioassay investigated utilized
a recombinant estrogen-responsive human ovarian carcinoma
cell line BG1Luc4E2 (Rogers and Denison 2000). The
BG1Luc4E2 cells were approximately 10–15 times more sen-
sitive to estradiol and the extracts tested than the recombinant
yeast, yet the potencies of the extracts tested relative to estra-
diol were very similar. No overt cytotoxicity (cell detachment)
was observed at the highest concentrations of extracts tested
in the BG1Luc4E2 cells. However, due to method differences,
the actual concentration of the stock extract and dilutions tested
were 50 times lower than those that were tested concurrently in
the YES assay.

Previous reports have suggested that known receptor antag-
onists exhibit “positive” estrogen receptor gene transcription
activity in YES assays (reviewed in Gaido et al. 1997). These
findings were confirmed in the present study with the pharmaco-
logical anti-estrogen tamoxifen. Therefore, the YES assay can
only be used to detect all chemicals that bind to and activate the
estrogen receptor including both receptor agonists (estrogenic
chemicals) and antagonists (anti-estrogenic chemicals). On the
other hand, the BG1Luc4E2 cells appear to be able to discrim-
inate receptor agonists and antagonists. When various concen-
trations of tamoxifen were added to cultures of BG1Luc4E2
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cells that had been pre-treated with estradiol, a reduction in lu-
ciferase activity was observed, indicating that tamoxifen was
anti-estrogenic. Previous studies have shown that treatment of
BG1Luc4E2 cells with tamoxifen alone (3 µmol/L) resulted in
no luciferase induction (Rogers and Denison 2000).

Although the BG1Luc4E2 cell assay is more cumbersome
than the YES assay, the ability of this cell line to discriminate
estrogenic and anti-estrogenic chemicals is important for a com-
plete endocrine activity assessment of agricultural effluents.
Further studies utilizing theYES assay as a primary screen to de-
tect estrogen receptor binding compounds in complex matrices,
such as amended soil, are underway. Those samples that exhibit
receptor binding can then be screened using the BG1Luc4E2
cell assay to determine whether the sample contains estrogenic
or anti-estrogenic (or both) activities.

Conclusions

All of the estrogenic substances we have examined to date
are rapidly dissipated in aerated soils at temperatures typical of
a growing season. We conclude that the risk to water from these
chemicals is low, if manures or biosolids are applied appropri-
ately to prevent preferential flow to depth, or runoff to adjacent
waters. We would predict that these compounds will be sig-
nificantly more stable in cooler oxygen-limited environmental
matrices such as anaerobic sediments. We are currently further
evaluating the hormonal activity of manures and biosolids, and
the persistence of this activity in soils, by means of bioassays.
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