
 

 

ABSTRACT 

YOST, ERIN ELIZABETH. Fate and Biological Activity of Endocrine Disrupting 

Compounds in the Waste of a Commercial Swine Operation. (Under the direction of Dr. Seth 

W. Kullman.) 

Over the past two decades, emerging evidence has unequivocally demonstrated the 

potential for endocrine disrupting compounds (EDCs) found in waste effluents to adversely 

impact aquatic species. The waste of animal feeding operations (AFOs), including swine, 

cattle, and poultry operations, generally receives less treatment than human waste. Thus, 

these operations have been implicated as potentially major sources of manure-borne EDCs to 

the aquatic environment, with steroid hormones and phytoestrogens being of particular 

concern. In order to develop a more comprehensive understanding of the occurrence of these 

EDCs in AFO waste, this study seeks to assess the mass flux of steroid hormones, 

phytoestrogens, and estrogenic activity in the waste of a prototypical commercial swine 

operation. This study additionally aims to evaluate the capacity of classical in vitro estrogen 

screening assays to predict estrogenic effects in exposed fish, and delineate the ligand 

interactions that drive the piscine estrogenic response. 

A field study was conducted to assess the flux of hormones, phytoestrogens, and estrogenic 

activity through all major operational units of a prototypical commercial swine sow AFO. 

Sampling was conducted on repeat occasions between 2008 and 2011, and attenuation of 

analytes in soil was assessed over a 61-day sampling period following the sprayfield 

application of slurry in the spring of 2011. In the anaerobic lagoon, which is the largest 

repository of waste on the farm, steroid hormones, phytoestrogens, and estrogenic activity 

were detected at high levels. Estrone and equol were the predominant estrogen and 



 

 

phytoestrogen species in the lagoon, respectively. Almost all analytes were found to be 

significantly elevated in the particulate phase relative to the aqueous phase of the lagoon 

slurry, and markedly elevated loads of hormones, phytoestrogens, and estrogenic activity 

were observed in the lagoon sludge. To assess analyte flux through the whole system, levels 

of these compounds in the lagoon were compared to that of urine, feces, and of collection pits 

located beneath the barns. It was found that sow urine and feces contain a variety of free and 

conjugated hormones, with progesterone being the most abundant steroid hormone. During 

waste storage in barn pits and the lagoon, the mass ratio of these compounds shifts, with 

androgens, progesterone, and phytoestrogens attenuated relative to steroidal estrogens. Both 

estrone and equol appear to be formed along the waste disposal route, with estrone being the 

predominant compound contributing to estrogenic activity across all units of the farm. In soil, 

analytes and estrogenic activity were generally attenuated from initial levels within 2 days of 

land application, but compounds including estrone, androstenedione, progesterone, and equol 

were still detectable in soil at 61-days post-application.  

Estrogenic activity on the farm was assessed using the yeast estrogen screen (YES) and 

T47D-KBluc in vitro screening assays, and was generally found to track well with reported 

analyte concentrations. To evaluate the capacity of these in vitro assays to predict estrogenic 

effects in fish, laboratory exposures were conducted using Japanese medaka (Oryzias 

latipes). Male medaka were exposed to steroidal estrogens (estrone, 17!-estradiol, 17"-

estradiol, or estriol) or to an extract of swine lagoon slurry, with all exposures calibrated to 

be of equal potency in the YES assay. These exposures were found to elicit significantly 

different magnitudes of hepatic vitellogenin and choriogenin induction in exposed medaka. 

Using ligand binding assays, it was observed that compounds which elicited the greatest 



 

 

magnitude of vitellogenin and choriogenin gene expression had preferential binding affinity 

for the medaka estrogen receptor beta (ER!), supporting recent observations that ER! plays a 

critical role in vitellogenesis and choriogenesis. Results suggest that incorporation of 

multiple ER subtypes into estrogen screening protocols may increase predictive value for the 

risk assessment of aquatic systems, including assessment of complex mixtures such as 

livestock waste effluents. 
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CHAPTER 1 

Introduction 

The topic of endocrine disrupting compounds (EDCs) in the environment is an emerging 

matter of discourse in the scientific community, and has been identified as a priority concern 

worldwide. EDCs are broadly defined as exogenous compounds that interact with the 

endocrine system, with the potential to produce adverse physiological outcomes in humans as 

well as wildlife. In general, EDCs may elicit effects via four general mechanisms of action: 

1) mimicking endogenous hormones by binding receptors, leading to an agonistic effect; 2) 

blocking the binding sites of endogenous hormones, leading to an antagonistic effect; 3) 

altering the expression of hormone receptors, leading to changes in endogenous signaling; or 

4) altering steroidogenesis and hormone metabolism.1 

While potential mechanisms and molecular targets of EDCs are highly diverse,2 one of the 

archetypical classes of EDCs are sex hormone receptor agonists. The EDC hypothesis was 

shaped appreciably by the discovery in the early 1990s of hermaphroditic fish inhabiting the 

outfall of wastewater treatment plants.3 The phenotype of male fish at these sites, which was 

characterized by the development of testicular oocytes as well as elevated plasma levels of 
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the egg yolk protein vitellogenin,4 was found to be primarily attributable to exposure to 

steroidal estrogen residues in the treated municipal waste.5, 6 These findings sparked concern 

over the persistence of estrogens, androgens, and gestagens in human and livestock waste 

streams.7 Human and livestock excreta may also contain plant-derived phytoestrogens, which 

are acquired from dietary intake, and function as estrogen-mimicking EDCs.8  

Livestock waste generally receives less treatment than human municipal waste, and thus 

concerns have been raised that animal feeding operations (AFOs) may represent a potentially 

major source of hormones as well as phytoestrogens to the aquatic environment.9-11 To 

address this emerging issue, this dissertation focuses on the fate and potential effects of these 

compounds in the waste of a prototypical North Carolina commercial swine AFO, which 

confines approximately 2500 breeding, gestating, and lactating sows. A description of the 

field site is provided in Chapter 2. Chapter 3 presents an in-depth assessment of the 

distribution of hormones, phytoestrogens, and estrogenic activity within the waste lagoon on 

this operation. The lagoon is an anaerobic treatment reservoir, and the largest repository of 

waste on the swine AFO. In Chapter 4, the mass flux of these analytes throughout the whole 

farm system is examined, tracking these compounds from their excretion by sows to their 

ultimate fate in agricultural sprayfield soil. In Chapter 5, attention shifts to the effects of 

different steroidal estrogen species in a small aquarium fish model, the Japanese medaka 

(Oryzias latipes). Focus is placed on the translation from in vitro assay-derived estrogenic 

potencies to actual estrogenic effects in fish, as well as the roles that multiple estrogen 
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receptor (ER) subtypes may play in the induction of the piscine response to estrogenic EDC 

exposure. 

Background: AFOs and Associated Environmental Costs 

It has become increasingly common to raise livestock in intensive production systems, 

known as AFOs. The US EPA defines AFOs as facilities in which livestock are held in 

confinement for at least 45 days over the course of any 12-month period; and which crops, 

vegetation, forage growth, or post-harvest residue are not sustained within any portion of the 

confinement area.12 In essence, these operations are systems of intensive and efficient 

livestock production, and commonly house hundreds to thousands of livestock on a single 

site. The increased prevalence of AFOs has dramatically shifted the nature of livestock 

production in the United States, allowing the growth of more animals on fewer farms. For 

instance, in North Carolina, the number of swine farms decreased from 6,921 in 1987 to 

2,836 in 2007,13 while the number of swine produced annually increased from approximately 

2.5 million to 9 million.14  

AFOs reduce the direct costs of food production and are an important source of revenue in 

many rural areas. However, the current waste management systems on these operations may 

be unsustainable due to associated environmental and human health costs. In the case of 

swine operations in the southeastern and midwestern regions of the United States, the most 

common waste management system involves the storage of manure in open-air anaerobic 

pits, which are termed lagoons. Lagoon wastewater is managed via land application onto 



! "!

crop fields as a nutrient amendment. This method of waste management was originally 

incorporated based upon relative ease and lack of affordable, alternate waste disposal 

technologies. Over many years, however, questions have been raised regarding the impact of 

this waste management strategy on environmental health. One concern is that, subsequent to 

land applications, lagoon wastes have the potential to enter the surrounding environment via 

surface runoff during rain events or groundwater infiltration. There have also been historical 

occurrences of lagoon waste entering bodies of water during flooding events. For example, 

hog lagoons in eastern North Carolina flooded during Hurricane Floyd in 1999, in some 

cases overflowing their contents directly into primary or secondary water systems. 

At present, all federal and state level regulation of AFO waste is aimed at controlling 

nutrient runoff, with nitrogen typically being the limiting factor that determines maximum 

wastewater land application rates. AFOs that house a threshold number of livestock are 

classified as concentrated animal feeding operations (CAFOs), and are regulated as point 

sources by the United States Environmental Protection Agency (EPA). All CAFOs must 

develop nutrient management plans (NMPs), which are designed to limit the offsite transport 

of nutrients following land application. CAFOs that propose to discharge their waste directly 

into aquatic systems are required to obtain permits from the National Pollutant Discharge 

Elimination System (NPDES).15 These operations, however, represent a relatively small 

fraction of AFOs nationwide. AFOs that are not large enough to meet the CAFO designation 

may be subject to state-level regulation. In North Carolina, for example, all swine operations 
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with at least 250 animals must obtain permits from the state, and are required to develop and 

adhere to NMPs.16 

Although the mandatory implementation of NMPs represents a tremendous step towards 

minimizing the environmental effects of AFOs, it has been questioned whether current 

regulations are sufficient to control water, soil, and air pollution from these operations. Some 

reports state that, even at recommended land application rates, excess nutrients may be 

present in runoff from fields that receive manure application.17 NMPs also fail to account for 

atmospheric transport of ammonia (NH3) from open pit lagoons, which can lead to nitrogen 

deposition in both local and distant surface waters.18 Additionally, it is exceedingly 

complicated to predict post-application transport of the numerous unregulated contaminants 

that are found in AFO waste.19 For instance, trace elements such as copper, zinc, cadmium, 

arsenic, and selenium have been found to accumulate in soil and runoff following land 

application of livestock waste, and have demonstrated toxicity to plants, microbes, and 

animals.20 Livestock waste also contains a variety of bacterial pathogens, which are a 

particular risk to those who work at AFOs, but have also been shown in limited studies to be 

present in bioaerosols21 as well as groundwater22 near these operations. Antibiotics are widely 

used in livestock production at low “sub-therapeutic” doses to promote growth and prevent 

disease; and a 2009 FDA report demonstrated that many classes of antibiotics used in 

livestock production are also medically important for humans.23 Concern has been raised that 

this usage is promoting the development of antibiotic resistant bacteria, creating treatment 

challenges for both human and animal populations. Furthermore, air pollutants such as 
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ammonia, hydrogen sulfide, and airborne particulate matter generated by AFOs have also 

been linked to chronic health effects in local communities. Epidemiologic studies have 

demonstrated respiratory, gastrointestinal, and neurologic effects in community members 

living in proximity of AFOs, with symptoms including asthma, wheezing, eye irritation, 

headache, nausea, and depression.24-26 This reduced quality of life has been described as an 

environmental justice issue, as AFOs are disproportionately located in minority and low-

income communities.27  

The issue of hormones and phytoestrogens in AFO waste has been relatively under-

investigated compared to some of the pollutant classes summarized above. The occurrence of 

hormones and phytoestrogens in AFO waste, and the state of the science regarding the fate of 

these compounds in the AFO waste management system, is discussed below. 

Natural Hormones Associated with AFO Waste 

See Table 1.1 for structures, selected physical-chemical properties, and origins of the 

steroid hormones and phytoestrogens discussed in this study. 

Steroid hormones: It has been recognized since the early 1900s that livestock excrete 

steroid hormones in their urine and feces.28 The quantification of estrogens in the excreta of 

female animals has been used in a vast array of species for pregnancy diagnosis.29 The 

potential toxicological hazards of these waste-borne compounds, however, were not assessed 

until recently. Recent estimates state that livestock in the United States cumulatively excrete 

approximately 332 metric tons of natural reproductive hormones annually, including 
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estrogens, androgens, and gestagens.30 Of note, synthetic hormones (e.g. trenbolone, 

melengestrol) are also present in cattle waste due to the widespread use of these compounds 

as growth promoters in the cattle industry;31 however, the US swine industry, which is the 

focus of this dissertation, does not permit the application of exogenous hormones to promote 

growth or reproduction, and thus these compounds are not addressed here. Estrogens in 

livestock waste include 17!-estradiol (E2!), 17"-estradiol (E2"), estrone (E1), and estriol 

(E3). E2! is the most potent of these compounds, and is the predominant physiological 

estrogen, while E1, E2", and E3 are less estrogenically potent relative to E2!. The relative 

potencies of these compounds are demonstrated in Figure 1.1, which depicts the activity of a 

suite of estrogenic compounds in the yeast estrogen screen (YES) assay (discussed further in 

Chapters 3-4). The structural relationships and transformation pathways of steroidal 

estrogens are summarized in Figure 1.2, and discussed further below. Natural androgens in 

livestock waste include testosterone and androstenedione, with testosterone being the most 

potent physiological androgen. Finally, progesterone, a natural gestagen, is also known to 

occur in livestock waste. Each of these reproductive hormones may be eliminated in waste in 

their free, unconjugated forms, which possess biological activity; or as sulfate or glucuronide 

conjugates, which have little to no biological potency.  

All steroid hormones are derived from cholesterol, and share a characteristic structure of 

four linked hydrocarbon rings. Physiological formulation of reproductive hormones is 

primarily controlled by the hypothalamic-pituitary-gonadal (HPG) endocrine axis, which 

regulates steroid hormone production via the secretion of gonadotropins (gonadotropin 



! "!

releasing hormone, follicle stimulating hormone, and luteinizing hormone). Estrogens and 

androgens are primarily produced by the gonads, but are also produced by adrenal glands as 

well as peripheral tissues. In the pregnant female, the placenta is also a major source of 

estrogens.32 Progesterone is primarily produced by the corpus luteum in reproductively 

mature females, and by the placenta and/or corpus luteum in pregnant females.33 Both 

estrogens and progesterone play important roles in maintaining the conceptus, and circulating 

levels of these compounds increase with the progression of pregnancy. Estrogen species 

present in raw excreta are reported to vary depending on livestock species; for instance, cattle 

are reported to excrete relatively high levels of E2!, whereas swine and poultry excrete 

primarily E2", E1, and E3.9 The initial steroid hormone content of livestock waste is thus 

primarily a function of species, gender, and reproductive status.9, 10, 30 

Phytoestrogens: Phytoestrogens are defined as “any plant substance or metabolite that 

induces biological responses in vertebrates and can mimic or modulate the actions of 

endogenous estrogens.”34 In general, phytoestrogens belong to a large group of phenolic 

compounds known as flavnoids, which are naturally abundant in a variety of forage crops. 

Their estrogenic properties were first noted in the 1940s, when it was observed that sheep 

grazing on red clover pastures experienced profound loss of fertility.35 Of the flavnoids, 

isoflavones and coumestans possess the greatest estrogenic activity.36 Isoflavones include 

formononetin and biochanin-A, which are the principle phytoestrogen species present in red 

clover; as well as daidzein and genistein, which are most abundant in soybeans. Daidzein and 

genistein, in addition to being present in plants, are also formed in the gut as demethylation 
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products of formononetin and biochanin-A, respectively. Another environmental isoflavone, 

equol, is not present as an endogenous compound in plants, but rather is formed in the gut as 

a metabolite of daidzein. The structural relationships and transformation pathways of 

isoflavones are summarized in Figure 1.3. Of compounds in the coumestan family, 

coumestrol has been most studied, and is demonstrated to have greater estrogenic potency 

than compounds in the isoflavone family. Coumestrol is present in crops such as alfalfa and 

soybeans. The estrogenic activity of these phytoestrogens in the YES assay is depicted 

alongside that of other estrogenic analytes in Figure 1.1. 

The consumption of phytoestrogen-rich diets results in the presence of phytoestrogens in 

excreted manures. For instance, one study found that hogs fed red clover excreted 55% of the 

ingested formononetin and daidzein after eight hours.37 Likewise, the inclusion of soybeans38 

and red clover39 in livestock diets has been demonstrated to increase the estrogenic potency 

of manure. While the estrogenic potency of phytoestrogens is considerably lower than that of 

steroidal estrogens (Figure 1.1), the excreted levels of phytoestrogens in manure may far 

exceed that of steroidal estrogens. For instance, one study demonstrated that concentrations 

of equol in human urine after a soy-based meal were 100 to 1000 times greater than urinary 

steroidal estrogen concentrations.40  

Chemical Properties and Behavior 

Following excretion by livestock, the environmental fate of reproductive hormones and 

phytoestrogens is a function of abiotic/biotic transformation, sorption, and 
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degradation/mineralization processes, some of which may be influenced by operational 

variables in the AFO waste management system. As a result of several well-documented 

transformation processes, the hormone content of stored manure is likely to differ from that 

of raw, untreated urine and feces. For steroidal estrogens, one process that has been widely 

documented is the formation of E1 as an oxidation product of E2! and E2" (Figure 1.2). 

Zheng et al. found that E1 concentrations increased with a concomitant decrease in E2! and 

E2" along the waste disposal route of a typical dairy operation, demonstrating that this 

transformation occurs during manure storage.41 Subsequently, E1 is almost invariably the 

most abundant form of estrogen detected in AFO lagoons, regardless of livestock species. 

However, this transformation process is known to be reversible, and the racemization of the 

E2! and E2" stereoisomers via E1 has been demonstrated to occur under anaerobic 

conditions.42 The transformation of E2!/" to E1 is generally thought to be mediated by 

microbial enzyme activity,43, 44 although some studies have shown that the transformation can 

also be mediated abiotically,45 perhaps through processes such as oxidation by metal oxides.46 

The formation of E1 from E2! is well documented to occur in soil,45, 47 and is considered to 

be the first step in the degradation of E2! following agricultural land application of AFO 

waste. In a similar process, the formation of androstenedione as a product of testosterone 

oxidation has been demonstrated to occur in soil47 and manures.48, 49  

Another transformation process is the hydrolysis of conjugated hormones into their free 

and biologically active forms, which is mediated by !-glucuronidase and sulfatase enzyme 

activities of fecal bacteria.50 While conjugated hormones have been demonstrated to be labile 
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and readily hydrolyzed during municipal wastewater treatment,50, 51 one study by Hutchins et 

al.52 found that up to 95% percent of total estrogens in livestock waste lagoons were present 

in conjugated form. The degree of conjugate persistence was found in this study to vary 

widely between different types of livestock operations, indicating that the animal source of 

the waste as well as operation-specific waste disposal practices may greatly influence the 

persistence of conjugated hormones in livestock wastewater. The potential for conjugated 

hormones to persist in waste effluents has attracted a great deal of interest, as the failure to 

quantify these compounds may result in the underestimation of total hormone loads in waste 

systems. Additionally, conjugated hormones may be more mobile in the environment as a 

result of their high water solubility, potentially providing a conduit for the offsite transport of 

hormones from manure fields. In support of this, one recent study demonstrated that the 

conjugated estrogen species 17!-estradiol-3-glucuronide persisted longer than free estrogens 

in the dissolved phase of a soil-water batch experiment, and was detected in groundwater at a 

significant concentration (425 ng/l) near a swine operation.53 

Under anaerobic conditions, steroidal estrogens are found to be remarkably persistent. For 

instance, under strictly anaerobic conditions in sediments, Czajka et al.54 demonstrated that 

degradation of E2! was minimal over the course of several months. A similar observation 

was made by Zheng et al.42 in a study of dairy lagoon wastewater. Both studies observed that 

reversible transformations occurred under these anaerobic conditions—primarily, the 

formation of E1 and the racemization of E2!/"—but total mass loss of estrogen was found to 

be minimal. In support of these observations, it has been observed in field studies that 
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steroidal estrogens may accumulate to considerable levels in anaerobic waste lagoons on 

livestock operations. For instance, Hutchins et al. measured average concentrations of E1, 

E2!, and E3 of 9940 – 17400 ng/l, 194 – 2460 ng/l, and 6290 – 7830 ng/l, respectively, in the 

anaerobic lagoons of two swine sow operation.52 Similarly, in anaerobic swine lagoons, 

Raman et al. observed E1 concentrations ranging from 5900-14000 ng/l, and E2! 

concentrations ranging from 1800-3900 ng/l.55 These are remarkably high concentrations, 

considering that these compounds elicit physiological effects at the part-per-trillion level in 

aquatic species: for instance, aqueous concentrations as low 4.7 ng/l E2! have been 

demonstrated to induce production of the vitellogenin egg yolk protein in juvenile female 

rainbow trout (Oncorhynchus mykiss);56 and predicted-no-effect-concentrations in fish have 

been placed at 1 ng/l for E2!, and 3-5 ng/l for E1.57  

While hormones may persist in the anaerobic environment, these compounds have been 

demonstrated in numerous studies to undergo rapid aerobic degradation, with half-lives 

typically reported to be on the order of hours to days (reviewed by Lee et al.10). It has 

additionally been demonstrated that hormones adsorb rapidly to organic carbon (OC) in soil 

batch experiments.47, 58 Given these well documented environmental behaviors, it would 

logically follow that mindful land application of manures under the guidelines of an NMP 

would effectively limit the persistence and transport of steroid hormones in soils. Indeed, 

several studies indicate that NMPs and other best management practices may sufficiently 

reduce the levels of hormones that reach surface waters. For instance, Nichols et al.59 found 

that, although appreciable levels of estrogen were present in the initial surface runoff from a 
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poultry manure application field, hormone concentrations in runoff were largely attenuated 

by vegetative barriers at the edge of the field. E2! mass loss from the field was reduced 79, 

90, and 98% by grass barrier lengths of 6.1, 12.2, and 18.3 meters, respectively. Similarly, 

Dutta et al.60 reported that runoff of free and conjugated estrogens decreased appreciably 

between the edge of a poultry manure application field and a neighboring riparian zone, with 

levels of estrogen in the stream water being below the limit of detection in almost all cases. 

Shappell et al.61 found that a cattle AFO operating under best management practices had 

negligible amounts of steroid hormones in its runoff. Additionally, Zhao et al.62 found that 

runoff from a cattle AFO resulted in estrogen concentrations in a headwater stream of less 

than 1 ng/l, indicating that 99.8% of land applied estrogens were attenuated in soil.  

Conversely, other reports indicate that hormones in livestock waste exhibit surprising 

persistence and mobility following land application. In a nationwide reconnaissance study 

performed between 1999 and 2000, reproductive hormones were frequently detected in 139 

US streams impacted by human and agricultural wastewater. E2!, E1, E2", E3, testosterone, 

and progesterone were detected at concentrations up to 200, 112, 74, 51, 214, and 199 ng/l, 

respectively.63 In the United Kingdom, Matthiessen et al. determined that estrogenic activity 

was elevated downstream of livestock operations relative to upstream, and found E2! and E1 

to be ubiquitous at levels ranging from ND - 0.89 and 0.10-9.31 ng/l, respectively.64 In 

Taiwan, Chen et al. observed levels of E1 ranging from 7.4 - 1267 ng/l, E2! levels ranging 

from ND to 313 ng/l, and E3 levels ranging from ND to 210 ng/l in a river near a large 

livestock feedlot.65 These estrogen levels are well within the range known to induce 
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physiological effects in fish, and suggest that hormones may have environmental mobility 

that is greater than expected based on known aerobic half-lives and sorption behaviors.  

Researchers have speculated as to the causes of this seemingly enhanced mobility. One 

possibility is that hormones may have lasting offsite transport from agricultural soils due to 

association with dissolved or colloidal organic carbon (DOC; COC) in the waste. Although 

investigation of this topic has been scarce, it has been demonstrated that up to 60% of 

estrogens in municipal wastewater treatment effluent66 and ~30% of estrogens in liquid swine 

manure67 were associated with COC. The association of estrogens with DOC/COC in 

wastewater and manure has been shown to inhibit steroid hormones from adsorbing to soil, 

which could enhance mobility in the environment.67-70 Abundance of DOC/COC has also 

been shown to hinder the transformation and degradation of potent estrogens into less potent 

or harmless compounds, perhaps by rendering the hormones less bioavailable for microbial 

degradation.67, 68, 71 The association of hormones with DOC or COC could thus be a 

potentially important conduit for offsite transport following the land application of lagoon 

waste, which is rich in organic matter and reported to have a biological oxygen demand that 

is 100-fold greater than that of treated municipal waste.72 

Another speculation is that hormones may readily undergo preferential transport in soil, i.e. 

transport through pores, cracks, and fissures. For instance, Kjaer et al.73 found that E2! and 

E1 leached through structured soils to tile drains for up to 3 months following application of 

swine waste slurry, with respective maximum concentrations of 68.1 and 2.5 ng/l occurring 

in the leachate. The authors speculated that this surprising persistence and mobility could be 
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due to 1) subsurface injection of the slurry into anaerobic soils, which could increase 

persistence due to lack of microbial degradation; and 2) preferential transport through the 

artificially drained structured soil. Similarly, several studies have demonstrated that estrogens 

exhibit preferential transport through karst systems. For instance, spring water from a 

mantled karst aquifer adjacent to livestock operations in Arkansas was found to have E2! 

concentrations of 6-66 ng/l.74  

Additionally, some studies suggest that the chemical and biological properties of 

agricultural soils may be altered by the land application of manure, potentially affecting 

hormone persistence. For instance, application of manure may increase soil organic carbon 

content, potentially augmenting the sorption of hormones to soil.75, 76 This may limit the 

probability of transport in runoff or leachate, but also potentially enhances persistence by 

decreasing bioavailability for microbial degradation. Additionally, the application of manure 

has the potential to modify the resident soil microbial population. 76, 77 This could potentially: 

1) increase the rate of hormone degradation through the introduction of microbes that are 

specially adapted to the use of steroid hormones as a carbon source;78, 79 or, conversely, 2) 

cause disruptions in the microbial community that ultimately decrease the rate of hormone 

degradation.80 

To date, a majority of studies examining hormone fate have focused on steroidal estrogens, 

with less attention paid to the fate of androgens. Data on progesterone fate lags even further 

behind. Given their similar structures and chemical properties, it would be expected that 

these compounds would have similar environmental fate. Nevertheless, some notable 
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differences in the behavior of these compounds have been documented. For instance, 

testosterone has been found to have lower sorption affinity to organic carbon,81 shorter 

dissipation half-life in soils47 and manures82, 83 and more susceptibility to runoff84 relative to 

estrogens. Progesterone has likewise been shown to be more labile than steroidal estrogens in 

manure.83 It has been suggested that estrogens may adsorb more strongly than testosterone or 

progesterone to soil, perhaps due to specific interactions with the phenolic group at C3.47 It 

has also been suggested that the recalcitrance of the estrogen aromatic A ring to microbial 

degradation may enhance its persistence relative to other steroid hormones.82   

Finally, research on phytoestrogen behavior and environmental occurrence is still in its 

nascent stages, although several recent studies have documented occurrence and mobility of 

phytoestrogens from agricultural sources. Recent studies have reported equol concentrations 

in the mg/l range in a swine waste lagoon11 and a swine waste treatment plant influent,85 

indicating that this compound can persist at considerable levels in the anaerobic environment. 

Similar to steroid hormones, phytoestrogens are moderately hydrophobic, with log Kow in the 

range of 1.6 – 3.7 (Table 1.1). Thus, phytoestrogens could be affected by similar 

environmental variables as described above, including sorption to soils and DOC/COC. In 

regards to the potential mobilization of phytoestrogens from livestock operations, evidence 

suggests that phytoestrogens may be present in runoff from manure-applied fields; however, 

it is debatable whether levels of these weakly potent compounds are sufficient to elicit 

endocrine disruption in aquatic populations. A recent study by Kolpin et al.86 surveyed 

agricultural basins across Iowa for isoflavones and coumestrol throughout the 2008 growing 



! "#!

season. Formononetin was detected in 80% of samples, and equol was detected in 48% of 

samples. However, cumulative phytoestrogen levels in the basins did not exceed 100 ng/l, 

which the authors concluded was below the threshold likely to elicit effects on fish. Another 

recent study by Hoerger et al.87 investigated the mass balance of isoflavones on grassland 

applied with cattle manure. The authors concluded that isoflavone concentrations in drainage 

water were ! 3600 ng/l, which is an estrogenically significant level. However, mass balance 

analysis indicated that manure did not contribute significantly to these concentrations, but 

rather the isoflavones in the runoff were primarily due to plant residues. This is in contrast to 

the conclusions of Kolpin et al.,86 who indicated that the widespread presence of equol likely 

indicated contributions from a manure source. 

Physiological Effects in Aquatic Organisms 

The potential of steroid hormones to elicit negative effects on exposed aquatic organisms 

has been extensively documented over the past two decades, demonstrating unequivocally 

that these compounds have the potential to impact aquatic species. Noted reproductive effects 

of estrogen exposure include impaired gonadal development, induction of female-specific 

proteins (i.e. vitellogenin, choriogenin) and testicular oocytes (intersex) in males, skewed sex 

ratios, and reduced fecundity of both males and females (reviewed recently by Mills and 

Chichester88 and Leet et al.89). Lowest-observed-effect-concentrations for these endpoints 

typically occur between 10 – 100 ng/l, with the greatest sensitivity often observed during 

critical periods of development in early life stages.89 Phytoestrogens have likewise been 

demonstrated to elicit estrogenic effects in fish, although higher concentrations are generally 
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necessitated due to the low potency of these compounds. For instance, exposure of juvenile 

medaka to equol for 100 days post-hatch resulted in intersex incidence of 10% and 87% at 

concentrations of 400 ng/l and 800 ng/l, respectively;90 while, comparatively, a similar 

exposure of juvenile medaka to E2! for 100 days post hatch resulted in intersex incidence of 

10% and 100% at concentrations of 10 ng/l and 100 ng/l, respectively.91 Exposure of aquatic 

species to androgens, meanwhile, has been primarily exemplified by case studies involving 

pulp and paper mill effluent, which possesses potent androgenic activity;92 as well as studies 

on the synthetic androgen 17!-trenbolone, which is widely used in cattle production.93 

Androgenic compounds may elicit phenotypes including alterations in circulating hormone 

levels, induction of male secondary sexual characteristics in females, impaired testicular 

development in males, and reduced fecundity.93 Finally, little has been studied regarding the 

effects of gestagens on aquatic species. However, exposure of Japanese medaka94 and fathead 

minnow (Pimephales promelas)94, 95 to synthetic gestagens has been demonstrated to decrease 

fecundity at concentrations in the low ng/l range; while exposure of zebrafish embryos 

(Danio rerio) to natural progesterone or synthetic gestagens altered the expression of 

estrogen, androgen, and progesterone receptors in a dose and time responsive manner, 

indicating that these compounds may interact with multiple hormone signaling pathways.96 

Numerous reports in wild fish populations have linked proximity to municipal wastewater 

treatment plants to the induction of classical effects associated with estrogen exposure, with 

vitellogenin induction, gonadal development, and intersex typically being the most 

commonly assessed traits at these sites.4, 97, 98 To date, only three studies to our knowledge 
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have examined such effects in wild populations at AFO-impacted sites. In 2001, Irwin et al.99 

reported farm ponds impacted by beef feedlot runoff had E2! concentrations ranging from 

>1 – 7 ng/l, and found that female painted turtles (Chrysemys picta) in these ponds had 

significantly elevated plasma vitellogenin levels compared to those at non-impacted ponds. 

In 2004, Orlando et al.100 found that a wild fathead minnow population exposed to beef 

feedlot effluent had demasculinized males (small testis, reduced testosterone production, and 

feminized secondary sex characteristics) and masculinized females (reduced estrogen 

production). The potently androgenic runoff at the site led the authors to implicate 17!-

trenbolone, or possibly a complex mixture of estrogens and androgens, as likely candidates 

for eliciting this effect. Most recently, in 2012, Leet et al.101 surveyed the fish population in a 

network of agricultural ditches receiving runoff from cattle, swine, and poultry operations. 

Estrogen and androgen concentrations in the ditches were generally low (> 1 ng/l), but 

peaked to levels of up to 50 ng/l, with E1 and testosterone being the most abundant estrogen 

and androgen species, respectively. The ditches were found to contain low species diversity 

relative to a pristine reference site, and feral creek chubs (Semotilus atromaculatus) were 

found to have slower reproductive development and faster somatic growth in the impacted 

sites versus the reference site. However, the authors state that many factors may complicate 

the comparison between the two sites, including habitat differences (channelized flow, 

particulates, lack of riffles, and higher temperature in the ditches, versus pristine conditions 

at the reference site), and the presence of pesticides and nutrients in the AFO-impacted sites. 

One pertinent observation from this and other102 studies is that the highest hormone 
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concentrations were observed following manure land application in the spring months, which 

is coincident with critical periods in spawning, hatching, and development of many fish 

species.  

Molecular Mechanisms of Estrogen Action 

From here forward, we focus exclusively on estrogen signaling, as the majority of manure-

borne compounds explored in this dissertation are “estrogenic” in terms of their mode of 

action. Until the mid-1990’s, it was thought that all estrogen signaling was mediated through 

a single ER. The understanding of potential signaling pathways has since increased 

tremendously, with the identification of multiple ER subtypes, as well as a complex network 

of both genomic and non-genomic estrogen signaling. The genomic (“classical”) pathway 

involves activation of nuclear ERs, which are members of the nuclear receptor (NR) 

superfamily of ligand-activated transcription factors. The binding of estrogenic ligands to 

nuclear ERs in the cytosol triggers the homodimerization and subsequent nuclear 

translocation of these receptors. Once in the nucleus, the ER dimer pair initiates transcription 

of estrogen-regulated genes through direct binding to estrogen responsive elements (EREs) in 

the promoter region of the DNA.103 Nuclear ERs may also initiate transcription of genes that 

do not contain EREs, which is thought to occur via tethering to transcription factors such as 

activating protein 1 (AP1) and stimulating protein 1 that are bound to DNA.104 In addition to 

these genomic signaling pathways, it has also been found that estrogens may initiate rapid, 

non-genomic signaling through membrane-bound receptors. For instance, it has been 

demonstrated that a subpopulation of ERs, originating from the same transcripts as nuclear 
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ERs, may migrate to the cell membrane and participate in signaling events including 

activation of Ca2+ channels and mitogen-activated protein kinase.105 Furthermore, a G-protein 

coupled receptor known as GPR30 has been found to be involved in the rapid mediation of 

estrogen signaling via the production of cyclic AMP.106 Current evidence suggests that 

estrogens may use different signaling pathways depending on the cellular context, and in this 

way evoke distinct responses in different types of target cells.104  

Regarding the response of aquatic organisms exposed to estrogenic pollutants, the bulk of 

research to date has focused on genomic signaling through nuclear ERs; however, even 

within this classical pathway, much remains to be elucidated regarding involvement of these 

receptors in the piscine estrogenic response. Nuclear ERs possess the hallmark structures 

indicative of the NR superfamily, with structural domains associated with dimerization, 

ligand binding, DNA binding, and transcriptional transactivation. The DNA binding domain, 

which is well conserved evolutionarily, contains zinc finger motifs that bind with specificity 

to EREs. Towards the C-terminus is a moderately conserved ligand binding domain (LBD). 

These two domains flank a highly variable hinge region, which appears to be necessary for 

the formation of the ER tridimensional structure. Transcriptional transactivation is mediated 

by a constitutively active domain within the N-terminus (AF-1), and a ligand-dependent 

activation domain within the LBD (AF-2). Both AF-1 and AF-2 domains contain elements 

which interact with coactivator proteins and the polymerase transcriptional complex, 

facilitating the transcription of estrogen-regulated genes.107  
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One factor underlying the complexity of this classical signaling pathway is the presence of 

multiple isoforms of nuclear ERs. For many years, it was thought that all estrogen signaling 

was mediated through a single nuclear ER (ER!). However, in 1996, a second ER subtype 

(ER") was discovered in rat prostate,108 and was subsequently identified in other mammalian 

species and tissues. It was found that these two ER subtypes have different ligand binding 

affinities and distinct but overlapping tissue distributions,109 suggesting non-redundant 

physiological function. Through studies of knockout mice, it was found that ER! is critical 

for mediating most of the classical reproductive effects of estrogen in the mammalian system, 

including uterine stimulation, mammary gland development, and negative feedback on the 

HPG axis. ER" appears less essential to these systems, but is integrally involved in processes 

including prostate development, ovarian function, cardiovascular health, and behavior.110 

Moreover, it has been found that these two receptors may elicit opposing effects at the 

promoter level,111-113 with co-expression of ER! and ER" resulting in the repression of ER!-

mediated transcriptional activity.114 Such observations suggest that the ratio of ER! to ER" 

within a cell or tissue may be a critical factor in determining the response to estrogen 

stimulation.115 

While mammals have two nuclear ER subtypes, teleost fish have at least three (ER!, 

ER"1, and ER"2), with the second ER" subtype having originated during a genome 

duplication event in the teleost lineage.116 Although the tissue distribution,117-119 ligand 

binding affinities,120 and transactivational capacities121-123 of ERs in various teleost species 

have been explored in several recent studies, the precise roles of these multiple ER subtypes 
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in piscine physiology remain to be fully elucidated. As is discussed in Chapter 5, current 

evidence suggests a complex interplay between these multiple ER isoforms in the teleost 

response to estrogen exposure, with ER! subtypes potentially playing a critical role in the 

initiation of vitellogenesis and the induction of estrogenic biomarkers.    

Screening for Estrogenic Activity in Aquatic Environments 

A variety of screening assays have been developed to report binding and/or activatation of 

the ER. These assays form the basis of many global screening initiatives, which are directed 

at identifying compounds capable of interacting with the endocrine system. However, these 

assays also offer a useful tool for hazard assessment of environmental samples. When the 

chemical composition of an environmental sample is not known, these assays can be 

employed to screen for the presence of estrogenic compounds. Even when chemical 

composition of a sample has been evaluated, the effects of complex chemical mixtures may 

often be difficult to predict based on chemistry data alone, and bioassays can offer additional 

insight into these interactions. Available in vitro assays are based on the sequential steps 

involved in estrogen signaling, and span a realm of biological complexity. For instance, 

ligand binding assays assess the ability of a compound to bind the ER, which is the initiating 

step and prerequisite for estrogen signaling. ER transactivational assays are performed in live 

cells and provide more biological complexity than binding assays, as they report the ability 

of a compound to activate transcription of a reporter gene driven by an ERE. To date, a 

variety of standardized in vitro transactivational assays employing human (h) ERs have been 

developed, including the YES,124 the T47D-KBluc,125 and many others. Assays employing 
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fish ERs have likewise been developed, including assays that utilize fish liver slices126 or 

whole embryos,127 but are currently less widely used compared to the classical hER-based 

assays. Although these assays are commonly used to assess estrogenicity in surface waters, 

remarkably few studies have examined the ability of these hER-based assays to predict 

estrogenic effects in fish. This issue is addressed in Chapter 5, which provides a case study 

on the capacity of hER-based in vitro assays to predict estrogenic effects in fish.  

Japanese Medaka As a Model 

The Japanese medaka is a small, freshwater teleost fish, which has been employed since 

the early 1900s as an experimental model. The use of a fish model is appropriate for 

exploring estrogenicity of manure-borne compounds, as fish are likely to be receptors of such 

pollution in manure-impacted aquatic environments. Additionally, the HPG axis is well 

conserved amongst vertebrates, and thus endocrine effects in medaka may be extrapolated to 

a reasonable degree across species.128 The recent sequencing of the medaka genome, as well 

as the variety of molecular tools available for this species, likewise enable its utility for this 

study. 

Research Objectives 

As discussed above, steroid hormones and phytoestrogens are abundant in livestock waste 

and have been demonstrated in some instances to migrate into surface waters, potentially 

affecting native fish populations. The objective of this study is to characterize the abundance 

and flux of these compounds and associated estrogenic activity through a prototypical swine 
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sow AFO. Focus is placed on the persistence of analytes during waste storage and following 

land application, the contribution of individual compounds to total estrogenic activity, and 

operational variables that may affect analyte loading. This project was undertaken as 

collaborative effort with the US Geological Survey Organic Geochemistry Research 

Laboratory (Lawrence, KS), who performed the analytical chemistry associated with this 

project. Other collaborators on this project included researchers at the Duke University 

Nicholas School of the Environment (Durham, NC), who utilized a subset of this data to 

construct a series of Bayesian network models (summarized in Chapter 6; see also the 

dissertation of Dr. Boknam Lee, Duke University129). 

Given the complex involvement of ERs in generating organismal response to estrogenic 

contaminants, the translation between screening assays and estrogenic effects in fish is 

unlikely to be straightforward. Therefore, an additional objective of this project was to 

provide a case study on the ability of in vitro hER-based screening assays to predict 

estrogenic effects in fish, using the Japanese medaka as a model. Gene expression and 

medaka ER binding results are assessed in context of extant hypotheses regarding the 

putative roles of multiple ER subtypes in the generation of estrogenic response. 
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Table 1.1: Chemical structures, selected physical-chemical properties, and origins of the 

steroid hormones and phytoestrogens assessed in this study. Sources for log KOW values 

are as follows:  

a  EPI Suite software v2.00130  

b Experimental values, provided in a review by Lee et al., 200710  

c Experimental values, Rothwell et al., 2005131
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 Table 1.1 Continued 

 

ESTROGENS Chemical data Log KOW Origin 

17!-Estradiol 

(E2!) 

C18H24O2 

MW: 272.38 

CAS: 50-28-2 

 

3.94 a 

3.34 ± 0.18 b 

- Natural steroidal 

estrogen  

Estrone 

(E1) 

C18H22O2 

MW: 270.37 

CAS: 53-16-7 

 

3.43 a 

3.20 ± 0.02 b 

- Natural steroidal 

estrogen 

- Metabolic 

degradation product 

of E2! 

17"-Estradiol 

(E2") 

C18H24O2 

MW: 272.38 

CAS: 57-91-0 

 

3.94 a 

 

- Natural steroidal 

estrogen  

Estriol 

(E3) 

C18H24O3 

MW: 288.39 

CAS: 50-27-1 

 

2.81 a 

 

- Natural steroidal 

estrogen  

- Metabolic 

degradation product 

of E1 

HO

CH3

OH

HH

H

HO

CH3

HH

H

O

HO

CH3

HH

H

OH

OH

HO

CH3

HH

H

OH
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Table 1.1 Continued 

 

ANDROGENS Chemical data Log KOW Origin 

Testosterone 

(T)  

C19H28O2 

MW: 288.43 

CAS: 58-22-0 

 

3.27 a 

3.32 ± 0.18 b 

- Natural steroidal 

androgen  

11-ketotestosterone 

(11KT) 

C19H26O3 

MW: 302.41 

CAS: 53187-98-7 

 

 - Natural steroidal 

androgen 

Epitestosterone 

(EPI)  

C19H28O2 

MW: 288.43 

CAS: 481-30-1 

 

3.27 a 

 

- Natural steroidal 

androgen   

Androstenedione 

(AN) 

C19H26O2 

MW: 286.42 

CAS: 63-05-8 

 

2.26 a 

3.72 ± 0.05 b 

- Natural steroidal 

androgen 

- Metabolic degradation 

product of testosterone 

O

CH3 H

CH3

OH

H H

O

CH3 H

CH3

H H

O

O

CH3 H

CH3

H H

OH

O

O

CH3 H

CH3

OH

HH
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Table 1.1 Continued 

 

GESTAGENS Chemical data Log KOW Origin 

Progesterone 

(P4)  

C21H30O2 

MW: 314.47 

CAS: 57-83-0 

 

3.67 a -Natural gestagen 

 

 

PHYTOESTROGENS Chemical data Log KOW Origin 

 

 

Daidzein 

(DAI) 

C15H10O4 

MW: 254.2 

CAS: 486-66-8 

 

2.6 a 

2.5 c 

- Isoflavone (soybeans 

are a major source) 

 

 

Genistein 

(GEN) 

C15H10O5 

MW: 270.2 

CAS: 446-72-0 

 

2.8 a 

3.0 c 

- Isoflavone (soybeans 

are a major source) 

 

 

O

CH
3 H

CH
3

H
H

O

O

OH

O

HO

O

OH

HO

OOH
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Table 1.1 Continued 

 

PHYTOESTROGENS cont. Chemical data Log KOW Origin 

 

 

Equol 

(EQU)  

C15H14O3 

MW: 242.3 

CAS: 94105-90-5 

3.7 a 

3.2 c 

- Isoflavone 

- Not endogenous to 

plants; formed in the 

intestine as a metabolic 

product of daidzein 

 

 

Formononetin 

(FOR) 

C16H12O4 

MW: 268.3 

CAS: 485-72-3 

3.1 a - Isoflavone (red clover 

is a major source) 

 

 

Biochanin-A 

 (BIO) 

C16H12O5 

MW: 284.3 

CAS: 491-80-5 

3.4 a - Isoflavone (red clover 

is a major source) 

 

 

Coumestrol 

(COU) 

C15H8O5 

MW: 268.2 

CAS: 479-13-0 

1.6 a - Coumestan (soybeans, 

alfalfa) 

 

O

O

O

CH3

HO

O

OH

HO

O

O

HO

O

CH3

OH

O

O

HO

OH

O
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Figure 1.1: Concentration-response curves for representative steroidal estrogens, phytoestrogens, and androgens in the 

YES assay, demonstrating the relative estrogenic potency of these compounds. This data is discussed in Chapters 3-4, with 

details on the assay procedure outlined in Appendix B.  



! "#!

HO

CH3

OH

HH

H

HO

CH3

HH

H

O

HO

CH3

HH

H

OH

OH

HO

CH3

HH

H

OH

Estrone (E1)!

17"-estradiol (E2")!

17#-estradiol (E2#)!

Estriol (E3)!

E2#-conjugates!

E2"-conjugates!

E1-conjugates! E3-conjugates!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Transformation pathways of the four steroidal estrogen species, including the hydrolysis of conjugated species 

into free forms. 
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Figure 1.3: Transformations of isoflavones during digestion, mediated by intestinal bacteria. 
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CHAPTER 2 

Field Site Description 

As of 2013, the state of North Carolina has approximately 2400 permitted swine operations 

that confine at least 250 swine.1 Approximately 15 of these operations confine more than 

2500 swine over 55 pounds (sows or finishers), or 10,000 swine under 55 pounds (weener- 

feeders), and thus are subject to federal permitting under the US EPA CAFO rule,2 while the 

remainder of these operations are subject to state-level permitting as AFOs. A map showing 

all permitted livestock operations in North Carolina is provided in Figure 2.1. As can be seen 

on the map, the majority of swine operations are located in the southeastern corridor of the 

state, falling within the Neuse, Cape Fear, and Lumber River watersheds. The field site for 

this study is centrally located within this area, and is prototypical of swine operations in this 

region of the United States in terms of its design and its waste management system. 

The field site, pictured in Figure 2.2, is a commercial swine farrowing operation. The site 

consists of two separate farms, each of which confines slightly less than 2500 swine. As 

neither facility meets the threshold requirements for federal regulation, these facilities are 

both regulated as AFOs rather than CAFOs. All field sampling was conducted on the farm 

that is indicated in Figure 2.3; the other farm was not sampled for this project.   
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Figure 2.1: A map showing the location of all permitted livestock operations in the state 

of North Carolina, with major river basins highlighted in the background. Swine 

operations are represented with purple dots; legend is inset. Source: NC Department of 

Environment and Natural Resources, List of Permitted Animal Facilities. 

http://portal.ncdenr.org/web/wq/animal-facility-map 

 

As a farrowing operation, the field site is dedicated to the breeding of piglets, and houses 

exclusively female swine that are breeding, gestating, or lactating. The waste management 

system of the operation is diagramed in Figure 2.4. This system can effectively be divided 

into four operational units, based on the movement of waste through the facility:  

Barns: Sows are segregated into four categories of sequential barns according to 

reproductive status. Sows housed in the breeding barn  (B) are artificially inseminated once 

they exhibit signs of estrus. In the heat check barn (H), sows are up to 28 days post-

insemination, but have not yet had pregnancy confirmed by ultrasound. In the two gestation 

barns (G), sows have had their pregnancy confirmed by ultrasound, and are between 30 and  
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Figure 2.2: Project field site, showing barns, lagoons, and surrounding sprayfields of 

the two separate farms. Lagoon and barns that were sampled for this project are 

indicated in Figure 2.3, below. Source: Google Earth Version 5.1.3533.1731. 

 

114 days pregnant. Finally, sows are moved to the farrowing barn (F) at the end of 

pregnancy, and remain there through parturition and approximately 14 days of lactation. 

After weaning, piglets are transferred to an offsite nursery facility, and sows are cycled back 

to the breeding barn. The landowners report the number of swine in each barn to be as 

follows: 500 breeding, 500 heat check, 1104 gestating, and 384 farrowing. These numbers 

are expected to remain relatively constant over time, as sows are continually cycling through 

the system in accordance with their reproductive status. Due to the cycling of swine through 

these sequential barns, the waste inputs into the system are generally considered to remain at 

a steady state. 
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Figure 2.3: Close-up view of the field site, indicating the barns (B, H, G, and F) and 

lagoon that were sampled for this project. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4:  Flow of waste through the barns, lagoon, and sprayfield on this 

prototypical swine sow operation. 
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Barn pits: Upon excretion, sow urine and feces falls through slotted floors into 

underground pits, which are located beneath each barn. Pits are filled with wastewater 

(termed here “slurry”) from the lagoon, and thus the waste in the barn pits represents a 

primary mixing of raw animal excreta and lagoon waste. The slurry/excreta mixture in the 

barn pits, referred to herein as “barn flush”, is periodically (typically once every 1-2 weeks) 

flushed into the lagoon. After flushing, the barn pits are refilled with lagoon slurry. The 

recycling of the lagoon slurry through the barn pits conserves water, and is another factor 

contributing to the “steady state” of this waste management system. 

 Lagoon: The lagoon is approximately 3 meters deep with 30 cm of freeboard, and was 

constructed with 3% side slopes, with dimensions measuring roughly 166 x 94 meters. 

Maximum capacity of the lagoon is estimated at approximately 50 million liters. Slurry in the 

lagoon consists of an aqueous phase with a relatively high volume of suspended particulates. 

During holding in the lagoon, a settling process takes place in which the majority of solids 

deposit into a bottom sludge layer. At the time of each lagoon sampling, total slurry and 

sludge depths in the lagoon were measured using a Lowrance LCX-18C Sonar/GPS 

Chartplotter (Lowrance, Tulsa, Oklahoma). Average slurry depth over all sampling periods 

was found to be 1.7 meters (estimated total slurry volume = 26.3 million liters), and average 

sludge depth was found to be 1.3 meters (estimated total sludge volume = 19.7 million liters). 

Soil: The field site is surrounded by 49.1 hectares of land that is planted seasonally with 

crops such as soybeans, corn, and wheat, with one field that is planted with a perennial cover 

of Bermuda grass. In order to maintain lagoon levels at or below maximum wastewater 
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storage levels, slurry is applied as a fertilizer to these fields throughout the growing season. 

These land applications are carried out using spray irrigation, and are performed under the 

guidelines of a nutrient management plan.3  

Field sampling was conducted between 2008 and 2011. Data on the occurrence of 

hormones, phytoestrogens, and estrogenic activity in the lagoon is presented in Chapter 3, 

and the flux of these analytes through the whole farm system is presented in Chapter 4. 

Several representative pictures from the site can be seen in Figures 2.5, 2.6, 2.7, and 2.8, 

below. 
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Figure 2.6: Waste from the barn pits is flushed into the lagoon via an outflow pipe from 

the barn.  
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Figure 2.7: Collecting samples from the lagoon.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Sprayfield during the land application of lagoon slurry. 
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ABSTRACT: In this study, the distribution of steroid hormones, phytoestrogens, and 

estrogenic activity was thoroughly characterized within the anaerobic waste lagoon of a 

typical commercial swine sow operation. Three independent rounds of sampling were 

conducted in June 2009, April 2010, and February 2011. Thirty-seven analytes in lagoon 

slurry and sludge were assessed using LC/MS-MS, and yeast estrogen screen was used to 

determine estrogenic activity. Of the hormone analytes, steroidal estrogens were more 

abundant than androgens or progesterone, with estrone being the predominant estrogen 

species. Conjugated hormones were detected only at low levels. The isoflavone metabolite 

equol was by far the predominant phytoestrogen species, with daidzein, genistein, 

formononetin, and coumestrol present at lower levels. Phytoestrogens were often more 

abundant than steroidal estrogens, but contributed minimally towards total estrogenic 

activity. Analytes were significantly elevated in the solid phases of the lagoon; although low 

observed log KOC values suggest enhanced solubility in the aqueous phase, perhaps due to 

dissolved or colloidal organic carbon. The association with the solid phase, as well as 

recalcitrance of analytes to anaerobic degradation, results in a markedly elevated load of 

analytes and estrogenic activity within lagoon sludge. Overall, findings emphasize the 

importance of adsorption and transformation processes in governing the fate of these 

compounds in lagoon waste, which is ultimately used for broadcast application as a fertilizer. 
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INTRODUCTION 

With increased awareness over recent decades of the potential for steroid hormones and 

other endocrine disrupting compounds (EDCs) to impact the reproductive physiology of 

aquatic species,1, 2 there has grown concern over the persistence of these compounds in 

human and livestock waste effluents. In particular, animal feeding operations (AFOs) have 

been implicated as potentially major sources of these compounds into the aquatic 

environment, due to the relatively minimal treatment that waste from these operations 

receives.3, 4 On swine AFOs in the US, a widely used method of waste management involves 

flushing livestock excreta into large, open-air anaerobic basins, termed lagoons. The 

wastewater (“slurry”) in the lagoon consists of an aqueous phase with a relatively high 

volume of suspended particulates. During holding in the lagoon, a settling process takes 

place in which the majority of solids deposit into a bottom sludge layer. Lagoon slurry is 

ultimately applied onto crop fields for its nutrient value, which is done throughout the year 

under the guidelines of a nutrient management plan.5 Sludge is allowed to accumulate for 

many years into the life of the lagoon, at which point it may be removed and land-applied.6 In 

both cases, no additional treatment is generally performed on the waste prior to land 

application.     

Of the hormones known to occur in the waste of swine operations, steroidal estrogens have 

received the most attention as potential contaminants of concern. These compounds, which 

are produced naturally by livestock and eliminated in urine and feces,7 are potent EDCs and 

have a well-established linkage with the development of intersex and other reproductive 
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dysfunctions in exposed aquatic organisms.8 Steroidal estrogens have been found to persist at 

appreciable levels in AFO lagoons,3, 9, 10 and several studies have demonstrated the mobility 

of these compounds via surface runoff and leaching following the land application of lagoon 

slurry.11-13 Other endogenous steroid hormones, including androgens and progesterone, have 

also been detected in swine waste,7, 14 although the occurrence and toxicological implications 

of these compounds have been considerably less studied. While it is known that both 

estrogens and androgens are often eliminated in urine as sulfate or glucuronide conjugates, 

very few studies have examined the persistence of conjugated hormones in AFO waste 

lagoons.10 Although conjugated hormones have little to no biological potency, they are 

readily hydrolysable to the free and active form,15 and recent evidence indicates that hormone 

conjugates may have enhanced mobility and persistence in the environment relative to free 

steroid hormones.16 Finally, another subclass of EDCs that has been largely understudied in 

waste lagoons is plant-derived phytoestrogens, which are estrogenic compounds that occur 

naturally in many forage crops and may enter the AFO waste stream via dietary intake by 

livestock.17-19 Although the potency of phytoestrogens is considerably weaker than steroidal 

estrogens, multiple studies indicate the potential of these compounds to affect endocrine 

function in exposed aquatic organisms. 20-22 Notably, synthetic hormones (e.g. trenbolone) are 

widely administered in the cattle industry as growth promoters, and are commonly detected 

in cattle waste;23 however, these pharmaceuticals are prohibited in US swine production, and 

are thus not discussed here.  
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Because all compounds in the lagoon carry an intrinsic risk of off-site transport following 

land application, it is important to understand the fate and occurrence of these EDCs within 

this widely used waste management system. To date, most studies of this topic have focused 

on limited suites of analytes. Few have quantified concentrations of analytes in whole AFO 

slurry (including suspended solids), and no studies to our knowledge have quantified analyte 

loads in anaerobic lagoon sludge. Here, the estrogen, androgen, progesterone, hormone 

conjugate, and phytoestrogen load of an anaerobic lagoon on a prototypical North Carolina 

commercial swine sow AFO is assessed in three independent rounds of sampling over a two-

year period. Within each round of sampling, analysis is made with regard to: 1) aqueous 

versus solid phase concentrations; 2) spatial distribution in slurry and sludge; and 3) slurry 

versus sludge concentrations. Analytes were quantified using liquid chromatography/tandem 

mass spectrometry (LC/MS-MS). Additionally, because estrogen receptor activation is of 

interest as the principle mode of action of many of these analytes, estrogenic activity in the 

lagoon was determined using the yeast estrogen screen (YES). 

MATERIALS AND METHODS 

Sample Collection: All samples were collected from a single lagoon that receives waste 

from barns housing approximately 2500 breeding, gestating, or lactating sows. See Chapter 2 

for more details on the field site. Sampling was conducted on June 15, 2009; April 14, 2010; 

and February 9, 2011. Eight coordinates on the lagoon were chosen in order to create a 

representative cross-section of the site: 3 locations near the outflow pipes from the barns, 4 in 

the middle of the lagoon, and 1 at the far end of the lagoon. These same coordinates were 
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sampled on all three dates. At each coordinate, 1-liter samples were collected at 3 different 

depths of slurry (0.15 m below the surface, 0.6 m below the surface, and 0.15 m above the 

level of the sludge) using a horizontal beta water sampler (Wildlife Supply Company, Yulee, 

FL). Immediately prior to slurry sample collection, temperature, dissolved oxygen, and pH 

were measured using a Hydrolab multiparameter water quality instrument (Hach Hydromet, 

Loveland, CO) (Table 3.1). Sludge samples were then collected from a level of 0.3 m below 

the sludge/slurry interface, using a specialized sludge sampler that was constructed by the 

NCSU Dept. of Biological and Agricultural Engineering. In sum, a total of 24 slurry samples 

and 8 sludge samples were collected on each sampling trip. All samples were transferred to 

new 1-liter HDPE wide neck bottles (Fisher Scientific, Waltham, MA), stored on ice 

immediately following collection, and moved to storage at 4°C upon return to North Carolina 

State University.    

Sample Processing and Solid Phase Extraction: Sample processing proceeded within 24 

hours of collection. 50 ml aliquots of unprocessed slurry samples were reserved for 

quantification of total suspended solids (TSS), which was performed by the NCSU 

Environmental and Agricultural Testing Service (EATS) (Table 3.1). All samples (slurry and 

sludge) were then centrifuged at 13,500xg for 30 minutes at 4°C in order to separate the bulk 

of the solids from the aqueous fraction of each sample. The pelleted solids were transferred 

to fresh containers for freeze-drying, and the aqueous fractions were centrifuged repeatedly 

at 13,500xg for 15 minute intervals at 4°C until no further pellet was observed. After no 

more solids could be removed, the aqueous fraction of each sample was sequentially filtered 
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through 2.0 !m and 1.2 !m pore size glass fiber filters (Millipore, 47 mm diameter), and 

lagoon solids were freeze-dried to dryness. Volume of filtered liquid and dry mass of solid 

were measured and recorded for each sample. Steroid hormones and phytoestrogens were 

then extracted from filtered liquids using solid-phase extraction (SPE), and from freeze-dried 

solids using accelerated solvent extraction (ASE) followed by SPE. For extraction method 

details, see Appendix A. 50 ml aliquots of filtered liquid from each sample were reserved for 

analysis of dissolved organic carbon (DOC), and 50 mg aliquots of freeze-dried solids were 

reserved for analysis of percent organic carbon (%OC), performed at NCSU EATS using 

high temperature combustion (Table 3.1). Recovery analysis indicated strong recovery of 

analytes from both aqueous and solid phases. Recovery analysis procedure is provided in 

Appendix A, and percent recovery of all analytes is provided in Table A.1. 

LC/MS-MS: Quantification of analytes using LC/MS-MS was performed on all extracts at 

the U.S. Geological Survey (USGS) Organic Geochemical Research Laboratory (OGRL) in 

Lawrence, KS. Detailed LC/MS-MS procedure is provided in Appendix A. The suite of 

analytes included four natural estrogens, and their associated sulfate and glucuronide 

conjugates (12 estrogen species total); four natural androgens, and associated conjugates (8 

androgen species total); two natural progestagens; six phytoestrogens; and one 

mycoestrogen. Eight synthetic hormones, while not expected to be present in the lagoon, 

were additionally included for reference. All analytes detected in the lagoon are listed in 

Table 3.2, and a complete list of analytes is provided in Table A.1. Table A.1 shows the 

subset of compounds associated with each analytical method along with a summary of 
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compound information. LC/MS/MS systems, analytical columns, and mobile phases used are 

shown in Table A.2.  

YES Assay: The YES assay was performed on all extracts according to the method by 

Routledge and Sumpter24 and modified as described in Chen et al.25 17!-estradiol (E2!) 

served as dose-response standard, and the estrogenic activity of each sample was reported in 

terms of E2! equivalents (EEQ). EEQ was calculated as the ratio of the concentration of E2! 

that elicited half-maximal activity in the assay (EC50) to the concentration factor of sample 

extract that elicited half-maximal activity in the assay (CF50) (Equation B.1). See Appendix 

B for laboratory-specific details on the assay procedure and data analysis. LC/MS-MS and 

YES analyses were performed using aliquots from the same sample extracts to eliminate 

potential bias from sample splits. 

Calculation of “Total” Analyte Levels and EEQs: Extracts of lagoon liquids and solids 

were analyzed separately using LC/MS-MS and the YES assay, allowing partitioning of 

analytes between aqueous and solid phases of the lagoon to be observed.  To estimate analyte 

levels and EEQs within whole slurry and sludge samples, “total” analyte concentrations and 

EEQs were then calculated. To make this calculation, aqueous phase analyte concentrations 

and EEQ of each slurry and sludge sample were adjusted to the total volume of liquid in the 

raw sample, and solid phase analyte concentrations and EEQ were adjusted to the dry mass 

of solids in each sample. Adjusted aqueous and solid phase concentrations were then 

summed in order to calculate “total” values for each sample. 
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Estimated Potencies: To compare YES-derived EEQs to estrogenicity that would be 

predicted based on analyte composition, an estimated potency (EP) was calculated for each 

sample. The EP is the potency-adjusted sum of all estrogenic analytes detected in a sample, 

and it assumes that the response to these compounds in the YES assay is dose additive. To 

determine the EP, the relative estrogenic potency (REP) of each steroid hormone, hormone 

conjugate, or phytoestrogen was first derived in the YES assay (Equation B.4), using 

starting concentrations ranging up to 100 mg/l. All REPs were empirically determined for 

this study and are listed in Table 3.2. EPs were calculated by multiplying the total 

concentration of each analyte by its respective REP, and summing these products for each 

lagoon sample (Equation B.5).  

Partitioning Ratios: Within each sampling round, particle-water partitioning ratios (KD) 

were calculated for each analyte in the lagoon as a ratio of solid phase to aqueous phase 

concentration (Appendix C; Equation C.1). This calculation was performed for both slurry 

and sludge. From these values, the organic carbon-water partitioning ratio (KOC) was then 

calculated for each analyte by normalizing KD to the mass fraction of organic carbon in each 

sample (Equation C.2). Calculated log KOC values were then compared to the predicted log 

KOC of each analyte, which were determined using the EPI Suite software KOCWIN v2.00 

molecular connectivity index method.26    

Statistical Analysis: Statistical analysis was performed using SigmaPlot (Systat Software, 

San Jose, CA). Within each round of samples, 3-way ANOVA (! = 0.05) was used to 

determine the relationship between slurry analyte concentrations/EEQs and phase (i.e. solid 
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or liquid), slurry depth, and location in the lagoon. For sludge, which was only measured at a 

single depth, 2-way ANOVA was used to determine the relationship between sludge analyte 

concentrations/EEQs and phase and location. To compare slurry and sludge within each 

round of samples, average slurry analyte concentration in each phase (aqueous or solid) was 

compared to the respective concentration in sludge at the same location in the lagoon using 

paired t-test. To compare YES and LC/MS-MS results within each round of samples, EEQ 

was compared to EP using paired t-test. No statistical comparisons were performed between 

different sampling rounds, due to the time frame between sampling and that the likelihood 

that it does not represent a repeated measure. 
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Table 3.1: Physiochemical characteristics of the lagoon, measured on the three sampling trips. 

 Slurry 

temp. (°C) 

Slurry 

dissolved 

oxygen 

(mg O/L) 

Slurry 

pH 

TSS 

(mg/L) in 

whole 

slurry 

%OC   

in slurry 

solids 

DOC  

(mg C/L) 

in slurry 

liquids 

%OC     

in sludge 

solids 

DOC      

(mg C/L) in 

sludge 

liquids 

Jun-09 27.3 ± 0.7 0.62 ± 0.23 7.4 ± 0.1 1101 ± 79 42 ± 0.8 243 ± 59 23 ± 4 Not 

measured 

Apr-10 20.0 ± 0.2 0.55 ± 0.39 7.6 ± 0.03 828 ± 57 38 ± 1.1 250 ± 24 25 ± 4 219 ± 51 

Feb-11 8.0 ± 0.2 0.93 ± 0.75 7.9 ± 0.2 772 ± 74 43 ± 0.4 511 ± 7 24 ± 4 725 ± 22 
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Table 3.2: A list of all analytes detected in the lagoon, with corresponding abbreviations 

used in the text, and relative estrogenic potency (REP) determined using the YES assay. 

 

Analytes detected in lagoon Type of Compound Abbreviation REP 

17!-estradiol Natural estrogen E2! 1 

Estrone Natural estrogen E1 0.47 

17"-estradiol Natural estrogen E2" 0.029 

Estriol Natural estrogen E3 0.0076 

Androstenedione  Natural androgen AN 0.0000018 

11-ketotestosterone  Natural androgen 11KT 0.000028 

Progesterone  Natural gestagen P4 No activity 

Estrone-3-sulfate Conjugated estrogen E1-3-S 0.0014 

17!-Estradiol-17-sulfate Conjugated estrogen E2!-17-S 0.0000079 

Androsterone sulfate Conjugated androgen AN-S 0.000012 

Genistein Phytoestrogen GEN 0.00015 

Daidzein Phytoestrogen DAI 0.00000059 

Formononetin Phytoestrogen FOR 0.0000011 

Coumestrol Phytoestrogen COU 0.00899 

Equol Phytoestrogen EQU 0.00023 
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RESULTS AND DISCUSSION:!

Spatial and Phase Distribution of Analytes: Assessment of slurry using three-way 

ANOVA indicates that depth and location within slurry have little to no effect on analyte 

concentrations or EEQs. Within each sampling round, ANOVA results (Table D.9) 

demonstrate that there was occasionally a significant correlation between location or depth 

and concentration of individual analytes or EEQs in slurry; however, these correlations were 

isolated and infrequent, and no coordinates in the slurry were consistently associated with 

elevated or depressed analyte levels. Overall, results indicate that slurry analyte composition 

can be considered homogenous at the time of each sampling, regardless of depth or distance 

from the barn outflow pipes. Similarly, ANOVA results for sludge (Table D.10) did not 

indicate any significant relationship between analyte concentrations and location in the 

lagoon. Slurry and sludge data within each round of samples are therefore presented herein as 

average values. 

Conversely, ANOVA indicated that phase (aqueous or solid) was a significant variable 

affecting analyte concentrations in both slurry and sludge in all rounds of sampling. As 

discussed in more detail below, the majority of analytes were found to be highly and 

significantly elevated in the solid phase relative to liquid. 

Slurry Analyte Composition (LC/MS-MS): Figure 3.1 depicts a graphic of aqueous 

phase and solid phase analyte concentrations, and Table D.1 provides a list of average 

concentrations ± coefficient of variation (CV) in slurry. Calculated total analyte 

concentrations ± CV are provided in Table D.3. Of the 37 analytes assessed, 15 of these 
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compounds were detected in the lagoon slurry (Table 3.2). In all three rounds of sampling, 

the natural estrogens estrone (E1), E2!, 17"-estradiol (E2"), and estriol (E3) were found to 

be ubiquitous (Figure 3.1A). E1 was by far the most abundant of these compounds, 

occurring at total concentrations averaging 5632 ng/l, 10277 ng/l, and 12858 ng/l in June 

2009, April 2010, and February 2011, respectively. Levels of the other estrogen species in 

both aqueous and solid phases averaged at least an order of magnitude lower relative to E1. 

Of the androgens assessed in this study, androstenedione (AN) was detected in all slurry 

samples (average total concentrations of 50-70 ng/l), while testosterone and epitestosterone 

were not detected at all. Progesterone (P4) was the only gestagen detected, occurring at 

average total concentrations of 116-516 ng/l. Conjugated hormones were also pervasive, 

albeit at far lower levels relative to free hormones. Estrone-3-sulfate (E1-3-S) was detected in 

all slurry samples, and androsterone sulfate (AN-S) was detected in most slurry samples, but 

average total concentrations of these hormone conjugates never exceeded 1 ng/l. Notably, a 

small subset (3 slurry samples) from April 2010 contained both the androgen 11-

ketotestosterone (11KT) and the conjugate 17!-estradiol-17-sulfate (E2!-17-S) in addition to 

the suite of steroid hormone analytes listed above, but this was the only detection of these 

two additional compounds throughout the duration of this project (Table D.1). Nine other 

natural hormone conjugates included in the analysis (Table A.1) were not detected at all. 

There was no detection of free or conjugated synthetic hormones, which are not used in US 

swine production and were included in the analysis only for reference. 
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Figure 3.1: Mean ± standard error of the mean (SEM) analyte concentrations (LC/MS-

MS results) and EEQs (YES results) in slurry and sludge across three rounds of 

sampling. Aqueous phase concentrations (in ng/l; grey bars) are shown alongside solid 

phase concentrations (in ng/kg; black bars); both are in parts per trillion (ppt). 

Significant difference between slurry and sludge is indicated with an asterisk; 

placement of the asterisk indicates the greater concentration. Concentrations and p-

values are provided in Appendix D.  N = non-detect 
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The magnitudes and relative abundance of steroidal estrogens observed here are consistent 

with previous studies of swine wastewater,10 and are likely indicative of the biotic and abiotic 

transformations of these compounds known to occur during lagoon storage. In addition to 

being one of the principle steroidal estrogens in fresh swine excreta, E1 is the primary 

metabolite of bacteria-mediated E2! and E2" oxidation,27 and has been demonstrated to 

increase in concentrations along livestock waste disposal routes.28 Numerous studies have 

reported E1 to be the predominant steroidal estrogen occurring in swine AFO waste, 9, 10, 19, 29-

31 as well as one of the most commonly detected steroidal estrogens in surface waters8, 32 and 

groundwater29, 33 at AFO-impacted sites. However, several studies of swine lagoons similar to 

our field site10, 29, 31 determined relatively high concentrations of E3, and reported the relative 

abundance of estrogens to be E1 > E3 > (E2") > E2!. This is contrary to findings at our 

study site, where levels of E3 were not particularly high in relation to other steroidal 

estrogens. Androgens are also known to also undergo biotic and abiotic transformations, with 

AN produced as a metabolite of testosterone (T) oxidation.34, 35 The absence of T and 

pervasiveness of AN observed here may be indicative of this transformation process. !

The low level of conjugated hormones observed here is consistent with Hutchins et al.,10 

who reported that estrogen conjugates were more abundant in cattle and poultry waste 

relative to the lagoons of swine sow and swine finisher operations. It has been suggested that 

operational variables may contribute towards the persistence of conjugated moieties. For 

instance, Zitnick et al. 36 speculated that the trend observed by Hutchins at al. could be due to 

the design of many swine barns, including the barns at our field site, which allow urine and 
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feces to fall directly into underground pits that have been backfilled with lagoon slurry; the 

slurry/excreta mixture sits in the pits for up to a week or more before being flushed into the 

lagoon. This design allows fecal bacteria to immediately begin mediating the hydrolysis of 

hormone conjugates, consequently diminishing the levels of these compounds in the lagoon 

slurry. Sulfate conjugates are more recalcitrant to hydrolysis compared to glucuronide 

conjugates,10, 15 so it is unsurprising that only sulfate-conjugated hormones are detected here.  

Plant-derived phytoestrogens were also ubiquitous in slurry (Figure 3.1C), often occurring 

at higher levels than steroidal estrogens. The isoflavone metabolite equol (EQU) was by far 

the most abundant phytoestrogen species, with total slurry concentrations averaging 1750 

ng/l, 11570 ng/l, and 193355 ng/l in June 2009, April 2010, and Feb. 2011, respectively. 

Daidzein (DAI) was the second most abundant phytoestrogen, detected in all slurry samples, 

albeit at concentrations (average 61 – 223 ng/l) that were one to three orders of magnitude 

lower than EQU. Genistein (GEN), coumestrol (COU), and formononetin (FOR) were 

present at total concentrations in the low ng/l range, while biochanin-A (BIO) was not 

detected at all. The mycoestrogen !-zearalanol was also not detected at all. To our 

knowledge, the fate of FOR, BIO, DAI, and COU have not been previously reported in AFO 

waste disposal systems, and thus this study marks the first report of these compounds in a 

swine lagoon. EQU concentrations observed here are somewhat lower than those reported by 

Burnison et al.,18 who measured EQU at levels between 6.9 and 16.6 mg/l in sow waste from 

a commercial swine farm in Canada. Similarly, Furuichi et al.19 measured EQU levels 
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between 0.94 and 1.1 mg/l in untreated swine waste, and additionally reported that GEN 

levels in the waste were below the limit of detection.  

Unlike FOR, BIO, DAI, GEN, and COU, EQU is not present in plants, but rather is formed 

in the intestine as a product of DAI metabolism by fecal bacteria. DAI is prevalent in 

soybeans,37 which are typically a staple of the sow dietary formula. Multiple strains of EQU-

producing bacteria have been identified in swine feces,38 and these strains may likely persist 

in the lagoon.39 The overwhelmingly high levels of EQU relative to other phytoestrogens 

may indicate that bacteria mediate formation of this compound not only in vivo, but also 

during lagoon storage. This trend is investigated further in Chapter 4, which examines the 

mass loading of analytes into the lagoon via inputs from sow urine and feces.  

Overall, the same suite of analytes was observed within similar concentration ranges in all 

three sampling rounds, indicating that the flux of analytes through the lagoon system remains 

relatively consistent over time. The major exception is EQU, which increased in a defined 

gradient between the three samplings. Aqueous and solid phase EQU concentrations in Feb. 

2011 were two orders of magnitude greater than those observed in June 2009. Because the 

three samplings were spread over an almost two-year period, it is difficult to ascribe a cause 

to these temporal differences; for instance, as the sow diet is open formula, it is possible that 

variations in the diet over time could have influenced phytoestrogen levels in the lagoon. 

Sample collections did not coincide with major weather events, and dilution due to rainfall is 

unlikely to have affected the levels greatly, as the levels of suspended solids did not vary 

considerably between rounds of samples (Table 3.1). It is worth noting, however, that slurry 
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temperature was progressively lower between the three rounds of sampling, averaging 27°C, 

20°C, and 8°C in June 2009, April 2010, and February 2011, respectively (Table 3.1), 

suggesting a possible negative relationship between temperature and concentrations of this 

analyte. The highest average concentrations of E1 and P4 were also observed in February 

2011. Other studies of AFO waste19, 31 have noted higher estrogen levels in cool months 

relative to warm months, with one study31 suggesting decreased photolysis and inhibition of 

bacteria-mediated degradation processes as a possible explanation for this trend. Here, 

however, it is imprudent to conclude that our observations over an almost two-year period 

are connected to temperature. Assessment of analyte levels over the course of a shorter time 

span would be necessary in order to make this correlation. 

Sludge Analyte Composition (LC/MS-MS): Figure 3.1B,D depicts a graphic of sludge 

analyte concentrations, and Table D.2 provides a list of average concentrations ± CV. 

Calculated total analyte concentrations are provided in Table D.3. The same suite of analytes 

detected in slurry was also found in sludge. However, when analyte concentrations in slurry 

aqueous and solid phases are compared to the respective concentrations in sludge aqueous 

and solid phases using paired t-test, it is evident that levels of many compounds (e.g. E2!, 

E3, AN, P4, AN-S, and phytoestrogens) in these separate phases were often significantly 

lower in sludge compared to slurry (Figure 3.1; p-values provided in Table D.4). This 

suggests that a degree of attenuation occurs during sludge storage. In contrast, significant 

attenuation in sludge was not observed for E1 or E2", suggesting that these steroidal 

estrogens are comparatively recalcitrant to anaerobic degradation. This observation is 
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supported by findings of Zheng et al.40 and Czajka et al.41 that steroidal estrogens are 

relatively stable over time in the anaerobic environment, and corroborates the observation by 

Combalbert et al.30 that degradation of estrogens was not occurring under anaerobic 

conditions in the sludge of a swine waste treatment plant. Studies of municipal effluents have 

similarly reported that androgens (including T and AN) and P4 have higher removal 

efficiencies compared to steroidal estrogens.42, 43  

Partitioning Ratios: With the exception of AN-S, concentrations of all analytes in slurry 

and sludge were found to be elevated several hundred- to several thousand-fold in the solid 

phase relative to the aqueous phase, with some compounds (COU, FOR, GEN, E1-3-S) often 

occurring exclusively within the solid phase of many samples (Figure 3.1; Table D.1, D.2). 

For the majority of these analytes, the association with solids is expected based on the 

moderately lipophilic nature of steroid hormones (low KOW = 2.5 – 3.9)4 and phytoestrogens 

(log KOW = 2.5 – 3.9)44, and is generally in accordance with the few other studies that have 

examined the steroid hormone content of lagoon solids.10, 14, 29, 30, 45 However, solid phase 

elevation of E1-3-S was not an expected result given the hydrophilic nature of this compound 

(log KOW = 0.95).26 Likewise, the solid phase elevation of E3 (log KOW = 2.5) is in contrast to 

other studies10, 29 that reported minimal association of E3 with lagoon solids. It therefore 

cannot be ruled out that these compounds were not stable prior to sample extraction, despite 

efforts to keep samples at 4°C, process samples quickly, and minimize aeration. If this were 

the case, it would have resulted in an underestimation of aqueous phase concentrations of 

these compounds. 
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Figure 3.2: Log KOC values for analytes estimated using EPI Suite KOCWIN software, 

and the corresponding mean log KOC values calculated in lagoon slurry and sludge 

across the three rounds of sampling. 

 

 

Predicted and observed log KOC values in each sampling round are summarized in Figure 

3.2, with values provided in Table D.5. For some compounds, observed log KOC could not be 

calculated because the analyte was detected only the solid phase (i.e. E1-3-S, GEN, COU, 

FOR) or only in the aqueous phase (i.e. AN-S) of most samples. For the remaining analytes, 

log KOC observed in the lagoon were almost always less than the respective values predicted 

using KOCWIN, indicating that the analytes may have enhanced solubility in the aqueous 

phase of the lagoon slurry and sludge. The exception to this trend was E3, for which 

observed log KOC were consistently elevated above the predicted value. Temperature is 

expected to affect partitioning coefficients, and the KOCWIN prediction is based on 

partitioning at 25°C. However, our observed trend was consistent across all rounds of 

sampling; which, as discussed above, spanned a wide range of lagoon temperatures. As 

recovery of analytes was generally high (greater than 70%) for the majority of analytes from 
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both aqueous and solid phases (Table A.1), partitioning ratios are unlikely to have been 

affected by the extraction process. One explanation for enhanced solubility could be the 

association of analytes with DOC in the aqueous phases of the lagoon, which ranged on 

average from 243-511 mg C/L in slurry and 219-725 mg C/L in sludge (Table 3.1). Steroidal 

estrogens have been shown to have an affinity for DOC in sewage sludge and manure,46 and 

it is known that DOC can limit the sorption of hydrophobic compounds to suspended solids.47 

Another factor could be colloidal organic carbon (COC), which was not measured in this 

study, but is known to associate with steroidal estrogens in aquatic environments and waste 

effluents. 36, 45, 48 Association with DOC/COC could enhance the apparent solubility of these 

compounds in the aqueous phase, while limiting sorption to the particulate matrix. 

Overall, sorbed analytes contributed appreciably to the total load of these compounds in 

slurry: on average, 16 - 36% of the total slurry steroid hormone load and 31 - 78% of the total 

slurry phytoestrogen load were found within the suspended solids. By definition, lagoon 

sludge contains a much larger mass of solids (avg. = 40% by mass, wet weight) compared to 

slurry (avg. = 0.8% by mass, wet weight). This large volume of solids, in concert with the 

aforementioned persistence of analyte species in the anaerobic environment, results in a 

markedly elevated total load of steroid hormones and phytoestrogens within the sludge. A 

comparison of the distribution of total analyte loads in the slurry and sludge is presented in 

Figure 3.3, and total concentrations ± CV are provided in Table D.3. As can be seen in 

Figure 3.3, the accumulation of analytes in sludge was particularly evident for steroidal 
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estrogens; which, as discussed above, demonstrated a greater degree of persistence in sludge 

relative to the other analytes. 

Estrogenic Activity (YES assay): Figure 3.1E-F depicts a graphic of aqueous and solid 

phase EEQs in lagoon slurry and sludge, and Table D.6 and Table D.7 provides a list of 

average EEQs and EPs ± CV in slurry and sludge. As expected based on the abundance of 

estrogenic compounds in the lagoon, estrogenic activity of slurry and sludge in the YES 

assay was found to be considerable. Total EEQs in slurry average 4924 ng/l, 6182 ng/l, and 

4777 ng/l in 2009, 2010, and 2011, respectively. In general, trends in estrogenic activity 

mirrored the trends in analyte concentrations described above. As with analytes, a significant 

elevation of EEQs was observed in the solid phases of the lagoon relative to the aqueous 

phases (ANOVA results provided in Tables D.9 and D.10). As was observed for E1 and 

E2!, paired t-test indicated that EEQs in the separate aqueous and solid phases were not 

significantly attenuated in sludge relative to slurry; the exception to this was the aqueous 

phase in April 2010 (Figure 3.1; p-values provided in Table D.4). Resulting from these 

factors, total EEQ loads were found to be highly elevated in sludge relative to slurry, as can 

be observed in Figure 3.3E.  

YES analysis of individual compounds indicated that all analytes except P4 exhibited 

estrogenic activity at the concentration ranges tested (Table 3.2). As has been observed in 

other in vitro assays,49 phytoestrogens in the YES assay exhibited estrogenic potency that 

was up to several orders of magnitude lower than that of steroidal estrogens. A graphic 

demonstrating concordance of total EEQs and EPs within each sampling season is provided 
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in Figure 3.3E, and a statistical comparison of EEQs and EPs using paired t-test is presented 

in Tables D.6 and D.7. In general, there was good agreement between EEQ and EP, 

although differences were evident between rounds of sampling. In June 2009, EEQs tended 

to be greater than their respective EPs. This difference was statistically significant in the 

slurry aqueous phase (p < 0.001), sludge aqueous phase (p < 0.001), and sludge solid phase 

(p = 0.002), but not for slurry solids (p = 0.468) from this sampling round. This trend, which 

has been observed in other studies of swine wastewater, 19, 30 suggests that compounds not 

detected by LC/MS-MS analysis are contributing to total estrogenic activity in the lagoon. 

Greater concordance was observed in April 2010: EEQ was significantly greater than EP in 

the slurry aqueous phase (p < 0.001), but a significant difference was not observed for these 

values in slurry solid phase or in sludge. Conversely, EEQs in February 2011 were 

consistently less than corresponding EPs, indicating that activity in the YES may have been 

inhibited. This difference was significant in slurry aqueous (p = 0.005) and solid phases (p < 

0.001) but not in sludge. No signs of toxicity to the yeast were observed (data not shown), 

making it unlikely that cytotoxicity contributed to this trend. However, it is noteworthy that 

the highest average levels of phytoestrogens, particularly EQU, were observed in February 

2011 (Figure 3.1; Tables D.1, D.2, D.3). It is feasible that high levels of phytoestrogens, 

which have low potency (Table 3.2) and low estrogen receptor binding affinity,50 may have 

effectively inhibited activity in the YES by competing with potent estrogens for receptor 

binding sites. A recent study of phytoestrogens and estrogenic activity in cattle manure 

observed a similar trend.17 However, this correlation is speculative. Overall, calculated EPs 
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indicate that analytes quantified in this study accounted for 54, 86%, and 134% of the total 

EEQ in slurry; and 45, 103%, and 180% of the total EEQ in sludge; in June 2009, April 

2010, and February 2011, respectively. This range of agreement between bioassay and 

analytical data is similar to what has been reported in other studies of swine waste.19, 30  
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Figure 3.3: Total analyte concentrations and estrogenic activity (mean ± SEM) in slurry 

and sludge across the three rounds of sampling, showing the relative distribution of 

analytes and estrogenic activity between the aqueous and solid phases of each type of 

sample. (A) All free and conjugated estrogens (E1, E2!, E2", E3, E1-3-S, E2!-17-S), (B) 

all free and conjugated androgens (AN, 11KT, AN-S), (C) progesterone, (D) all 

phytoestrogens (FOR, DAI, GEN, EQU, COU), and (E) EEQs/EPs. 
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ABSTRACT: In Chapter 3, we reported the distribution of steroidal estrogens, androgens, 

progesterone, phytoestrogens, and estrogenic activity in the anaerobic waste lagoon of a 

commercial swine sow operation, which houses approximately 2500 breeding, gestating, and 

lactating sows. Here, we assess the mass flux of these analytes across all major operational 

units on the same farm, and further examine the transformation and attenuation processes that 

occur as a result of operational practices. Analytes were quantified using LC/MS-MS, and 

associated estrogenic activity of all samples and analytes was determined using the yeast 

estrogen screen or T47D-KBluc in vitro assays. In urine and feces, progesterone was found to 

be the most abundant steroid hormone, and a variety of free and conjugated estrogen and 

androgen species were detected. Sow excreta also contained high levels of phytoestrogens 

indicative of a soy-based diet—particularly daidzein, genistein, and equol. During storage in 

barn pits and in the anaerobic lagoon, conjugated hormones appeared to be largely 

hydrolyzed, and concentrations of androgens and progesterone were sharply attenuated. 

Conversely, total estrogen concentrations appeared to remain relatively stable during waste 

storage, although mass ratios of these compounds indicated that estrogens are transformed 

during storage to yield estrone. Mass ratios of phytoestrogens indicate that daidzein and 

genistein are attenuated during waste storage, with equol formed as a transformation 

production of daidzein. In soil following the land application of lagoon slurry, all analytes 

and estrogenic activity were markedly attenuated from initial levels within 2 days, and 

appeared to remain constrained within the upper stratum of soil. Following this initial 

attenuation, however, analyte levels plateaued and remained relatively unchanged in soil for 
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up to 13 days post-application. Several compounds including estrone, androstenedione, 

progesterone, and equol were still detectable in soil at 61-days post-application. Estrogenic 

activity in the YES and T47D-KBluc assays generally tracked well with reported analyte 

concentrations, although the degree of concordance between LC/MS-MS and assay results 

varied depending upon the type of sample. Estrone was determined to be the major 

compound contributing to estrogenic activity in all units of the farm. This study provides 

comprehensive insight into the mass flux of these endocrine disrupting compounds within the 

widely used lagoon/sprayfield livestock waste management system. 
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INTRODUCTION 

With hundreds to thousands of livestock housed in confinement, a single animal feeding 

operation (AFO) may generate waste loads similar to that of a small city.1 On swine AFOs, a 

common method of waste management involves the storage of manure in open-pit lagoons. 

These lagoons function as anaerobic treatment reservoirs, and allow the waste to settle into 

two layers: a wastewater (“slurry”) layer, and a bottom sludge layer. Slurry from the lagoons 

is applied to crop fields as an economical waste management scheme, and as a source of 

nutrients to the soil.2 Among the numerous contaminants of concern associated with this 

waste are manure-borne steroid hormones3 and phytoestrogens,4 which are known for their 

potential action as endocrine disrupting compounds (EDCs). The detection of hormones5-7 

and phytoestrogens8 in water bodies adjacent to AFOs has implicated manure land 

application as a potential source of EDCs to the aquatic environment. 

While synthetic steroid hormones are widely administered to cattle as growth promoters,9 

the use of these substances is prohibited in US swine production. Therefore, all steroid 

hormones in swine waste are produced naturally by the livestock, and the initial mass loading 

of these compounds into the AFO waste stream is a function of the species, gender, and 

reproductive status of the animals.10 For instance, pregnant sows are known to have two 

peaks in circulating estrogen levels during pregnancy: a transient spike at approximately day 

25-35 of pregnancy, followed by a steady rise in estrogen that begins at approximately day 

60-70 and peaks at the onset of parturition. Following parturition, levels of circulating 

estrogens fall dramatically and remain low until estrus begins again.11, 12 Progesterone is 
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known to remain elevated throughout the entire sow gestational period, with a gradual 

decline in the days leading up to parturition.11, 12 Excreted hormone concentrations in sow 

urine and feces have been shown to closely parallel the corresponding plasma levels of these 

compounds.13, 14 Although hormone levels in urine and feces are routinely measured by swine 

producers for pregnancy diagnosis, this quantification is typically performed using 

radioimmunoassay or enzyme immunoassays, which lack the sensitivity and specificity of 

liquid chromatography/tandem mass spectrometry (LC/MS-MS).3, 10 

Likewise, only a few studies to date have reported on the phytoestrogen content of 

livestock manure using sensitive quantitative methods.15, 16 Phytoestrogens are endogenous to 

plants, and enter the AFO waste stream via dietary intake. During digestion, phytoestrogens 

may be extensively transformed and degraded by intestinal bacteria, and these compounds 

and their primary metabolites may be absorbed across the intestinal membrane. A relatively 

high proportion of ingested phytoestrogens may be excreted in urine and feces. For instance, 

one study found that hogs fed red clover excreted 55% of ingested phytoestrogens after eight 

hours.17 As a result, diets rich in phytoestrogens have been demonstrated to increase 

estrogenic activity in livestock manures.16, 18 

Following elimination by livestock, the ultimate fate of manure-derived steroid hormones 

and phytoestrogens in effluent is shaped by sorption, transformation, and degradation 

processes occurring during waste storage and disposal. Previously, we reported the 

occurrence and distribution of hormones, phytoestrogens, and estrogenic activity in the 

anaerobic waste lagoon of a prototypical commercial swine sow AFO (Chapter 3). Here, we 
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assess the mass loading and transformation of these analytes on the same farm, which houses 

approximately 2500 breeding, gestating, or lactating sows. Analyte levels were measured in 

urine and feces from sows in four defined reproductive stages, and total mass loading of 

these compounds into the AFO waste stream was then estimated. Analytes were also 

quantified in barn pits, where the waste is held temporarily prior to flushing into the lagoon. 

To examine analyte transformation and attenuation, mass ratios of these compounds were 

then compared between raw excreta, barn pits, and lagoon. Finally, the attenuation of 

analytes in sprayfield soil was documented over the course of two months following the land 

application of lagoon slurry. Field sampling was conducted on repeated occasions between 

2008 and 2011. All analyte concentrations were determined using LC/MS-MS, and 

corresponding estrogenic activity of all samples was assessed using the yeast estrogen screen 

(YES) or T47D-KBluc in vitro estrogen screening assays. 

MATERIALS AND METHODS 

Field Site: The study site is a commercial swine farrowing AFO, located in southeastern 

North Carolina, with a waste management system that is typical of swine AFOs in the 

southeastern and midwestern US. A description of the field site is provided in Chapter 2, and 

is summarized again here. The system can effectively be divided into four operational units, 

based on the movement of waste through the facility:  

Barns: This AFO houses approximately 2500 sows, which are segregated in barns 

according to reproductive status. Sows housed in the breeding barn (B) are artificially 

inseminated once they exhibit signs of estrus. In the heat check barn (H), sows are up to 28 



! "#!

days post-insemination, but have not yet had pregnancy confirmed by ultrasound. In the two 

gestation barns (G), sows have had their pregnancy confirmed by ultrasound, and are 

between 30 and 114 days pregnant. Finally, sows are moved to the farrowing barn (F) near 

the end of pregnancy, and remain there through parturition and approximately 14 days of 

lactation. After weaning, offspring are transferred to an offsite nursery facility, and sows are 

cycled back to the breeding barn.  

Barn pits: Upon excretion, sow urine and feces falls through slotted floors into 

underground pits, which are located beneath each barn. Pits are filled with wastewater 

(termed here “slurry”) from the lagoon. Thus, the waste in the barn pits represents a primary 

mixing of raw animal excreta and lagoon waste. The slurry/excreta mixture in the barn pits, 

referred to herein as “barn flush”, is periodically (typically once every 1-2 weeks) flushed 

into the lagoon. After flushing the barn pits are refilled with lagoon slurry. 

 Lagoon: The anaerobic lagoon measures approximately 139 meters by 94 meters, with a 

total capacity of approximately 50 million liters. Slurry in the lagoon consists of an aqueous 

phase with a relatively high volume of suspended particulates. During holding in the lagoon, 

a settling process takes place in which the majority of solids deposit into a bottom sludge 

layer, as described in Chapter 3.  

Soil: In order to maintain lagoon levels at or below maximum wastewater storage levels, 

slurry is land applied during the growing season to agricultural fields that are adjacent to the 



! "#!

lagoon. Land applications on this operation are carried out using sprayfield irrigation, and are 

performed under the guidelines of a nutrient management plan.19  

Sample Collection: Urine and feces: Samples were collected on September 22, 2008; May 

26, 2010; and March 22, 2011. On each sampling date, urine or feces was collected from 

between 5 and 13 sows in each barn. Sows were selected at random within each barn; urine 

and feces were not necessarily collected from the same sows. In sum, the total number of 

samples collected over the three rounds of sampling from each barn are as follows: Breeding: 

21 urine, 18 feces; Heat Check: 14 urine, 18 feces; Gestation: 28 urine, 30 feces; Farrowing: 

22 urine, 18 feces. Urine samples were collected in new 1-liter HDPE wide neck bottles 

(Fisher Scientific, Waltham, MA), and feces samples were collected in new plastic bags. All 

samples were stored on ice immediately upon collection. Upon return to NCSU, urine 

samples were moved to 4°C and feces samples were moved to -20°C storage prior to 

processing and extraction. 

Barn flush: Flush waste from the pits of each barn (breeding, heat check, gestation, and 

farrowing) was collected on September 9, 2009; June 2, 2010; and April 6, 2011. On each 

sampling trip, a 4-liter grab sample was collected from the effluent pipe of each barn as the 

waste was being flushed from the barn into the lagoon. Samples were collected in solvent-

rinsed and baked amber 4-liter glass jugs (Fisher Scientific, Waltham, MA), stored on ice 

immediately upon collection, and moved to 4°C upon return to NCSU. 
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Lagoon: Lagoon slurry and sludge were collected on June 15, 2009; April 14, 2010; and 

February 9, 2011. Description is provided in Chapter 3. Briefly, samples were collected from 

8 coordinates spanning a cross section of the lagoon. At each coordinate, 1-liter samples were 

collected at 3 different depths of slurry (0.15 m below the surface, 0.6 m below the surface, 

and 0.15 m above the level of the sludge) using a horizontal beta water sampler (Wildlife 

Supply Company, Yulee, FL). Sludge samples were collected from a level of 0.3 m below 

the sludge/slurry interface, using a specialized sludge sampler that was constructed by the 

NCSU Dept. of Biological and Agricultural Engineering. In sum, a total of 24 slurry samples 

and 8 sludge samples were collected on each sampling trip, for a grand total of 72 slurry 

samples and 24 sludge samples over the three rounds of sampling. 

Soil: All soil sampling was conducted on a single agricultural field, measuring 

approximately 20 hectares, with soil classified as ranging from sand to sandy loam. A 

preliminary round of soil sampling was conducted in Spring 2010 (Appendix G), and a more 

comprehensive round of soil sampling (presented herein) was conducted in Spring 2011. At 

the outset of the Spring 2011 season, this field had just been planted with wheat, and had not 

received a land application of slurry in several months. The field was sampled first on 

February 9, 2011, in order to quantify residual levels of analytes prior to the land application 

of slurry. Sampling then recommenced after the farm managers applied slurry to the crop 

field on February 17, 2011. Samples were collected daily for the first 8 days following the 

application, with subsequent sampling at 13, 18, 21, and 61 days post-application. On each 

sampling date, soil was collected from 3 coordinates across a broad transect of the field. At 
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each coordinate, soil was collected from the top 1 cm of the field, and a 15 cm soil core was 

additionally collected. Soil was stored on ice immediately following collection, and 

transferred to storage at -20°C upon return to NCSU. Rainfall data from the sampling period 

was obtained from the US National Oceanic and Atmospheric Association National 

Climactic Data Center, using a weather station located within 10 miles of the field site as a 

point of reference. 

Sow Diet: To establish dietary intake of phytoestrogens by sows on this operation, feed 

samples were acquired from the farm managers on March 22, 2011. On this AFO, feed type 

and feeding strategy differ depending upon the gestational stage of the sows. Sows in 

breeding, heat check, and gestation barns are fed a diet intended to meet the nutrient needs of 

the pregnant sow (“gestation feed”), with feed intake restricted to a set amount per day. In the 

farrowing barn, sows are fed a nutrient-enriched diet (“farrowing feed”), with ad labitum 

feeding in order to maximize milk production.  

Sample Processing and Solid Phase Extraction: For all sample types, processing and 

extraction proceeded within 24 hours of collection. Processing of lagoon samples was 

discussed in Chapter 3. Barn flush samples, which contain both aqueous and solid phases, 

were processed according to the same protocol as lagoon samples, with centrifugation at 

13,500xg for 30 minutes at 4°C in order to separate the bulk of the solids from the aqueous 

fraction of each sample. Pelleted solids were transferred to fresh containers for freeze-drying, 

and the aqueous fractions were centrifuged repeatedly at 13,500xg for 15 minute intervals at 

4°C until no further pellet was observed. All liquid samples (urine, barn flush aqueous phase, 
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lagoon aqueous phase) were sequentially filtered through 2.0 !m and 1.2 !m pore size glass 

fiber filters (47 mm diameter; EMD Millipore, Billerica, MA). All solid samples (feces, barn 

flush solids) were freeze-dried to dryness. Analytes were extracted from filtered liquids using 

solid-phase extraction (SPE), and freeze-dried solids using accelerated solvent extraction 

(ASE) followed by SPE. For extraction method details, see Appendix A. 

LC/MS-MS: Quantification of analytes using LC/MS-MS was performed on all extracts at 

the US Geological Survey (USGS) Organic Geochemical Research Laboratory (OGRL) in 

Lawrence, KS. The suite of analytes included four natural estrogens, and their associated 

sulfate and glucuronide conjugates (12 estrogen species total); four natural androgens, and 

associated conjugates (8 androgen species total); two natural gestagens; six phytoestrogens; 

and one mycoestrogen. Eight synthetic hormones, while not expected to be present in the 

waste, were additionally included for reference. Detailed LC/MS-MS procedure is provided 

in Appendix A. All analytes detected on the farm are listed in Table 4.1, and a complete list 

of analytes that were included in the LC/MS-MS methodology is provided in Appendix A. 

YES Assay: The assessment of estrogenic activity in lagoon aqueous and solid phase 

extracts using the YES was described in Chapter 3. The same protocol was used here to 

assess estrogenic activity in all urine, feces, and barn flush aqueous and solid phase extracts. 

Details on the assay procedure and data analysis are provided in Appendix B. As previously, 

17"-estradiol (E2") served as dose-response standard in the assay, and the estrogenic 

potency of each sample was reported in terms of E2" equivalents (EEQ). EEQ was 

calculated as the ratio of the concentration of E2" that elicited half-maximal activity in the 
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assay (EC50E2!) to the concentration factor of sample extract that elicited half-maximal 

activity in the assay (CF50) (Equation B.1). 

T47D-KBluc Assay: The estrogenic activity of many soil extracts was below the detection 

limit of the YES assay (~30 ppt EEQ). Therefore, the T47D-KBluc assay was instead used to 

quantify estrogenic activity in soil extracts. This in vitro assay utilizes a human breast cancer 

epithelial cell line that has been stably transfected with triplet estrogen responsive elements 

and a luciferase reporter, and has a detection limit of ~0.3 ppt EEQ. Details on the assay 

procedure are provided in Appendix B. As with the YES, E2! served as dose-response 

standard in the assay, and results were reported as EEQ. For this assay, EEQ was calculated 

as the ratio of the concentration of E2! that elicited half-maximal activity in the assay 

(EC50E2!) to the dilution factor of sample extract that elicited half-maximal activity in the 

assay (DF50), adjusted to the original concentration factor of sample extract  (Equation B.2). 

Calculation of “Total” Analyte Levels and EEQs: As described previously in Chapter 3, 

for all samples that contain both aqueous and solid phases (i.e. barn flush and lagoon 

samples), extracts of each phase (aqueous or solid) were analyzed separately using LC/MS-

MS and the YES assay. This allowed the relative level of analytes within each separate phase 

of these samples to be observed. To estimate analyte levels and EEQs within whole slurry 

and sludge samples, “total” analyte concentrations and EEQs were then calculated. To make 

this calculation, aqueous phase analyte concentrations and EEQ of each slurry and sludge 

sample were adjusted to the total volume of liquid in the raw sample, and solid phase analyte 

concentrations and EEQ were adjusted to the dry mass of solids in each sample. Adjusted 
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aqueous and solid phase concentrations were then summed in order to calculate “total” 

values for each sample. Both the separate aqueous/solid phase concentrations, as well as the 

calculated “total” concentrations, are discussed at various points here forward. 

Estimated Potencies: As in Chapter 3, estimated potencies (EPs) were used to compare 

assay-derived EEQs to the estrogenicity that would be predicted based on analyte 

composition. To determine the EP, the relative estrogenic potency (REP) of each analyte was 

first derived using the YES and/or T47D-KBluc assays, using starting concentrations ranging 

up to 1 g/l (Equation B.4). REPs were empirically determined for this study, and are listed in 

Table 4.1. EP was then calculated by multiplying the REP of each analyte by its respective 

concentration, and summing these products for each sample (Equation B.5). 

  Statistical Analysis: Across compounds, statistically significant differences were not 

observed by sampling round. Data within each operational unit of the farm (urine, feces, barn 

flush, and lagoon) were therefore assessed herein using sampling dates as experimental 

replication. Lagoon data, which was presented as individual rounds of sampling in Chapter 3, 

is composited for analysis herein. For urine, feces, and barn flush samples, which were 

collected from the four sequential barns, one-way ANOVA (! = 0.05) followed by Tukey’s 

post-test was used to determine the relationship between sow reproductive status and analyte 

concentrations/EEQ in the waste. For all samples, assay-derived EEQs were compared to 

calculated EPs using linear regression. Assessment was performed using GraphPad Prism 

version 6 for Mac OS X (GraphPad software, La Jolla, CA). 
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Table 4.1: All analytes detected on the farm, abbreviations used in text, and 

corresponding relative estrogenic potency in the YES and T47D-KBluc screening 

assays. *All compounds were tested in the YES assay, but only analytes detected in soil 

were tested in the T47D-KBluc assay. 
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%&'()*+,-! "$.! &/! ,+0)&1,2+! *2! 3)*2,4! 52-! 67.! &/! estrogens in feces. Finally, E2! 

comprised 9.3% of estrogens in urine, and 11% of estrogens in feces. Across compounds, 

8.1% of estrogens in urine were present in the conjugated form, while 7.2% of estrogens in 

feces were conjugated (molar basis). 

Of the androgens assessed herein, androstenedione was the most abundant and frequently 

detected androgen species in both urine (Figure 4.2A) and feces (Figure 4.2B), with 

testosterone (T), 11-ketotestosterone (11KT), and epitestosterone (EPI) present at lower 

levels. The conjugated species androsterone sulfate (AN-S) was the most abundant androgen 

in urine, typically occurring at higher levels relative to free AN (Figure 4.2C). Testosterone 

sulfate (T-S) and testosterone glucuronide (T-G) were also present in urine, although at low 

levels relative to unconjugated T. Conjugated androgens were scarce in feces (Figure 4.2D), 

with AN-S detected only in a small number of samples. Based on grand means across all 

samples (molar basis), AN and associated conjugates comprised 96% of androgens excreted 

in urine, and 58% of androgens excreted in feces. T and associated conjugates comprised 

1.3% of androgens in urine, and 10% of androgens in feces. 11KT comprised 2.0% of 

androgens in urine, and 32% of androgens in feces. Finally, EPI comprised 0.2% of 

androgens in urine, but was not detected at all in feces. Due to the abundance of urinary AN-

S, an average of 81% of androgens in urine were present in the conjugated form (molar 

basis). In contrast, just 0.81% of androgens in feces were conjugated on average.  

Finally, progesterone (P4) was detected in nearly 100% of all urine and feces samples, with 

average urinary and fecal P4 concentrations occurring far above respective levels of steroidal 
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estrogens (Figure 4.3A-B). Thus, P4 was the most abundant steroid hormone overall in the 

sow excreta, which is consistent with reports on the relative plasma levels of these 

compounds in the pregnant sow.11 

Because the production of reproductive hormones is tied closely to gestational status, 

excreted hormone levels were expected to differ between the four sequential barns on this 

operation. In urine, free and conjugated estrogens reached their highest average levels in the 

gestation and farrowing barns, reflecting the increase in circulating estrogen that is known to 

occur during gestation. However, estrogen concentrations varied widely between individual 

urine samples within each barn, and ANOVA indicated that urinary concentrations of E1, 

E2!, E2", E3, or associated conjugates did not differ significantly between barns  (Figure 

4.1A and 4.1C). The spectrum of observed concentrations is likely attributable to the span of 

reproductive statuses within each barn. For instance, the gestation barns house sows ranging 

from 30 days pregnant (low estrogen levels) to 114 days pregnant (high estrogen levels); and 

the farrowing barn contains sows in the final days of gestation (highest circulating estrogen 

levels) as well as postpartum, lactating sows (lowest circulating estrogen levels). The 

dynamic changes in estrogen output during these windows of pregnancy likely masks any 

significant difference between barns. For P4, on the other hand, a significant effect was 

observed: urinary P4 levels dropped significantly in the farrowing barn relative to the 

gestation barn (Figure 4.3A), reflecting the decline in circulating P4 at parturition. Trends in 

urinary androgen levels did not exhibit a clear relationship with regards to gestational status; 

however, levels of urinary AN and T-G were significantly lower in the farrowing barn 
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relative to the heat check barn (Figure 4.2A and 4.2C), perhaps reflecting a reduction in 

androgen output during lactation relative to early gestation. 

Conversely, in feces, average concentrations of all hormone analytes with the exception of 

P4, 11KT, and AN-S were significantly elevated in the farrowing barn relative to other barns 

(Figure 4.1B and 4.1D; Figure 4.2B and 4.2D; Figure 4.3B). Given the sharp drop in 

estrogen production known to occur at parturition,11, 12 a significant elevation in estrogen and 

androgen output during farrowing was not an expected result. One speculation as to why this 

may occur is that sows tend to become constipated during farrowing, mainly due greater feed 

intake as well as the high fat content of the lactation diet (source: Dr. Williams Flowers, 

North Carolina State University; personal correspondence). It is possible that hormones may 

thus accumulate in the feces of these sows due to the relatively slow rate of elimination from 

the body. 

Phytoestrogens: LC/MS-MS analysis of the sow feed (Table 4.2) indicates that the 

isoflavones genistein (GEN) and daidzein (DAI) are the most abundant phytoestrogens 

present in the diet on this operation. Levels of formononetin (FOR), coumestrol (COU), and 

equol (EQU) were lower in the feed by approximately two orders of magnitude, and 

biochanin-A (BIO) was only present at low levels. Because the sow diet is open formula, we 

were not able to obtain detailed information regarding the feed composition. However, as 

GEN and DAI are the predominant isoflavones in soybeans,20 these results suggest that soy is 

the primary source of phytoestrogens to the diet. 
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Relative to the phytoestrogen content of the feed, excreted phytoestrogen levels (Figure 

4.4) suggest that DAI and GEN are attenuated during digestion, with EQU subsequently 

formed as a metabolic product of DAI. In urine (Figure 4.4A), EQU was the most abundant 

phytoestrogen species, followed closely by DAI and GEN; while in feces (Figure 4.4B), 

EQU concentrations were elevated several orders of magnitude above DAI and GEN. FOR, 

COU, and BIO were found to be less abundant overall in excreta, with BIO not detected at all 

in feces. The formation of EQU as a product of DAI transformation in the gut has been 

reported in a variety of species, and sows have been shown to harbor intestinal bacteria that 

mediate this transformation.21 Meanwhile, GEN is reported to be readily degradable by fecal 

bacteria,22, 23 which may explain the relatively low level of GEN observed in feces. Overall, 

phytoestrogens were highly abundant in the sow waste, with detection frequencies of DAI, 

GEN, and EQU being near 100% in both urine and feces. Based on the grand mean across all 

samples (molar basis), it was found that EQU comprised 54% and 99% of phytoestrogens in 

urine and feces, respectively. DAI comprised 22% and 0.5% of phytoestrogens in urine and 

feces, respectively; and GEN comprised 23% and 0.4% of phytoestrogens in urine and feces, 

respectively. Levels of other excreted phytoestrogens were minor in comparison.  

Gestational status was not found to have a significant effect on phytoestrogen output in 

urine, and no trends were evident in urinary phytoestrogen concentrations across the four 

sequential barns (Figure 4.4A). In feces, on the other hand, concentrations of DAI, GEN, and 

EQU were significantly elevated in the farrowing barn relative to other barns (Figure 4.4B).  
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Figure 4.1: Detections of free and conjugated steroidal estrogen species in urine (A, C) 

and feces (B, D). Each symbol represents analyte concentrations in an individual 

sample, and the bar represents the grand mean concentration of all analytes within the 

given reproductive stage. All concentrations are parts-per-trillion (ng/l urine, or ng/kg 

dry mass feces). Statistical relationships in analyte concentrations between the four 

sequential barns, and p-value for each analyte from one-way ANOVA, is given below 

each graph; p < 0.05 and different letters (a vs. b) indicate a significant difference in 

concentrations of that analyte between barns. For conjugated compounds, sulfate 

conjugates are represented with triangles, while glucuronide conjugates are represented 

with squares. 
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Figure 4.2: Detections of free and conjugated androgen species in urine (A, C) and feces 

(B, D). Each symbol represents analyte concentrations in an individual sample, and the 

bar represents the grand mean concentration of all analytes within the given 

reproductive stage. All concentrations are parts-per-trillion (ng/l urine, or ng/kg dry 

mass feces). Statistical relationships in analyte concentrations between the four 

sequential barns, and p-value for each analyte from one-way ANOVA, is given below 

each graph; p < 0.05 and different letters (a vs. b) indicate a significant difference in 

concentrations of that analyte between barns. For conjugated compounds, sulfate 

conjugates are represented with triangles, while glucuronide conjugates are represented 

with squares.  
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Figure 4.3: Detections of progesterone in urine (A, C) and feces (B, D). Each symbol 

represents analyte concentrations in an individual sample, and the bar represents the 

grand mean concentration of all analytes within the given reproductive stage. All 

concentrations are parts-per-trillion (ng/l urine, or ng/kg dry mass feces). Statistical 

relationships in analyte concentrations between the four sequential barns, and p-value 

for each analyte from one-way ANOVA, is given below each graph; p < 0.05 and 

different letters (a vs. b) indicate a significant difference in concentrations of that 

analyte between barns. 
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Table 4.4: Concentrations of phytoestrogens in the sow diet, listed as ng/kg dry mass of 

feed. 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

"#$%&'! ()(*! +','-,#./0! .1! 234,.'0,&.$'/0! #/! %&#/'! 5/6! 1'-'0)! 75-3! 0489.:!

&'2&'0'/,0!5/5:4,'!-./-'/,&5,#./0!#/!5/!#/6#;#6%5:!0582:')!<::!-./-'/,&5,#./0!5&'!

25&,0=2'&=,&#::#./!>/$?:!%&#/'@!.&!/$?A$!6&4!8500!1'-'0B)!Statistical relationships in 

analyte concentrations between the four sequential barns, and p-value for each analyte 

from one-way ANOVA, is given below each graph; p < 0.05 and different letters (a vs. 

b) indicate a significant difference in concentrations of that analyte between barns. 

 Concentration in feed (ng/kg) 

 Gestation Feed Farrowing Feed 

FOR 13000 8700 

BIO 250 370 

GEN 2300000 1100000 

DAI 4400000 180000 

EQU 14000 2500 

COU 9300 6300 
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As discussed above, one possible explanation for the elevation of phytoestrogens in 

farrowing barn feces could be the accumulation of analytes due to the relatively slow rate of 

fecal elimination by lactating sows. Additionally, sows in the farrowing barn are fed ad 

labitum in order to meet the energy requirements of lactation; a high feed intake could 

contribute to elevated phytoestrogen levels in the farrowing barn feces. 

Total Analyte Output By Sows: To estimate the total daily output of these compounds, 

average analyte concentrations in urine and feces within each of the four defined sow 

reproductive stages (Table E.1 and E.2) were respectively multiplied by 3.6 liters of urine 

per day or 0.5 kg of feces (dry weight) per day. These waste production rates are standard 

estimates from the American Society of Agricultural Engineers for a 200 kg gestating sow;24 

more details on this estimation can be found in Appendix E. This calculation yielded the 

estimated average daily analyte output per sow within each of the reproductive stages. This 

per-sow estimate for each reproductive stage was then multiplied by the number of sows 

reported to be in that unit of the farm (500 breeding, 500 heat check, 1104 gestation, and 384 

farrowing), which is assumed to remain relatively steady over time due to the cycling of sows 

through the four sequential barns. These values were summed in order to calculate an 

estimated total daily output from the whole facility. 

Based on these calculations, we estimate that the ~2500 sows on this operation 

cumulatively excrete a total of 49.3 mg of free and conjugated steroidal estrogens, 128.4 mg 

of P4, and 12.4 mg of free and conjugated androgens per day in their urine and feces. Of 

these total values, 69% of excreted estrogens, 87% of excreted P4, and 51% of excreted 
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androgens were contributed by feces (molar basis), suggesting that the fecal route is the 

major route of hormone elimination for these sows. From these estimated total output values, 

E1 and its associated conjugates were found to comprise an average 51% percent of total 

estrogen output, E2! and associated conjugates comprised 16% percent of total estrogen 

output, E3 and associated conjugates comprised 23% percent of total estrogen output, and 

E2" comprised 10% percent of total estrogen output (molar basis). Of androgens on a molar 

basis, it was found that AN and its associated conjugates comprised 77% of total androgen 

output, T and associated conjugates comprised 6.2% of total androgen output, 11KT 

comprised 17% of total androgen output, and EPI comprised 0.1% of total androgen output. 

Across compounds and urine/feces, 6.5% of total excreted estrogens and 39% of total 

excreted androgens are estimated to be present as conjugates, with the remaining estrogens 

and androgens present in the free form. 

Additionally, the ~2500 sows are estimated to cumulatively excrete a total of 3071 mg of 

phytoestrogens per day. Thus, on a mass basis, the estimated total daily phytoestrogen output 

by sows on this operation is approximately 16-fold greater than the corresponding output of 

steroid hormones. Per this calculation, 76% of the total excreted phytoestrogen load was 

found in feces, again implicating the importance of the fecal route of elimination. When both 

urinary and fecal output of these compounds is considered on a molar basis, DAI, GEN, and 

EQU were found to comprise an average of 5.9%, 6.4%, and 87% of the total excreted 

phytoestrogen load, respectively. Sow output of other phytoestrogen species (FOR, BIO, and 

COU) cumulatively comprised just  >1% of total excreted phytoestrogens. 
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It should be noted here that our calculated estimates for total daily estrogen output differ 

somewhat from those in several recent review articles on the topic. Our estimated total daily 

estrogen output per sow is lower than that reported in reviews by Hanselman et al.3, Lange et 

al.10, and Johnson et al.25 Additionally, these reviews all state that swine primarily eliminate 

estrogen via the urinary route, which contrasts with our observation that hormone output is 

higher in feces. Several factors may contribute to this discrepancy. First, one limitation of all 

three of these review articles is that the authors relied on estrogen concentrations that were 

measured using radioimmunoassay or enzyme-linked immunosorbant assay. These methods 

suffer from cross-reactivity, and may provide false positives due to endogenous enzymes and 

matrix effects. In fact, Hanselman et al. refrained from calculating the total mass flux of 

estrogens from livestock operations, citing lack of confidence in the accuracy of their 

reported values. Our use of LC/MS-MS likely resulted in a more specific and accurate 

measurement of these analytes. On the other hand, one limitation of our study is that we were 

not able to measure total sow excreta over a 24-hour period, but rather were forced to 

estimate total daily analyte output based on concentrations in single excreta samples and 

standard estimates of urine and feces production rates. Measurement of urine/feces over a 

complete 24-hour cycle would result in a more accurate representation of total daily output of 

these compounds. Thus, we emphasize here that our reported values for total daily output of 

these compounds are simply estimates based on available data.  

Analytes in Barn Flush and the Lagoon (LC/MS-MS results): Concentrations of all 

analytes in flush from each of the four barn pits are presented in Figure 4.5, with 
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concentrations in the lagoon slurry also presented for reference. A table of values for barn 

flush aqueous and solid phase concentrations is also provided in Table E.3. In general, the 

analyte composition of barn flush resembled that discussed in Chapter 3 for lagoon slurry. E1 

was determined to be the most abundant estrogen species in barn flush, with E2!, E2", and 

E3 occurring at lower levels. P4 and AN were present at levels up to several orders of 

magnitude lower than that of steroidal estrogens. E1-3-S and AN-S were the only conjugated 

hormones detected in barn flush, and were present at vanishingly low levels relative to free 

hormones. Finally, EQU was by far the most abundant phytoestrogen species in flush, with 

concentrations several orders of magnitude greater than other phytoestrogen species. The 

solid phase of the barn flush, which consists of a mixture of feces and suspended particulates 

from the lagoon slurry, was found to have markedly elevated levels of analytes relative to the 

aqueous phase of the flush. This solid phase elevation is expected given the high analyte 

levels in sow feces (Figures 4.1, 4.2, 4.3, and 4.4), as well the elevated analyte levels in the 

lagoon slurry particulate phase (Chapter 3). Interestingly, average analyte levels in the lagoon 

slurry solid phase were consistently greater than that of the barn flush solid phase (Figure 

4.5), perhaps suggesting that further association of these moderately lipophilic compounds 

with the particulate phase occurs during lagoon storage. In general, analyte concentrations in 

barn flush aqueous or solid phases did not differ significantly between barns, with just two 

exceptions: GEN concentrations in the aqueous phase were significantly greater in breeding 

barn relative to other barns (Figure 4.5G), and P4 concentrations in the solid phase were 

significantly lower in the farrowing barn relative to the gestation barn (Figure 4.5F).  
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Figure 4.5: Average concentrations [mean ± standard error of the mean (SEM)] of 

steroidal estrogens (A-B), androgens (C-D), progesterone (E-F), and phytoestrogens (G-

H) in barn flush from the four sequential barns on the sow operation. Average 

concentrations of these compounds in lagoon slurry (mean ± SEM) are also given on 

each graph for reference.  

Statistical relationships in analyte concentrations between the four sequential barns, 

and p-value for each analyte from one-way ANOVA, is given below each graph; p < 

0.05 and different letters (a vs. b) indicate a significant difference in concentrations of 

that analyte between barns. No statistical comparison is made between the barn flush 

and lagoon. 
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   When the mass flux (Figure 4.6A) and mass ratios (Figure 4.6B) of estrogens, androgens, 

and P4 are compared across urine/feces, barn flush, and lagoon, it is evident that the 

transformation and attenuation of select hormone analytes occurs during waste storage. One 

such transformation is the hydrolysis of conjugated hormones (Figure 4.6B). While 

conjugated hormones comprised approximately 33% of total excreted steroid hormones in 

urine and 7% of total steroid hormones in feces (taking both estrogens and androgens into 

account), they comprised only 0 to 0.04% of total steroid hormones in the barn flush. The 

diverse assortment of sulfate and glucuronide conjugated hormones present in raw excreta 

was depleted in the flush, with only E1-3-S and AN-S detectible with our analytical methods. 

The near complete removal of conjugated species is presumably attributable to the enzymatic 

hydrolysis of glucuronide and sulfate moieties by fecal bacteria in the waste stream, as has 

been demonstrated to occur in municipal waste.26, 27 As has been observed in other studies of 

municipal waste26 and livestock lagoons,28 glucuronide conjugates appear to be more readily 

depleted from the waste stream relative to sulfate conjugates, as evidenced by the lack of 

glucuronides in barn flush and the lagoon. This is perhaps due to the high !-glucuronidase 

activity, but weak arylsulfatase activity, of the fecal bacterium Escherichia coli.26 

Perhaps the most striking trend in Figure 4.6A-B is the attenuation of total progesterone 

and androgen mass loads during waste storage. While P4 was consistently observed to be the 

most abundant steroid hormone in urine and feces, concentrations of P4 in barn flush 

aqueous and solid phases occurred at levels that were up to several orders of magnitude 

lower than that of cumulative steroidal estrogens. Similarly, while a variety of androgen 
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species (T, AN, 11KT, EPI) were present in urine and feces, AN was essentially the only 

androgen present at detectable levels in barn flush. The sole exception to this was a single 

sample from the farrowing barn flush, which contained low levels of T in addition to AN 

(Table E.3). As with P4, total mass loads of AN in barn flush were orders of magnitude 

lower than cumulative estrogens, irrespective of aqueous or solid phase, suggesting the 

marked transformation and attenuation of androgens during waste storage. Overall, these 

combined observations are consistent with numerous reports indicating that androgens and 

P4 are more susceptible to microbial degradation relative to steroidal estrogens. This trend 

has been demonstrated for androgens and/or progesterone in a wide range of environmental 

matrices, ranging from soil microcosms,29, 30 composted poultry manure31, cattle feedlot soil,32 

and municipal treatment plants.33, 34 The lability of androgens and P4 likewise echoes our 

previous observation that these compounds are attenuated after settling into the sludge, while 

steroidal estrogens appear to resist anaerobic degradation and are prone to accumulation 

during sludge storage (Chapter 3). It has been speculated that the persistence of steroidal 

estrogens relative to P4 and androgens may be partially attributable to recalcitrance of the 

estrogen aromatic A-ring to bacterial metabolism.35 The attenuation of androgens is 

consistent with the recent identification of bacterial strains in swine manure that are capable 

of utilizing T and its metabolites as primary carbon sources.36  

Although total steroidal estrogen levels appear more stable than androgens or P4 (Figure 

4.6), it is evident that mass ratios of estrogens shift during waste storage, increasing the 

relative level of E1 in barn pits and the lagoon. Mass flux and mass ratios of the four 
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steroidal estrogen species (E1, E2!, E2", E3) are presented in Figure 4.7A and 4.7B, 

respectively. Fecal bacteria are known to mediate the formation of E1 as an oxidation 

product of E2! and/or E2",37 and this transformation process has been widely demonstrated 

to occur during the storage of livestock waste.38, 39 As can be observed in Figure 4.7B, the 

mass ratio of E1 relative to other steroidal estrogens is higher in the aqueous phase of the 

barn flush relative to the solid phase, perhaps indicating that association with the solid phase 

of the flush may hinder the transformation process. 

Finally, the mass flux and mass ratios of phytoestrogen species across all units of the farm 

are presented in Figure 4.8A and 4.8B, respectively. As was observed with steroid 

hormones, the transformation and attenuation of phytoestrogens is evident during waste 

storage. DAI and GEN, which were abundant in urine, are depleted in the barn flush, and 

EQU was found to comprise >99% on average of total phytoestrogens in both the aqueous 

and solid phases of the barn flush. As discussed above, fecal bacteria are known to mediate 

the formation of EQU and degradation of GEN;20 it is possible that the persistence of these 

microbes in the waste stream may mediate the formation of EQU while depleting DAI and 

GEN concentrations in barn pits/lagoon. 
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Figure 4.6: Mass flux (A) and mass ratios (B) of total estrogens (all free and conjugated 

species), total androgens (all free and conjugated species), and progesterone across the 

major operational units of the sow farm. Mass flux (A) depicts the total concentrations 

of these compounds (mean ± SEM), while mass ratios (B) depict fractions of the total 

steroid hormone mass. For barn flush, lagoon slurry, and lagoon sludge, total (aqueous 

+ solid phase) concentrations were used in A. For feces, dry mass concentrations were 

used in both A and B. 
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Figure 4.7: Mass flux (A) and mass ratios (B) of the four steroidal estrogen species 

across the major operational units of the sow farm. For each species (E1, E2!, E2", or 

E3), depicted values represent the sum of both free and conjugated forms. Mass flux (A) 

depicts the total concentrations of these compounds (mean ± SEM), while mass ratios 

(B) depict fractions of the total estrogen mass. For barn flush, lagoon slurry, and lagoon 

sludge, total (aqueous + solid phase) concentrations were used in A. For feces, dry mass 

concentrations were used in both A and B. 
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Figure 4.8: Mass flux (A) and mass ratios (B) of phytoestrogen species across the major 

operational units of the sow farm.  Mass flux (A) depicts the concentrations of these 

compounds (mean ± SEM), while mass ratios (B) depict fractions of the total 

phytoestrogen mass. For barn flush, lagoon slurry, and lagoon sludge, total (aqueous + 

solid phase) concentrations were used in A. For feces, dry mass concentrations were 

used in both A and B.  
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Analytes in Soil (LC/MS-MS Results): Following the land application of lagoon slurry in 

February 2011, the attenuation of analytes in soil was documented over a two-month period. 

The landowners report that the average slurry land application rate in 2011 was 324,000 

liters/hectare. Using concentrations observed in the lagoon on February 9, 2011 (Chapter 3), 

we can therefore estimate that the load of analytes applied to the 20-hectare field in this 

application event was approximately 91 g total estrogens, 1254 g total phytoestrogens, 0.34 g 

total androgens, and 3.4 g P4.  

Detections of all steroid hormone analytes in soil are displayed in Figures 4.9 – 4.11; 

rainfall during this period is presented in Figure 4.13. No rainfall had occurred for 

approximately a week prior to the land application, and there were no rain events until 9 days 

following the land application. Prior to the land application, soil from the top 1 cm of the 

field was found to have residual levels of E1 [non-detect (ND) to 4000 ng/kg; av 1423 

ng/kg], E2! (ND to 500 ng/kg; av 167 ng/kg), AN (49 to 140 ng/kg; av 86 ng/kg), and P4 

(200 to 360 ng/kg; av 623 ng/kg) (dry weight basis). These could be residues from a prior 

land application of lagoon slurry, which would have occurred during the previous growing 

season, at least two months prior to this soil collection.  

As expected based upon its prevalence in the lagoon, E1 was the most abundant steroid 

hormone in soil following the land application of slurry (Figure 4.9). On the day following 

application (Day 1), E1 in the top 1 cm of soil was present at levels ranging from 11,000 to 

49,000 ng/kg (av 28,333 ng/kg). By Day 2, E1 was attenuated from these initial levels (7,600 

to 14,000 ng/kg; av 11,867 ng/kg), but then appeared to plateau and remain relatively stable 
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over the course of the next 12 days. Further attenuation then occurred between Days 13-18, 

with E1 concentrations dropping to 540 – 1400 ng/kg (av 833 ng/kg) on Day 18. However, 

E1 remained detectable in the top 1 cm of soil through the duration of the sampling season, 

with final concentrations at day 61 ranging from 41 to 990 ng/kg (av 387 ng/kg).  

While E1 was detected in 100% of soil samples in the 61-day period following slurry land 

application, E2! and E2" occurred at a lower frequency of detection, and at concentrations 

approximately an order of magnitude lower than E1. These detections were fewer than 

anticipated, given the ubiquity of E2! and E2" in the lagoon slurry; and perhaps indicate that 

these analytes were rapidly transformed to E1 or non-detected metabolites in the aerobic 

environment of the soil, as has been demonstrated to occur in laboratory batch experiments.29, 

40 Meanwhile, E3 was not detectable in the initial days following land application, but then 

appeared in soil between Days 4-8. This trend suggests the accumulation of E3 as a 

degradation product of other estrogen species, as has been documented in other studies.41 

However, the detection of E3 was not clearly accompanied by a concomitant decrease in E1, 

E2!, or E2". Of the other hormone species, P4 and AN were detected in all samples 

throughout the duration of the sampling period, with 11KT also detected at a lower levels 

(Figure 4.10). E1-3-S was present in all samples and AN-S was present in most samples 

throughout the entire sampling period following the land application, although levels of 

neither of these compounds exceeded 100 ng/kg (Figure 4.11). E2!-17-S was detected at a 

similarly low concentration range between Day 1-13. Interestingly, E3-17-S was found 

present in soil between days 5-6. The transient detection of this analyte, which was not 



! "#$!

present in the lagoon (Chapter 3), suggests its formation as an oxidation product of E2!-17-

S. At the end of the 61-day sampling period, E1, E1-3-S, AN, P4, and AN-S remained at 

detectable levels, while all other analytes were attenuated below the limit of detection.  

In contrast to steroid hormones analytes, many of the phytoestrogen species detected in soil 

appeared unrelated to the land application of slurry (Figure 4.12). Antecedent levels of BIO, 

FOR, and COU exhibited no evident increase following the land application, and had no 

clear pattern of change over the course of the sampling period. These three compounds were 

present only at vanishingly low levels in the lagoon, and thus are likely present in soil due to 

input from plants, rather than manure. Conversely, EQU and DAI were present at 

considerable concentrations in the lagoon slurry, and concentrations increased in soil 

following slurry land application. EQU, the most abundant phytoestrogen in the lagoon, was 

present in the top 1 cm of soil at antecedent levels ranging from ND to 1300 ng/kg (av 760 

ng/kg), and rose to a levels of 63,000 – 250,000 ng/kg (av 151,000 ng/kg) on the day 

following land application. Levels of EQU fluctuated considerably between samplings, but 

remained at average concentrations of at least 12,000 ng/kg until Day 18. At the end of the 

61-day sampling period, both EQU and DAI were still detectable at concentrations ranging 

from 330 – 9000 ng/kg (av 3743 ng/kg) and ND – 290 ng/kg (av 183 ng/kg), respectively.  

Throughout the sampling period, levels of all steroid hormones as well EQU and DAI 

measured in the 15 cm soil core were approximately 10-fold less than the respective levels in 

the top 1 cm of soil. Such magnitude of attenuation suggests that these manure-borne 
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hormones were largely retained within the upper level of the soil; total concentrations in the 

15 cm soil core likely indicate dilution with soil that contained relatively little analyte.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Steroidal estrogen concentrations (ng/kg dry weight) in A) the top 1 cm of 

soil, and B) the 15 cm soil core. Floating bars show the range in concentration on each 

day (minimum to maximum). n = 3 on each day 
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Figure 4.10: Androgen and progesterone concentrations (ng/kg dry weight) in A) the 

top 1 cm of soil, and B) the 15 cm soil core. Floating bars show the range in 

concentration on each day (minimum to maximum). n = 3 on each day 
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Figure 4.11: Conjugated hormone concentrations (ng/kg dry weight) in A) the top 1 cm 

of soil, and B) the 15 cm soil core. Floating bars show the range in concentration on 

each day (minimum to maximum). n = 3 on each day 
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Figure 4.12: Phytoestrogen concentrations (ng/kg dry weight) in A) the top 1 cm of soil, 

and B) the 15 cm soil core. Floating bars show the range in concentration on each day 

(minimum to maximum). n = 3 on each day 
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Figure 4.13: Total daily rainfall over the course of the soil sampling period in Spring 

2011. Sampling dates (D1, D2, etc) are indicated in red. Data was obtained from the US 

National Oceanic and Atmospheric Association (NOAA) National Climactic Data 

Center.!
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Estrogenic Activity (YES and T47D-KBluc Assays): Estrogenic activity across all major 

operational units of the farm is displayed in Figures 4.14 – 4.16. In general, activity of 

sample extracts in the YES or T47D-KBluc assays was found to track well with the reported 

trends in analyte concentrations. In urine (Figure 4.14A), EEQs followed a pattern identical 

to that reported for steroidal estrogens, with the highest average EEQs occurring within the 

gestation and farrowing barns. As was observed for LC/MS-MS results, urine EEQs did not 

differ significantly between barns (p = 0.1615), which is again likely attributable to the wide 

range in values that were observed within each barn. Fecal EEQs (Figure 4.14B) were 

significantly elevated in the farrowing barn relative to other barns (p < 0.0001), which is the 

same pattern described above for estrogenic analytes. Barn flush EEQs (Figure 4.15) were 

up to several orders of magnitude higher in the solid phase (Figure 4.15B) relative to the 

aqueous phase (Figure 4.15A), reflecting the elevated levels of analytes observed in the solid 

phase of the barn flush, with no significant trend in EEQ between barns observed for either 

the aqueous phase (p = 0.5380) or solid phase (p = 0.6351). Finally, assessment of soil 

samples using the T47D-KBluc assay (Figure 4.16) indicated low-level background 

estrogenic activity in the top 1 cm of soil (EEQ = 16 to 352 ng/kg; av 129 ng/kg), which rose 

substantially following slurry land application (EEQ = 2155 to 13,454 ng/kg; av 6923 ng/kg). 

Estrogenic activity remained elevated for the first 13 days following the land application, but 

then attenuated to near background levels by day 18 (EEQ = 181 to 469 ng/kg; av 282 

ng/kg). EEQs in the soil core (Figure 4.16B) were at least 10-fold lower than EEQs in the 
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top 1 cm (Figure 4.16A), again suggesting the attenuation of estrogenic compounds in the 

upper stratum of soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: EEQs and EPs (YES assay) for A) urine and B) feces across the four 

defined gestational stages, with each symbol representing estrogenic potency in an 

individual sample. Estrogenic potency is given in parts per trillion E2!-equivalents (ng/l 

urine, and ng/kg dry mass feces); EEQ is shown to the left in purple, and EP is shown to 

the right in gray. Also shown are the linear regression of these two values for C) urine 

and D) feces. 
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Figure 4.16: EEQs and EPs (T47D-KBluc assay) for A) top 1 cm of soil and B) 15 cm 

soil core over the 61-day sampling period. Floating bars show the range in values 

(minimum to maximum). Estrogenic potency is given in ng/kg (dry mass) E2!-

equivalents; EEQ is shown to the left in purple, and EP is shown to the right in gray. 

Also shown is C) the linear regression of these two values.!
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Figure 4.17: Linear regression of EEQs and EPs (YES and T47D-KBluc assay) across 

all samples collected in this study, including urine, feces, barn flush, lagoon, and soil 

samples. This data is a composite of the regressions presented in Figures 4.14, 4.15, and 

4.16. Each data point is labeled here in accordance with the type of sample.  
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Although EEQs clearly exhibited the same overall trends as estrogenic analytes in the sow 

waste, linear correlation between EEQ and EP was found to vary depending upon the type of 

sample. For urine, a high degree of correlation was observed between EEQ and EP (R2 = 

0.7906; p < 0.0001) (Figure 4.14C), and EPs were found to account on average for 201 ± 

455% of measured urinary EEQs. Fecal EEQs (Figure 4.14D), on the other hand, exhibited 

no linear relationship with EPs (R2 = 0.01913; p = 0.2334). Comparison across all feces 

samples indicates that the EP accounted for an average of 547 ± 1220% of fecal EEQs, which 

is a wider degree of variation than was observed for urine. A similar trend was observed for 

barn flush aqueous and solid phases, respectively: calculated EPs in the barn flush aqueous 

phase accounted for 76 ± 30% of the measured EEQs, with a strong degree of correlation (R2 

= 0.7031; p < 0.0001) observed between the two values (Figure 4.15C); while EPs in the 

solid phase of the barn flush accounted for 130 ± 42% of EEQs, with no linear correlation 

between the two values (R2 = 0.003672; p = 0.8331) (Figure 4.15D). In the lagoon, linear 

correlation was poor to modest between EEQ and EP for slurry aqueous phase (R2 = 0.3197; 

p < 0.0001) (Figure 4.15E), slurry solid phase (R2 = 0.0149; p = 0.0062) (Figure 4.15F), 

sludge aqueous phase (R2 = 0.2103; p = 0.0242) (Figure 4.15G), and sludge solid phase (R2 

= 0.2117; p = 0.0237) (Figure 4.15H), despite the overall concordance that was observed 

between the two values (Figure 4.15A-B; see also Chapter 3). In soil, a good linear 

correlation was observed between the two values (R2 = 0.5095) (Figure 4.16C), but EPs 

were consistently greater than EEQ across all samples; on average, EPs in soil accounted for 

555 ± 1376% of the soil EEQ. Finally, when all samples across the whole farm were 
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compared, an overall strong linear relationship was evident between EEQ and EP (R2 = 

0.8344; p < 0.0001) (Figure 4.17). 

 Regarding the agreement between EEQ and EP, several factors appear to come into play. 

The best agreement was observed when analyte concentration ranges spanned several orders 

of magnitude: for instance, in urine, barn flush liquids, and soil. Strong correlation was 

likewise observed in the regression of all samples collected across the whole farm. 

Comparatively, poor linear correlation was observed between EEQ and EP over relatively 

narrow concentration ranges, such as occurred in the lagoon. Such a relationship is to be 

expected, as both LC/MS-MS and in vitro assays have an inherent margin of error in their 

quantifications. Given the nature of the samples assessed in this study, it is also possible that 

toxic and/or antagonistic factors in the extracts may have interfered with activity in the 

assays. Although toxicity/interference was not evident for the vast majority of samples in 

these assays, it should be noted that the highest concentrations of several feces extracts 

appeared to obstruct activity in the YES assay, as evidenced by low optical density at 405 nm 

(!-galactosidase reporter). Fecal samples also had poor curve fits compared to the other 

sample types, with some of the less potent fecal samples not fully able to saturate binding in 

the YES assay. These factors likely contributed to the poor linear relationship between EEQ 

and EP that was observed for feces. While such effects were not observed at all for the barn 

flush solids, it is possible that the high fecal content of this waste may have caused some 

degree of interference with the assay. Likewise, in the T47D-KBluc assay, soil sample 

extracts did not appear to overtly hinder the assay performance; however, given that the 
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assay consistently underestimated the estrogenic potency of the soil, it is possible that a 

degree of matrix interference may have occurred with these samples as well.   

The calculated percent contribution of each analyte to the total EP across all operational 

units of the farm is provided in Table E.4. Based on REPs (Table 4.1), it was found that E1 

was the principle analyte contributing to estrogenic activity across all operational units of the 

farm. Across individual samples collected in this study, E1 was responsible for an average of 

66% of the calculated EP for urine, 43% of the feces EP, 69% of the total barn flush EP, 94% 

of total lagoon slurry EP, 84% of lagoon sludge EP, and 94% of soil EP. E2!, which is more 

potent but less abundant relative to E1, was found to be the second greatest contributor to 

estrogenic activity. Interestingly, phytoestrogens were found to substantially enrich the 

estrogenic activity of urine and feces samples, but the relative importance of these 

compounds appears to be diminished in the distal units of the farm. In urine, GEN and EQU 

accounted for an average of 22% and 5.3% of the calculated EP, respectively; and in feces, 

EQU accounted for 37% of the calculated EP. Comparatively, EQU accounted for just 3.1% 

of the total barn flush EP, 0.23% of the total lagoon slurry EP, and 0.17% of soil EP on 

average, reflecting the attenuation of phytoestrogens in the waste stream. Thus, the depletion 

of phytoestrogens during waste storage, in contrast to the persistence of steroidal estrogens 

that was observed in barn flush and the lagoon, appears to curtail the overall estrogenic 

importance of these weakly potent analytes in the waste stream. 

Overall, the use of in vitro screening assays appeared to be an effective means of tracking 

estrogenic activity on the AFO, although our results indicate that certain matrices—feces and 
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barn flush solids in particular— appeared to interfere with activity in estrogen screening 

assays via toxicity or other mechanisms, resulting in EEQs that deviated from the predicted 

EPs. Additionally, estrogenic activity in soil was consistently under-predicted by the T47D-

KBluc assay, perhaps as a result of matrix interference by the soil extracts. A degree of 

inconsistency between in vitro assays and LC/MS-MS results is to be expected, given the 

sensitive biological nature of cell-based assays; and other studies have likewise observed that 

manure and wastewater extracts may hold unknown compounds that interfere with in vitro 

estrogen screening assays16, 42 To preclude this problem, one study found that fractionation of 

waste extracts using column chromatography was able to separate estrogenic analytes from 

these interfering compounds, allowing for more accurate quantification of estrogenic 

activity.43 Thus, in future studies of waste matrices, performing bioassays on fractionated 

extracts (i.e. a toxicity identification evaluation approach) could provide a higher degree of 

correlation with analytical chemistry results. 

Whole System Mass Flux: General Observations: From the data presented herein, it is 

evident that the sows on this farrowing operation are a prolific source of natural hormones 

and phytoestrogens. The mass flux of all major classes of compounds (estrogens, androgens, 

progesterone, and phytoestrogens) as well as EEQ across all major operational units of the 

farm is summarized in Figure 4.18A, and the mass flux of these compounds/EEQ in soil 

over the 61-day sampling period is summarized in Figure 4.18B. The flux of hormone 

analytes within this AFO waste management system generally corresponded with several 

established trends in hormone behavior, including: 1) recalcitrance of steroidal estrogens to 
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anaerobic degradation; 2) lability of P4 and androgens to degradation, relative to steroidal 

estrogens; 3) hydrolysis of conjugated hormones, presumably by fecal bacteria; and 4) 

association of analytes with the particulate phase. As can be seen in Figure 4.18A, EEQs 

throughout the system closely parallel the total concentrations of steroidal estrogens, 

reflecting that fact that these compounds (E1 in particular) appeared to be the most important 

contributors towards total estrogenic activity. This is one of very few studies to assess 

phytoestrogen concentrations in livestock waste using sensitive quantitative techniques, and 

the first study to our knowledge to assess the levels of DAI, COU, FOR, and BIO in swine 

waste. Our observation that EQU persists and/or is formed in this waste stream, while other 

phytoestrogens (principally DAI and GEN) are attenuated, corresponds with previous reports 

that EQU may be present at high concentrations in commercial swine wastewater.4, 44 

As the analyte composition of the barn flush was generally similar to that of the lagoon, it 

is evident that the hydrolysis of conjugated hormones, the removal of androgens and 

progesterone, and the transformation of analytes (e.g. the formation of E1 and EQU) begins 

during the temporary storage of waste in the barn pits, before it is flushed into the lagoon. 

Given this, perhaps the duration of time over which waste is held in the barn pits may be an 

important variable affecting analyte concentrations in the final waste effluent. Towards this 

end, it has been observed on a dairy cattle AFO that increased piling time of solid waste and 

retention time of lagoon waste could appreciably reduce the estrogen load of cattle effluent.39 

While such a relationship is speculative in our study, this operational variable could be 

noteworthy when examining the hormone content of swine waste systems. 



! "#$!

 

Figure 4.18: Summary of whole-system mass flux in (A) all major operational units of 

the farm and (B) soil in the 61 days following slurry land application. For barn flush, 

lagoon slurry, and lagoon sludge, total (aqueous + solid phase) concentrations were 

used in this figure. For feces and soil, dry mass concentrations were used. All values are 

mean ± SEM. In B (soil), it should be noted that the x-axis is not on a linear scale. 
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Over the course of this study, total cumulative steroidal estrogens concentrations in the 

lagoon reached levels as high as ~14,000 ng/l, and total cumulative phytoestrogens reached 

as high as ~193,000 ng/l. Total EEQs in slurry ranged from 4777 – 6182 ng/l (Chapter 3). 

These levels are far in excess of those known to elicit effects in fish: predicted-no-effect-

concentrations in fish have been placed at 1 ng/l for E2!, and 3-5 ng/l for E1,45 while EQU 

has been demonstrated to induce intersex in Japanese medaka (Oryzias latipes) at 

concentrations as low as 400 ng/l.46 Given this, the retention and attenuation of manure-borne 

hormones and phytoestrogens in soil is critical in order to mitigate mobility of these 

compounds and minimize potential entry into surface water and groundwater. Indeed, we 

noted that analytes and estrogenic activity were readily attenuated from initial levels within 2 

days of application. Analytes and estrogenic activity additionally appeared to be retained 

within the top layers of soil, with results suggesting minimal downward migration into the 15 

cm soil core. This is consistent with data from our preliminary round of soil sampling in 

Spring 2010, which indicated that penetration of many analytes into lower depths of soil was 

minimal (Appendix G). Despite the initial rapid attenuation, all hormone analytes with the 

exception of E3 and E3-17-S appeared to stabilize in concentration after 2 days post-

application, forming a plateau that remained until Day 8 or 13. One explanation for this 

observed plateau in hormone levels could be the formation of stable residues with soil 

particles, which have been documented in numerous laboratory studies. For instance, Colucci 

et al.40 demonstrated that 90.7% of E2! applied to loam soil microcosms was not extractable 

by ethyl acetate after 3 days, indicating that a stable association with soil particles was 
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formed during this residence period. Similarly, Fan et al.47 found that 70-73% of E2! and 19-

25% of T applied to aerobic native soil microcosms was not extractable by 

water/methanol/acetone rinses after 5 days of incubation, and determined that most of the 

non-extractable hormones were bound to humic substances in the soil. While these other 

studies found hormones to be non-extractable from stable residues, it is likely that our use of 

ASE would have liberated the hormones for extraction. The formation of stable residues with 

soil is postulated by some researchers to limit the bioavailability of these compounds to 

microbes, resulting in sorption-limited degradation and the enhanced persistence of 

hormones in soil over time.41, 48 It is interesting to note that all classes of analytes exhibited 

similar patterns of persistence and attenuation in soil (Figure 4.18B), which is a contrast to 

the divergent behavior of these compounds in the anaerobic environment of the barn pits and 

lagoon (Figure 4.18A). 

Following this “plateau”, all analytes waned in concentration between Days 8 – 13, and 

then declined further between Days 13-18. Notably, no rainfall occurred during the first 8 

days following the slurry application (Figure 4.13), so the enhanced attenuation of analytes 

may have been driven by the multiple rain events that occurred between Days 8–18. Analyte 

attenuation by rainfall could be driven by multiple factors, i.e.: 1) liberation of particle-bound 

compounds, increasing bioavailability for microbial assimilation; 2) stimulation of microbial 

activity, resulting in an increased rate of analyte mineralization; and/or 3) transport of free or 

particle-bound analytes in surface runoff. Here, it is difficult to determine which (if any) of 

these mechanisms came into play, particularly because we did not have a means to measure 
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surface runoff at our field site. Alternatively, the analyte attenuation observed in the weeks 

following land application may simply have been due to degradation and/or mineralization of 

these compounds with time, and may have been independent of the rainfall events. 

Overall, the detection of hormones and phytoestrogens in soil at 61-days following the land 

application, as well as the residual levels in soil prior to the land application, suggest that 

these compounds exhibit a degree of persistence that is unexpected based on short laboratory 

half-lives. However, the biological relevance of this persistence remains equivocal based on 

our study methodology: the use of pressurized solvent extraction likely liberated compounds 

that may not have been mobilized by a biologically relevant solvent (i.e. water) in a field 

scenario. Therefore, in the absence of runoff data, it is difficult to conclude whether these 

residual levels would be sufficient to evoke potential toxicological risk. Unfortunately, this 

field site does not have hydraulic infrastructure (drains, wells) or surface waters to monitor 

for potential offsite mobility. It is noted, however, that the top 1 cm of soil is considered to 

be the most susceptible stratum of soil to surface runoff,49 and therefore hormones retained in 

the top 1 cm of soil may be inherently vulnerable to surface transport. 

Results in this study provide insight into the mass flux of hormones, phytoestrogens, and 

estrogenic activity in the waste stream of a swine sow AFO. This is one of very few studies 

to assess phytoestrogens in livestock waste, and provides a comprehensive perspective by 

assessing respective levels of analytes and estrogenic activity throughout all major 

operational units of this system. The lagoon/sprayfield system is widely used in animal 

agriculture, and this field site is prototypical of swine operations in the southeastern and 
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midwestern United States. Thus, results from this study may provide a relevant starting point 

towards assessing the fate of these emerging contaminants in other operations of this type. 
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ABSTRACT: This study seeks to delineate the ligand interactions that drive biomarker 

induction in fish exposed to estrogenic pollutants, and provide a case study on the capacity of 

human (h) estrogen receptor (ER)-based in vitro screening assays to predict estrogenic effects 

in aquatic species. Adult male Japanese medaka (Oryzias latipes) were exposed to solutions 

of singular steroidal estrogens, or to the estrogenic extract of an anaerobic swine waste 

lagoon. All exposure concentrations were calibrated to be equipotent based on the yeast 

estrogen screen (YES), which reports activation of hER!. These exposures elicited 

significantly different magnitudes of hepatic vitellogenin and choriogenin gene induction in 

the male medaka. Effects of these same YES-calibrated solutions in the T47D-KBluc assay, 

which reports activation of hER! and hER", generally recapitulated observations in medaka. 

Using competitive ligand binding assays, it was found that the magnitude of 

vitellogenin/choriogenin induction by different estrogenic ligands correlated positively with 

preferential binding affinity for medaka ER" subtypes, which are highly expressed in male 

medaka liver prior to estrogen exposure. Results support emerging evidence that ER" 

subtypes are critically involved in the teleost estrogenic response, with the ER!:ER" ratio 

being of particular importance. Accordingly, incorporation of multiple ER subtypes into 

estrogen screening protocols may increase predictive value for the risk assessment of aquatic 

systems, including complex estrogenic mixtures. 
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INTRODUCTION 

Estrogenic contaminants, including steroidal estrogens as well as a variety of 

anthropogenic chemicals, are commonly detected in aquatic environments due to inputs from 

wastewater,1 and have gained notoriety as endocrine disrupting compounds (EDCs).2 

Exposure of male fish to estrogenic pollutants is linked to numerous adverse reproductive 

effects, including the development of testicular oocytes, reduced sperm counts and sperm 

motility, testicular fibrosis, and reduced fecundity.3-5 In addition to these apical endpoints, 

widely studied proximal biomarkers of estrogenic EDC exposure in male fish include hepatic 

induction of the egg precursor proteins vitellogenin (Vtg) and choriogenin (Chg), which are 

normally only produced by females in response to circulating serum estrogen.  

Effects of estrogenic compounds are mediated in large part through nuclear estrogen 

receptors (ERs), which regulate genomic responses via action as ligand-activated 

transcription factors. Much interest has been garnered in determining the roles of multiple ER 

subtypes in modulating estrogenic responses in fish. While mammals have been found to 

have two nuclear ER subtypes (ER! and ER"), teleost fish have at least three (ER!, ER"1, 

and ER"2), with the second ER" subtype having arisen as a result of a genome duplication 

event in the teleost lineage.6, 7 These three ER subtypes have been shown in many cases to 

have distinctive tissue distribution patterns,8-11 dissimilar ligand affinities,12-14 and different 

patterns of regulation following ligand exposure.8, 11, 15-17 Such differences offer reliable 

evidence that these receptors have non-redundant physiological functions. A fourth ER 

subtype, ER!2, has additionally been identified in rainbow trout (Oncorhynchus mykiss)18 as 
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well as some cyprinid species,19, 20 likely attributable to a single and more recent gene 

duplication event in these species.18  

There remains significant debate surrounding the respective roles of piscine ER subtypes in 

regulating Vtg and Chg induction in response to estrogenic ligands. Studies in a variety of 

fish species have shown that Vtg induction is accompanied by a sharp increase in hepatic 

ER! expression, and little change of hepatic ER" subtype expression, 8, 17, 21 implying that 

ER! is the principle receptor mediating regulation of the Vtg gene. Furthermore, ER"1 and 

ER"2 of largemouth bass !!"#$%&'($)*+ *,-.%"/(*0+have been found to have an inhibitory 

effect on recombinant ER!-mediated transcription in vitro.15 Conversely, recent studies using 

gene knockdown in goldfish !1,$,**")*+ ,)$,')*" primary hepatocytes22 and zebrafish 

(Danio rerio) embryos23 demonstrate that ER"1 #$%&'( ER"2 subtypes are required for 

estrogen-mediated upregulation of hepatic ER! as well as Vtg induction. This emerging 

model suggests that ER" subtypes play a critical role in vitellogenesis in the normal 

reproductive cycle of females, as well in the estrogenic response of male fish exposed to 

EDCs. 

The subfunctionalization of ERs presents an interesting challenge to the use of in vitro 

estrogen screening assays as ecological risk assessment tools for aquatic environments. 

Classical estrogen screening assays, e.g. the yeast estrogen screen (YES),24 the T47D-KBluc 

assay,25 as well as the ER transcriptional assays used by the US EPA Endocrine Disruptor 

Screening Program (EDSP),26, 27  report activation of the human (h) ER! and/or ER", and 
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thus are inherently anthropocentric in terms of their molecular targets. Nevertheless, results 

from these assays are commonly extrapolated to other species, including fish. These assays 

are also often used to assess the estrogenic potency of aquatic environmental samples, which 

is reported in terms of 17!-estradiol (E2!) equivalents (EEQ). Such standardized assays offer 

a rapid, sensitive, and cost-effective means of screening for the presence of estrogenic 

compounds, and thus have great utility for hazard characterization. However, given the 

complex involvement of multiple ER subtypes in modulating estrogenic response in fish, the 

relationship between assay-derived EEQs and in vivo effects is unlikely to be 

straightforward.    

In this study, the ability of assay-derived EEQs to recapitulate estrogenic effects in fish 

was examined, using Japanese medaka (Oryzias latipes) as a model. Stock solutions of 

estrogenic compounds were prepared at concentrations determined to be of equal potency in 

the YES, which reports activation of the hER". Test compounds included E2!, estrone (E1), 

17"-estradiol (E2"), and estriol (E3); all steroidal estrogen species that are commonly 

detected in wastewater effluents.28 Also tested was an extract from the anaerobic waste 

lagoon of a commercial swine operation: a potently estrogenic environmental matrix that 

contains a mixture of estrogen species, with E1 being the predominant estrogenic compound 

in the waste.29 Effects of these YES-calibrated solutions in medaka following waterborne 

exposure were determined using quantitative real-time PCR (qPCR), and relative affinity of 

these ligands for medaka (m) ER", mER!1, and mER!2 were determined using competitive 

ligand binding assays. Additionally, in order to compare the YES to another classical 
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screening assay that reports both hER! and hER", the same YES-calibrated stock solutions 

were also tested in the T47D-KBluc assay. 

MATERIALS AND METHODS 

Test Compounds: The same stock solutions were used across all experiments in this 

study, with stocks stored at -20°C in order to preserve chemical integrity. E2", E1, E2!, and 

E3 standards were purchased from Steraloids Inc (Newport, Rhode Island). The E2" standard 

was dissolved in ethanol and diluted to concentration of 8.8 µM. All other estrogen standards 

were dissolved in ethanol and diluted to levels found to have an EEQ of 8.8 µM ± 5% in the 

YES assay, as described below.  

Swine lagoon extract was prepared from the anaerobic lagoon slurry of the commercial 

swine sow operation described in Chapters 2-4, which receives waste from approximately 

2500 breeding, gestating, and lactating sows. The extract was prepared from 30 liters of 

lagoon slurry, collected on April 10, 2010. Slurry was centrifuged to remove suspended 

solids, and then sequentially filtered with 2.7 µm and 1.2 µm glass fiber filters. Solid phase 

extraction was performed on the remaining liquid fraction (26.65 liters of liquid) as described 

in Appendix A. For extraction, the total volume of slurry liquid was divided into fifty 

aliquots, which were individually loaded onto LC-18 cartridges (Supelco, Bellefonte, PA). 

This yielded fifty 1-ml extracts, which were composited to make a single 50-ml extract in 

ethanol. This 50 ml composite extract was then used throughout the duration of this study. As 

26.65 liters of slurry liquid were concentrated to 50 ml, the concentration factor of the extract 
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was 533 (i.e. the sample extract was concentrated 533-fold relative to the raw lagoon slurry 

liquid). The extract was found to have an EEQ of 8.8 µM in the YES assay.  

Actual concentrations of steroidal estrogens (E1, E2!, E2", E3) in all stock solutions, 

including the swine lagoon extract, were quantified using liquid chromatography/tandem 

mass spectrometry (LC/MS-MS). LC/MS-MS methods are provided in Appendix A, and 

results are provided in Table 5.1.  

YES Assay: The YES utilizes a recombinant yeast line that expresses hER",  as well as a 

!-galactosidase reporter driven by estrogen responsive elements (ERE).24 For the assay, yeast 

cells were dosed with a serial dilution of E2! stock solution alongside a serial dilution of E1, 

E2", E3, or lagoon extract stock solution. All stock solutions were first diluted 1:200 to get 

within the working range of the assay. See Appendix B for more details on assay procedure. 

Sigmoid concentration response curves were fit using GraphPad Prism version 6.0 for Mac 

OS X (GraphPad Software, La Jolla, California USA, www.graphpad.com). EEQs were 

calculated as the ratio of the concentration of E2! stock solution that evoked a half-maximal 

response (EC50E2!) to the dilution factor of E1, E2", E3, or lagoon extract stock solution that 

evoked a half-maximal response (DF50) (Equation B.3). All stock solutions were confirmed 

to have the same EEQ ± 5% in the YES assay, based on average values from 3 or 4 replicate 

runs of the assay. 

T47D-KBluc Assay: Stock solutions which had been calibrated to be equipotent in the 

YES were subsequently run in the T47D-KBluc estrogen screening assay, which utilizes a 
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T47D human breast cancer cell line that maintains endogenous levels of hER! and hER", 

and stably expresses a luciferase reporter driven by a triplet ERE.25 Stock cells were 

maintained and prepared for use in the assay as described by Wilson et al.25 For the assay, 

cells were dosed with a serial dilution of E2" stock solution diluted in RPMI 1640 media 

(Sigma-Aldrich, St. Louis, MO; 5% dextran-coated charcoal-treated fetal bovine serum 

vol/vol), with final E2" concentrations ranging from 10 fM to 300 pM; and, on the same 

plate, a serial dilution of E1, E2!, E3, or lagoon extract, at YES-derived EEQs ranging from 

10 fM to 300 pM. See Appendix B for more details on assay procedure. Following overnight 

incubation, luciferase activity was quantified as described by Wilson et al.25 Sigmoid 

concentration-response curves were fit using GraphPad Prism software, and EEQ for each 

stock solution was calculated as a ratio of EC50E2" to DF50 (Equation B.3). Final EEQs were 

calculated based on average values from 2 or 3 replicate runs of the assay.  

Medaka Exposures: Adult male medaka, between six and eight months of age, were 

obtained from the breeding colony at NCSU Environmental and Molecular Toxicology. A 

description of the breeding colony is provided in Appendix F. Fish were exposed for 7 days 

to E2" at 0.64 nM (174 ng/l; actual concentration); to E1, E2!, E3, or swine lagoon extract, 

each at a YES-derived EEQ of 0.64 nM ± 5%; or to a negative (ethanol) control. Exposures 

were conducted in 2-liter glass beakers containing 1 liter of exposure media. For each 

treatment, 12 fish were randomly distributed between four replicate beakers, 3 fish per 

beaker. Exposure media was prepared daily by spiking 4 liters of rearing media (5.1 mM 

NaCl, 0.12 mM KCl, 0.198 mM MgSO4•7H20, and 0.081 mM CaCl2•2H20 in picopure water) 
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with estrogen stock solutions, lagoon extract, or ethanol, for a final ethanol concentration of 

less than 0.01%. Freshly prepared batches of media were then aliquoted equally between 

quadruplicate beakers in each treatment. Treatments were maintained by static renewal, with 

100% renewal of media every 24 h. Survival rate through the experiment was 75-91%, with 

no significant relationship between survival and treatment. At 7 days, all fish were 

euthanized with tricaine methanesulfonate in accordance with the IACUC-approved protocol. 

Livers were excised, transferred to cryovials, and immediately frozen in liquid nitrogen, then 

moved to storage at -80°C. 

RNA Isolation and cDNA Production: Total RNA was isolated from individual medaka 

livers using RNA-Bee reagent (IsoTex Diagnostics, Friendswood, Texas) according to the 

manufacturer’s protocol. RNA integrity was assessed using the Agilent 2100 Bioanalyzer and 

RNA 6000 Nano Kit. All samples were found to have RNA integrity numbers of 9 or greater, 

indicating high-quality RNA. cDNA was then synthesized using 2 µg RNA with the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY). 

qPCR: Hepatic expression of 8 target genes was quantified using qPCR (accession 

numbers listed in parentheses). Vtg-1 (AB064320) and Vtg-2 (AB074891) are two distinct 

polypeptides that are precursors for the Vtg phospholipoproteins in egg yolk. Chg-H 

(D89609), Chg-H minor (Chg-Hm) (AB025967), and Chg-L (AF500194) are the three 

glycoproteins that comprise the zona pellucida (ZP), which is the thick inner layer that makes 

up the bulk of the egg envelope; Chg-H and Chg-Hm are identified as being in the ZPB 

protein family, while Chg-L is in the ZPC protein family.30 mER! (AB033491.1), mER"1 
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(NM_001104702.1), and mER!2 (NM_001128512.1) are the three medaka nuclear estrogen 

receptor subtypes. Expression of 18S rRNA was quantified as an internal control. Medaka-

specific primers for Vtg and Chg genes were designed according to Zhang et al,31 and for 18S 

gene according Zhang et al.32 Primers for mERs were designed with the Primer3 program 

(http://frodo.wi.mit.edu/), using coding sequences from the NCBI database corresponding to 

above accession numbers. Primer sequences (Table F.1) and qPCR reaction conditions are 

provided in Appendix F. All primer sets were validated to have efficiency between 90-

100%. A subset of cDNA was amplified using a primer set that spanned a single intron 

(mER!2), separated using gel electrophoresis, and verified to have a single amplicon, 

indicating no significant genomic DNA contamination.  

Relative gene expression was quantified using the !!Ct method.33 For each sample, the 

threshold cycle (Ct) for 18S gene amplification was subtracted from the Ct for target gene 

amplification to yield a !Ct. 18S expression was not found to vary significantly with 

treatment. To determine the fold change in target gene expression relative to the negative 

(ethanol) control, the mean negative control !Ct for each target gene was subtracted from the 

!Ct of each sample to yield a !!Ct. Fold change in target gene expression was then 

calculated using 2-!!Ct. As an additional comparison, the relative levels of the three mERs 

were compared within the control treatment and within the E2! treatment, using mER" 

expression as a calibrator. Mean mER" !Ct within a treatment was subtracted from the !Ct 

of each mER in the same treatment, and fold expression relative to mER" was then 

calculated using 2–!!Ct. 
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Statistical Analysis: Analysis was performed using GraphPad Prism. Target gene 

expression in all estrogen treatments was individually compared to gene expression in the 

negative control and E2! treatments using unpaired t-test (" = 0.05). Correlation (R2) of the 

expression of each individual mER gene with the expression of each Vtg, Chg, and other 

mER subtypes was then determined using linear regression. To compare relative expression 

of mERs within the control and E2! treatments, the expression of each mER subtype was 

compared to the expression of mER" within the same treatment using unpaired t-test (" = 

0.05).  

Ligand Binding Assay: Bacterial lysates containing full-length mER", mER!1, or 

mER!2 proteins were produced using bacterial expression systems, and assays were carried 

out according to the protocol by Hawkins et al.14 More details on the procedure are provided 

in Appendix F. For each mER subtype, saturation binding analysis was first performed by 

incubating lysate with a range of [3H]E2! concentrations between 0.5–19 nM, and Kd values 

for specific binding to each receptor were determined using GraphPad Prism. Competition 

analysis was then performed on all mER subtypes by incubating lysate with a saturating 

concentration of [3H]E2! (2-3 nM, determined from saturation analysis) and a range of 

competing analyte concentrations. Sigmoidal competition curves were fit to specific binding 

data, and the concentration of each steroidal estrogen competitor that inhibited 50% of 

[3H]E2! binding (IC50) was determined for each mER using GraphPad Prism, using the steps 

outlined in Supporting Information. Relative binding affinity (RBA) was calculated as the 

ratio of the IC50 of E2! to the IC50 of other steroidal estrogen competitors. For lagoon extract, 
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the concentration factor of sample extract which inhibited 50% of [3H]E2! binding (CF50) 

was determined for each mER. Each assay was performed at least twice in order to calculate 

final Kd, IC50, and CF50 values. 

RESULTS  

Calibration of Stock Solutions in YES Assay: Estrogen and lagoon extract stock 

solutions used in this study were all found to have a YES-derived EEQ of 8.8 µM ± 5% 

(Figure 5.1; EEQ values provided in Table 5.1). Concentration-response curves for these 

compounds in the YES assay are additionally provided in Appendix F (Figure F.1). 

T47D-KBluc Assay: Stock solutions that had been calibrated to be equipotent in the YES 

were subsequently tested in the T47D-KBluc assay. Results indicate that the YES-calibrated 

stock solutions were not equipotent in the T47D-KBluc (Figure 5.1; EEQ values provided in 

Table 5.1). E1 and lagoon slurry extract were both slightly more potent in the T47D-KBluc 

versus the YES, and E3 was approximately 10-fold more potent in the T47D-KBluc versus 

the YES. Conversely, the potency of E2" was 3.3-fold less in the T47D-KBluc versus the 

YES. As with the YES, the same E2! stock solution at a concentration of 8.8 µM was used 

as the calibration standard in this assay. 
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Figure 5.1: Estrogenic potency (EEQ) of the steroidal estrogen and lagoon extract stock 

solutions in the YES and T47D-KBluc estrogen screening assays. Mean ± standard 

error of the mean (SEM) is shown (n = 3 or 4 for YES assay; n = 2 or 3 for T47D-KBluc 

assay).
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Table 5.1: Actual concentrations of steroidal estrogens (!M) in each of the stock solutions, determined using LC/MS-MS; 

and estrogenic potency (EEQ, in !M) of each stock solution in the YES and T47D-KBluc bioassays. 

 

 Actual concentrations (µM) YES assay T47D-KBluc assay 

Test Compound E2!  E1 E2"  E3 

EEQ 

(µM) 

Lower 

95% 

CL 

Upper 

95% 

CL 

EEQ 

(µM) 

Lower 

95% 

CL 

Upper 

95% 

CL 

E2!  8.80 - - - 8.80 - - 8.80 - - 

E1 - 19.30 - - 9.07 8.56 9.60 13.69 10.07 18.65 

E2"  - - 293.70 - 8.81 8.38 9.34 2.63 1.88 3.72 

E3 - - - 1213.70 9.25 8.77 9.78 92.66 65.10 131.91 

Lagoon extract 0.44 66.00 1.46 0.22 8.81 8.46 9.25 15.86 11.86 21.27 
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Medaka Gene Expression: Fold change in hepatic gene expression in male Japanese 

medaka following estrogen exposure is shown in Figure 5.2. As expected, the expression of 

Vtg and Chg was upregulated with estrogen exposure; however, magnitude of gene induction 

was strikingly and often significantly different between exposures (Figure 5.2A). Gene 

induction by E2! exposure averaged 27,004-fold (Vtg-1), 73,735-fold (Vtg-2), 12,730-fold 

(Chg-H), 3,796-fold (Chg-Hm), and 324-fold (Chg-L). Comparatively, induction of these 

genes in E1 exposures was 36-82% of that induced by E2!, and in lagoon extract exposures 

was 16-59% of that induced by E2!. As shown in Figure 5.2A, the difference between these 

exposures and E2! was often statistically significant; this was especially true for lagoon 

extract exposure. Meanwhile, gene induction by E2" was only 2-15% of that evoked by E2!, 

making E2" the least potent of these estrogen treatments in the medaka. Expression of 

Vtg/Chg was always significantly lower in E2" exposures relative to E2!, and was not 

significantly different from the negative control for Vtg-1 and Vtg-2 induction. Conversely, 

E3 exposure almost always elicited the greatest magnitude of response of all the estrogens, 

often significantly greater than E2!, with upregulation in Vtg and Chg that was 91-241% of 

that observed in E2!-exposed fish. 

Relative to the negative control, expression of mER" was significantly upregulated by all 

estrogen exposures (Figure 5.2B). Magnitude of mER" upregulation was not significantly 

different between E2! (72-fold induction), E1 (56-fold induction), lagoon extract (59-fold 

induction), and E3 (67-fold induction) exposures; however, induction by E2" exposures (24-

fold induction) was significantly lower than that induced by E2!. Meanwhile, all estrogen 
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exposures resulted in significant downregulation (2- to 5-fold) of hepatic mER!1 and 

mER!2 expression relative to negative control. The greatest magnitude of mER! 

downregulation was by E3 exposure; expression of mER!1 and mER!2 in the E3 exposure 

group was significantly lower than that of the E2!!"#$%&'("!)(%'$. 

 A significant correlation was observed between mER" expression and expression of 

Vtg/Chg genes (p < 0.0001 for all), with linear regression analysis indicating R2 of 0.5405 for 

correlation of mER" and Vtg-1, and R2 ranging from 0.8065 to 0.8551 for correlation of 

mER" and Vtg-2/Chg genes. No linear correlation was observed between expression of 

mER" and mER!1 (R2 = 1.83E-6; p = 0.9913) or mER!2 (R2 = 8.86E-4; p = 0.8109). 

Similarly, linear correlation was poor between mER!1 and Vtg-1 (R2 = 0.002872, p = 

0.6667), Vtg-2 (R2 = 0.05925; p = 0.0472), Chg-L (R2 = 0.04323; p = 0.0914), Chg-H (R2 = 

0.05959; p = 0.0465), and Chg-Hm (R2 = 0.06816; p = 0.0328); and mER!2 and Vtg-1 (R2 = 

0.002861; p = 0.6673), Vtg-2 (R2 = 0.04610; p = 0.08100), Chg-L (R2 = 0.03588; p = 

0.3588), Chg-H (R2 = 0.04187; p = 0.0967), and Chg-HM (R2 = 0.04876; p = 0.0725). 

Expression of the two mER! subtypes, however, was highly correlated (R2 = 0.7713; p < 

0.0001).  
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Figure 5.2: Fold change (log scale) in hepatic expression of A) Vtg and Chg genes and 

B) ER genes in medaka exposed to E2! , E1, E2" , E3, or swine lagoon extract at a YES-

derived EEQ of 0.64 nM. Mean ± SEM is shown (n = 9-11). Significant difference 

between each exposure and the negative control is given by the letters “a” (not 

significantly different from control) or “b” (significantly different from control) (p < 

0.05). Additionally, significant differences between each exposure and the E2!  exposure 

group are indicated by asterisks. * (p < 0.05), ** (p < 0.01), ***(p < 0.001), and ****(p < 

0.0001). 
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Using mER! expression as a calibrator, it was estimated that expression of mER"2 in 

control fish was significantly greater (av 30-fold) than mER! (Figure 5.3A), making mER"2 

the most highly expressed ER subtype in control male medaka liver. Average mER"1 

expression in control fish was also significantly greater than ER! !"#$ %&'()*+. Following 

estrogen exposure, the receptor population shifted dramatically. mER! became the most 

highly expressed hepatic ER subtype in E2"-exposed fish, with expression significantly 

elevated an average of 23-fold above mER"1, and 5-fold above mER"2 (Figure 5.3B). 

 

 

 

 

 

 

 

 

 

Figure 5.3: Relative hepatic expression of the three mER subtypes, normalized to 

mER! expression, in (A) male medaka from the negative control group and (B) male 

medaka exposed to E2". Mean ± SEM (n = 9) is shown. Asterisks indicate significant 

difference relative to mER! expression (p > 0.05). * (p < 0.05), ** (p < 0.01), ***(p < 

0.001), and ****(p < 0.0001). 
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Ligand Binding Assay: Saturation binding curves for the three mERs are shown in Figure 

5.4, and competitive binding curves are shown in Figure 5.5. Results of competitive binding 

assays are shown in Table 5.2. Saturation binding analysis with [3H]E2! (Figure 5.4) 

demonstrated that Kd values were similar for mER!1 (1.017 nM) and mER!2 (1.107 nM), 

while the Kd for mER" was higher (1.654 nM). This indicates that the [3H]E2! ligand has a 

greater affinity for mER!1 and mER!2 than for mER", and that the affinity of this ligand is 

similar for the two mER! subtypes. In competitive ligand binding assays, IC50s for E2! with 

each receptor followed the rank order of mER!1 ! mER!2 > mER" (Table 5.2). Overall, 

both saturation binding analysis and competitive binding results indicate that E2! has 

approximately 1.5- to 1.7-fold greater affinity for mER! subtypes versus the mER". 

In competitive ligand binding assays, all test compounds including the lagoon extract were 

able to displace [3H]E2! binding to mERs (Figure 5.4). RBAs for the five estrogen 

treatments indicate that E2! is the strongest competitor and E2" or E3 are the weakest 

competitors for all three mER subtypes (Table 5.2). However, when IC50s of each compound 

are compared across the three receptors, it is evident that each ligand has a unique pattern of 

binding preferences. In direct contrast to E2!, IC50s for E1 followed the rank order of mER" 

> mE2!1 ! mER!2, and indicate that E1 has an approximately 1.7-fold greater affinity for 

mER" than for either of the mER! subtypes. Similar to E1, E2" had IC50s following a rank 

order of mER" > mER!1> mER!2. E3 displayed IC50s following the rank order of mER!1 > 

mER!2 > mER", indicating that, like E2!, this ligand also has greater binding affinity for 
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the mER! subtypes compared to mER"; however, while E2! had a similar affinity for the 

two mER! subtypes, E3 had a 1.9-fold higher affinity for mER!1 versus mER!2. 

Finally, CF50s of swine lagoon extract followed the rank order of mER" > mER!1 ! 

mER!2, and indicate that the mixture of compounds in this extract has approximately 1.7- to 

1.9-fold greater binding affinity for mER" versus the mER! subtypes (Table 5.2). Notably, 

this is the same rank order of binding affinity observed for E1, which is the predominant 

species of steroidal estrogen found in the lagoon extract. 
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Figure 5.4: Saturation binding of [3H]E2! to (A) mER", (B) mER!1, and (C) mER!2. 

Specific ligand binding mean ± SEM (n = 2 or 3) is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Competitive ligand binding of steroidal estrogens and swine lagoon extract 

to (A, D) mER", (B, E) mER!1, and (C, F) mER!2. Specific ligand binding mean ± 

SEM (n = 2 or 3) is shown. 
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Table 5.2: IC50 (nM) and relative binding affinity (RBA) of steroidal estrogen competitors for mER! , mER"1, and 

mER"2, determined using the competitive ligand binding assay. *For the swine lagoon extract competitor, “CF50” is 

indicated rather than IC50. 

 

 mER! mER"1 mER"2 

Test 

Compounds IC50 (nM) RBA (%) IC50 (nM) RBA (%) IC50 (nM) RBA (%) 

E2! 3.1 100.0 1.8 100.0 2.1 100.0 

E1 8.4 36.7 14.4 12.6 14.4 14.6 

E2" 13.8 22.4 18.8 9.6 31.1 6.8 

E3 78.7 3.9 18.1 10.0 34.2 6.1 

Lagoon extract 0.14* N/A 0.27* N/A 0.24* N/A 
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DISCUSSION: 

Piscine responses to estrogenic EDC exposure are driven by the complex interplay of 

ligand interactions with multiple ER subtypes, which may be difficult to predict using 

classical hER-based transactivation assays. In this study, qPCR results clearly indicate a 

discrepancy between the activity of various steroidal estrogens in the YES assay and effects 

on exposed male medaka. This discordance is not unexpected, given the inherent challenges 

of extrapolating not only from an in vitro system to a living organism, but also between 

human and medaka molecular targets. While ER ligand binding domains are well conserved 

evolutionarily, several key amino acid changes have been identified in ER ligand binding 

pockets of teleost fish relative to humans, which may suggest functional differences.14 

Nevertheless, RBAs of steroidal estrogens for hER! have been reported to follow the rank 

order of E2" (100%) > E1 (60%) > E2! (58%) > E3 (14%),34 which is similar to those 

reported here for mER!. Likewise, EC50s for the in vitro transactivation of recombinant 

mER! have been reported to follow the rank order of E2" > E1 > E3.35 Our laboratory has 

determined that the relative potencies of steroidal estrogens in the YES follow the same rank 

order, of E2" (100%) > E1 (47%) > E2! (2.9%) > E3 (0.76%).29 These similarities suggest 

that sequence differences between hER! and mER! are not likely a predominant factor 

contributing to discordance between YES-derived EEQs and Vtg/Chg induction in medaka 

for the suite of compounds examined in this study. Indeed, other studies have indicated that 

ligand specificity of ER! for common xenoextrogens is often well conserved across 

species,36 but it should be noted that this might not be the case for all compounds. For 
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instance, a recent study demonstrated that!"#$#%&'!"()*+,#-",#./0/.!'/1&23"!40!5&55&'/&2!

67"! 3/3! 24*! 5&/2*&/2! *8#! "&5#! "#'#.*/$/*+! /2! Mozambique tilapia! 9!"#$%&"$'()*

'$))+',(%-):;! /23/.&*/21! *8&*! &142/"*/.! .8&%&.*#%/"*/."! .&224*! &'<&+"! )#! #=*%&,4'&*#3!

)#*<##2!",#./#".37 The YES assay is also notably unable to detect the estrogenic activity of 

chlorinated chemicals, which has led to its exclusion from the US EPA EDSP.38 However, 

this limitation is not applicable to the suite of estrogens used in this study. 

 Although numerous other variables could potentially come into play, such as metabolic 

differences or variations in nuclear receptor coactivators between yeast cells and medaka 

hepatocytes, ligand binding and mER gene expression data suggest that lack of recapitulation 

of EEQs in vivo may be due in part to ligand interactions with ER! subtypes, which are not 

accounted for by the YES. Of note, ligand interactions with plasma membrane-bound ERs 

(e.g. GPR30) in vivo may also contribute to our observed differences, but this mechanism is 

not considered here. The potential involvement of such receptors in this response should not 

be conclusively discounted, although it has been demonstrated in rainbow trout that the 

synthetic estrogen 17"-ethynylestradiol (EE2) does not stimulate Vtg induction via 

membrane-bound ERs.39 In medaka, the magnitude of Vtg and Chg mRNA induction elicited 

by estrogen exposure followed the general rank order of E3 > E2! > E1 ! lagoon extract > 

E2" at equal YES-derived EEQs. Expression of Vtg and Chg genes was highly correlated 

with mER" expression, and poorly correlated with mER! subtype expression, which is 

consistent with observations in other studies.8, 17, 21 However, when data from competitive 

ligand binding assays is compared with medaka gene expression data, it is evident that the 
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compounds which elicited the most robust biomarker induction in medaka, i.e. E2! and E3, 

both exhibited preferential binding affinity for the two mER! subtypes over mER". In 

contrast, E2", E1 and swine lagoon extract, all of which elicited comparatively weak 

responses in the exposed medaka, exhibited greater affinity for mER" than for mER! 

subtypes. These binding preferences are similar to those reported in a closely related teleost 

fish species, Atlantic croaker (Micropogonias undulatus).14  

The correlation between ER! affinity and Vtg/Chg induction is particularly interesting in 

light of recent findings indicating a primary role for ER! subtypes in the initiation of 

vitellogenesis. Nelson and Habibi22 used selective gene knockdown on goldfish (gf) primary 

hepatocytes to examine the functional roles of ER subtypes on Vtg and ER" mRNA 

expression. gfER!1 was found necessary for maintaining baseline expression of gfER", and 

both gfER! subtypes contributed to upregulation of gfER" and Vtg following estrogen 

exposure. The authors speculated that gfER!-mediated upregulation of gfER" primes 

hepatocytes for further stimulation by estrogen, switching the liver into the mode for Vtg 

production. A more recent study by Griffin et al.23 took a similar approach using gene 

knockdown in zebrafish (zf) embryos, and determined that both zfER" and zfER!b 

(formerly zfER!1) were needed to induce zfER" and Vtg, while the role of zfER!a 

(formerly zfER!2) was unclear. These authors envisioned a scenario in which zfER" and 

zfER!b act cooperatively to upregulate zfER" and Vtg upon estrogen stimulation. 

Furthermore, knockdown of zfER!b also blocked induction of brain aromatase, an enzyme 

critically involved in teleost sexual differentiation. 
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Nelson and Habibi reported ER!1 to be the most highly expressed hepatic ER subtype in 

male and early recrudescent female goldfish, and ER" to be the most highly expressed of 

these receptors in females approaching sexual maturity. Here, we found mER!2 to be the 

most highly expressed ER subtype in adult male medaka liver, which is consistent with 

previous reports in medaka.40 Following 7-day exposure to estrogens, mER" was 

significantly upregulated and mER! subtypes significantly downregulated relative to 

negative controls, shifting the receptor population so that mER" was the most highly 

expressed hepatic ER subtype. Interestingly, these expression changes are similar to that 

observed in female fish in response to natural fluctuations in circulating estradiol levels. In 

seasonal spawning species such as largemouth bass 8 and rainbow trout,41 females have been 

demonstrated to have elevated hepatic expression of ER!2 during the early vitellogenic 

stages of the reproductive cycle, while hepatic ER" reaches peak expression during the later 

stages of Vtg production and oocyte maturation. Hepatic expression of ER!1 is reported to 

be relatively static throughout the reproductive cycle of females in these species; however, 

slight but significant changes in ER!1 expression are positively correlated with ER" 

expression,8, 41 supporting the hypothesis that ER!1 regulates baseline expression of ER". 

While one study reported largemouth bass ER! subtypes to be less sensitive than ER" to 

E2!-mediated transactivation,15 studies in a variety of other fish species find that ER!1 

and/or ER!2 have greater binding affinity for E2!10, 14, 42 and greater sensitivity to E2!-

mediated transactivation 7, 10, 12, 13, 43 relative to ER", which is consistent with binding results 
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in our study. This responsiveness to the endogenous ER ligand perhaps also supports a role 

for ER! subtypes in the generation of the estrogenic response. 

The hypothesis regarding ER! as an inducer of hepatic ER" contrasts with reports that 

ER! can oppose ER"-mediated transcription.44 Using human45 and largemouth bass15 ER 

transactivation assays, it has been shown that the addition or coexpression of ER! attenuates 

the transcriptional activity of ER". This has been attributed in part to the formation of ER"/! 

heterodimers that possess limited transactivational capacity,45 and suggests that the ratio of 

these two receptor subtypes within the cell is a critical factor in determining the 

transcriptional response. ER" and ER! have also been found to have opposing actions in a 

number of scenarios, including regulation of the cyclin D promoter,46 and transcriptional 

activation at activating protein 147 and stimulating protein 1 sites.48 These trends may 

represent tissue- and/or species-specific differences in functional relationships between 

nuclear ER subtypes. Notwithstanding, it is noted that E3 exposure in our study generated 

both the greatest magnitude of Vtg/Chg upregulation, and greatest magnitude of ER!1/ER!2 

downregulation. The inverse relationship between these genes potentially indicates 

oppression of mER"-mediated Vtg/Chg expression by mER! !"#$%&'!. However, such a 

relationship was observed for E3 only, and not for the other estrogen exposures.  

Although no firm conclusions can be drawn based on our study design, it is possible that 

either or both of these hypotheses regarding the functional relationship of ER"/ER! played 

into our observed results. The contrasting nature of these hypotheses begs the question of 
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whether the functional roles of multiple ER subtypes differ throughout the chronology of the 

piscine estrogenic response, perhaps with ER! subtypes playing a supporting role of ER" 

following initial exposure to estrogen, but a different role in primed hepatocytes. If true, 

duration of exposure would impact the effects of various ER ligands. For instance, Nelson 

and Habibi22 observed that Vtg expression in goldfish hepatocytes primed with previous 

estradiol exposure was more responsive to selective ER" antagonists, and less responsive to 

selective ER! antagonists, when compared to unprimed hepatocytes. Also of note is a study 

by Metcalfe et al.49 which exposed juvenile medaka to estrogenic EDCs, including E2!, E1, 

and E3, from 1 day post-hatch to approximately 100 days post-hatch, and assessed 

histological endpoints associated with the intersex condition. It was found that the relative 

potency of these compounds in the YES assay was similar to relative potency in medaka, 

indicating that hER" activation is reasonably predictive of estrogenic effects in medaka in 

this chronic exposure situation. Direct comparison of these results to our study is difficult, 

however, as different endpoints (i.e. histology, rather than gene expression) were measured. 

Since the swine lagoon extract employed in our study is representative of a suite of 

compounds that could reasonably be encountered in surface waters adjacent to livestock 

operations, it was of particular interest that the medaka response to this exposure often 

differed significantly from the response to E2! at concentrations that were equipotent in the 

YES assay. E1 is the most abundant steroidal estrogen in the lagoon extract, and comparison 

of gene expression results demonstrates that E1 and the lagoon extract elicited similar 

magnitudes of Vtg and Chg mRNA induction. Likewise, E1 and swine lagoon extract 
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exhibited nearly identical binding behavior, with both treatments having slightly less than 2-

fold greater affinity for mER! versus the mER" subtypes. Given this correlation, E1 seems 

to be the principle compound driving Vtg and Chg induction in medaka exposed to this 

estrogenic mixture. The hormone composition in this swine lagoon extract is typical of many 

livestock waste facilities, with E1 being by far the predominant estrogen species present in 

the waste.50 E1 is also often found to be the most abundant steroidal estrogen in municipal 

wastewater effluents and impacted surface waters,51 and thus is arguably one of the most 

widespread estrogenic EDCs in aquatic environments. Our results suggest that caution should 

perhaps be taken when representing the estrogenic potency of these effluents and surface 

waters using E2" as a calibration reference (i.e. assay-derived EEQs).  

While a direct comparison was not made between the T47D-KBluc assay and medaka gene 

expression, EEQs derived using the two screening assays suggests that the T47D-KBluc may 

be more predictive than the YES of Vtg/Chg induction by this suite of compounds. Relative 

to E2!, E2! was less potent and E3 was more potent in the T47D-KBluc versus in the YES, 

which echoes the Vtg and Chg gene expression responses observed in medaka. T47D cells 

have been shown using Western blot to express slightly higher endogenous levels of ER" 

relative to ER!.52 As male medaka also possess higher baseline hepatic levels of ER" 

relative to ER!, the ratio of these receptors in T47D cells may enhance the translational 

capacity of this assay to Vtg/Chg induction in these fish. Other cellular factors might also be 

expected to play a role, such as different suites of endogenous nuclear receptor coregulators 

in human cells versus yeast cells. Conversely, E1 and lagoon slurry extract were slightly 
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more potent in the T47D-KBluc versus in the YES, which does not reflect the effects of these 

compounds in medaka. This may be due to the cellular expression of E2! dehydrogenase, an 

enzyme highly expressed in T47D cells53 that may increase estrogenic potency via the 

formation of E2! from E1. Notably, a recent study found that municipal wastewater effluent 

elicited far greater effects in fathead minnows !!"#$%&'($)*%+,#$(')" than predicted based 

on the T47D-KBluc assay; the authors speculated that this was likely due to enterohepatic 

recirculation of EE2 in fish.54 Such effects are less likely for swine effluent, as synthetic 

hormones are not used in US swine production.29 

In sum, results herein indicate that significant discrepancies exist between the YES assay 

and the induction of estrogenic biomarkers in a well-characterized model species, Japanese 

medaka. These discrepancies may be influenced by ligand interactions with piscine ER! 

subtypes. Vtg and Chg are widely used biomarkers of endocrine disruption, with the Vtg 

biomarker demonstrated via meta analysis to have a significant quantitative relationship with 

fecundity in both female and male fish.55 Results of our study should not discount the 

advantages of the YES assay: the YES is arguably easier and less expensive than vertebrate 

cell-based assays such as the T47D-KBluc, and fits into framework of the adverse outcome 

pathway56 by identifying ER activation as an anchoring mode of action. However, results 

suggest direct extrapolation between YES-derived EEQs and effects in fish may be 

problematic, particularly if the results observed for Vtg/Chg are potentially emblematic of 

apical level effects. The T47D-KBluc may offer better predictive capacity for effects in fish, 

although direct comparison between T47D-KBluc and in vivo effects would be necessary in 
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order to substantiate this observation. Perhaps future studies could examine variables 

including the ER!:ER" ratio on the translational capacities of in vitro screening assays to 

effects in living organisms. Another observation in our study is the utility of recombinant 

protein binding assays to highlight the interactions between ligand and specific receptor 

subtypes, potentially helping to “bridge the gap” between screening assays and effects in 

whole organisms. Recombinant proteins could provide a favorable alternative to the cytosolic 

preparations that are often used for ER binding assays—for instance, the rat uterine cytosol 

that is used to assess ER binding in the US EPA EDSP Tier 1 screening battery.57 Another 

example is the use of trout liver cytosol to assess ER binding, which is performed in 

conjunction with trout liver slice Vtg induction to prioritize estrogenic compounds in another 

tiered approach by the US EPA.58 The use of recombinant proteins could potentially enhance 

these assays by providing specificity and allowing ligand interactions with individual 

receptor subtypes to be observed. These ligand interactions could then be linked to apical 

effects via further testing in higher tiered assays. Given the apparent complex involvement of 

ER! and ER" subtypes in generating the estrogenic response, the inclusion of multiple ER 

subtypes in screening batteries could provide insight into the mechanisms of estrogenic 

activity, as well as enhance the translational capacities of in vitro assays for risk assessment. 

This includes the assessment of complex and environmentally relevant mixtures, such as 

livestock waste effluents. 
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CHAPTER 6 

Concluding Remarks 

Given the prevalence of animal feeding operations (AFOs) in the modern agricultural 

landscape, the need to understand the behavior of emerging contaminants on these operations 

is unprecedented. The first major objective of this dissertation was to assess the occurrence 

and mass flux of two major classes of natural manure-borne endocrine disrupting 

compounds, steroid hormones and phytoestrogens, in the waste of a prototypical North 

Carolina swine sow operation. In addition to the assessment of analyte concentrations using 

LC/MS-MS, which was performed at the US Geological Survey Organic Geochemistry 

Research Laboratory, the estrogenic activity of these samples was tracked using two in vitro 

estrogen screening assays: the yeast estrogen screen (YES) and the T47D-KBluc. 

In the first study presented herein (Chapter 3), focus was placed on the occurrence of 

analytes and estrogenic activity in the anaerobic lagoon. Because lagoon slurry is routinely 

applied to sprayfields throughout the growing season as a fertilizer, the analyte content of the 

lagoon is directly relevant to the load of these compounds that will be applied to soil. Many 

compounds from the suite of analytes assessed in this study were found to be highly 
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abundant in the lagoon slurry, and considerable estrogenic activity was likewise observed. 

Hormones, phytoestrogens, and estrogenic activity were almost always found to be 

significantly elevated in the solid phase relative to the aqueous phase of the lagoon, 

indicating that association with particulates is a major factor driving the fate of these 

compounds. One pertinent finding, which to our knowledge is unprecedented by other 

studies, was the markedly elevated load of hormones, phytoestrogens, and estrogenic activity 

in the lagoon sludge. This trend was especially evident for steroidal estrogens, particularly 

estrone and 17!-estradiol, which appeared to exhibit greater persistence in sludge relative to 

androgens, gestagens, and phytoestrogens. This highly elevated analyte load could be a 

potentially important consideration when sludge is dredged and used for land application, 

which is sometimes necessitated during the lifespan of a lagoon.  

In the next study (Chapter 4), analyte occurrence on the sow AFO was examined in the 

context of a whole-system mass flux. As expected, the output of hormones, phytoestrogens, 

and estrogenic activity by the sows was found to be prolific. One interesting finding was that 

androgens, progesterone, and phytoestrogens appeared to be markedly attenuated during 

waste storage in barn pits and the lagoon, while steroidal estrogens exhibited a lesser degree 

of attenuation. This reiterates the observation from Chapter 3 that steroidal estrogens appear 

to be the most persistent of these analytes in the sow waste stream, resulting in the 

accumulation of estrogens and estrogenic activity in the lagoon slurry and sludge. In soil, all 

analytes and estrogenic activity were attenuated from initial levels within 2 days of the land 

application, and remained largely constrained within the top layer of soil. Interestingly, 
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however, most hormones then formed a plateau in concentration that lasted up to 13 days 

post-application, perhaps due to the formation of stable residues with soil particles. At the 

end of the 61-day sampling period, compounds including estrone, androstenedione, 

progesterone, and equol were still detectable in soil. However, because these compounds 

were extracted from soil using pressurized solvent extraction, the bioavailability and 

toxicological relevance of this persistence remains somewhat equivocal. 

One notable limitation of our AFO study was the inability to assess surface runoff from the 

sprayfield soil, which would have provided considerable information regarding the mobility 

and ultimate environmental risk posed by these compounds. In our laboratory’s original 

proposal for this project, we had planned to conduct field sampling at a different commercial 

swine sow AFO, which had groundwater wells and adjacent surface waters that we intended 

to monitor for analytes and estrogenic activity. However, our permission to use that field site 

was withdrawn by the landowner prior to the onset of our study in 2008, and we were forced 

to modify our approach. We were very fortunate to gain access to our current field site, from 

which all data in this study was collected; however, this site does not have drains, wells, or 

any surface water from which to monitor analyte mobility. Based on our experience as well 

as that of others, we feel that much could be gained if incentives and/or protection were 

provided to landowners to promote the use of commercial AFOs for scientific research. 

Nevertheless, the results from our study do provide pertinent information on the persistence 

of manure-borne EDCs in agricultural soils. 
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As stated previously, one of the sub-aims of this overall project was the creation of a series 

of Bayesian network models to predict and explain estrogen behavior on this swine 

operation. This work was performed by our colleagues at the Duke University Nicolas 

School of the Environment,1 and several observations from these models warrant mention 

here. In regards to the fate of analytes during lagoon storage, the model indicated that the 

major route of estrogen removal from the slurry was via the settling of particulates to the 

sludge. Interestingly, due to the association of these compounds with the particulate phase, 

the model indicated that a greater inflow of suspended solids into the lagoon was associated 

with increased settling and burial of estrogens in the sludge. As a practical method to reduce 

estrogen loads in lagoon slurry, the creators of the model go on to suggest the use of organic 

polymers or inorganic coagulants to enhance estrogen binding and settling. Regarding the 

fate of steroidal estrogens following land application, a dynamic Bayesian network model 

was used to assess the theoretical effects of numerous field variables, including soil type, 

ground cover, temperature, rainfall intensity, and frequency of slurry land application. The 

model suggested that exports of estrogen from the sprayfield could be greatest in the spring 

months, due to a higher frequency of land applications as well as lower temperature when 

compared to the summer. A Bermuda grass groundcover was suggested to lower estrogen 

mobility relative to a soybean groundcover, due to the reduced probability of surface runoff. 

Overall, such models may provide interesting insight into management decisions to help 

minimize the potential mobilization of hormones from AFO sprayfields. 
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Throughout Chapter 3 and Chapter 4 of this dissertation, estrogen screening assays (YES 

and T47D-KBluc) were used as tools to track estrogenic activity on the swine operation, and 

to determine the relative contribution of individual analytes to total estrogenic activity within 

each unit of the farm. Although matrix interference was found to be a confounding issue for 

certain subsets of samples (in particular, feces and barn flush solids), a strong correlation was 

observed overall between assay-derived 17!-estradiol equivalents (EEQs) and LC/MS-MS 

results, affirming the utility of these assays for assessing the presence of estrogenic 

compounds in a range of environmental samples. In Chapter 5, the biological relevance of 

these assays was confronted as we assessed the ability of YES assay-derived EEQs to predict 

estrogenic effects in fish, using male Japanese medaka as a model. It was found that YES-

derived EEQs did not accurately recapitulate the induction of estrogenic biomarkers in the 

medaka, with the four steroidal estrogen exposures (estrone, 17!-estradiol, 17"-estradiol, and 

estriol) eliciting distinctly different magnitudes of hepatic gene expression in the fish. 

Exposure to lagoon slurry extract was found to elicit a similar magnitude of gene expression 

as estrone, reflecting the observation from Chapters 3-4 that estrone seems to be the 

predominant compound contributing to estrogenic activity in the lagoon slurry. Through the 

use of ligand binding assays, it was observed that the compounds which elicited the most 

robust gene expression responses had preferential binding affinity for the ER! receptor 

subtypes over ER", which plays into recent hypotheses that ER! receptors may play a 

critical role in generation of the piscine estrogenic response.  
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The results of Chapter 5 provide a relevant case study in the translational capacity of 

classical in vitro assays, and may lay the foundation for further studies to help ultimately 

“bridge the gap” from in vitro to in vivo systems. To evaluate the translational capacity of in 

vitro assays in general, one interesting additional study would be a direct comparison 

between effects in medaka and an in vitro assay that reports the activation of medaka ERs. 

Such a comparison would remove interspecies differences (human versus medaka ERs) as a 

potential confounding variable, and focus simply on the ability of screening assays to predict 

in vivo effects. Given the putative interactions between ER! and ER" during the initiation of 

estrogenic response, another interesting follow-up would be to examine the effects of the 

ER!:ER" ratio on the predictive capacity of cell-based assays. Additionally, our study 

focused exclusively on biomarker expression (vitellogenin and choriogenin) as endpoints of 

estrogen exposure; it would be interesting to take this a step further by looking at the capacity 

of in vitro assays to predict apical effects in fish, such as reproduction or onset and 

progression of ovatestis (intersex).  

In summary, results herein provide useful information on the mass flux of hormones, 

phytoestrogens, and estrogenic activity through the waste management system of a swine 

sow AFO. As the design of our field site is prototypical for swine AFOs in the southeastern 

and midwestern United States, these findings may be highly pertinent to other operations of 

this type, and allow insight into potential effects of operational practices (e.g. holding of 

waste in barn pits, sludge accumulation, slurry land application) on the mass loading of these 

compounds. In regards to assessing potential effects on aquatic populations, our results 
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additionally provide insight into the translational capacities of in vitro screening assays for 

ecological risk assessment. Given the global push towards the development of high-

throughput assays for the screening of toxicants, perhaps more studies of this nature are 

necessitated in order to anchor these assays to actual biological effects in exposed organisms. 
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Appendix A 

Sample Extraction and Liquid Chromatograph/Tandem Mass Spectrometry (LC/MS-

MS)  

 

Solid-Phase Extraction (SPE) of Liquid Samples (urine, lagoon liquids, barn flush 

liquids): SPE of liquids proceeded immediately after sample filtration. 500 mg Supelclean™ 

LC-18 SPE cartridges (Supelco, Bellefonte, PA) were pre-conditioned with 5 ml of pico-pure 

water followed by 5 ml of a solution of 95/5% water/methanol. 500 ml aliquots of each 

filtered lagoon liquid sample were then passed through Visiprep™ Large Volume Samplers 

(Supelco, Bellefonte, PA) and loaded onto individual cartridges at a rate of 10-15 ml per 

minute. After samples were loaded, the cartridges were washed with 1 ml of pico-pure water, 

and then dried by running the vacuum pump for 5-10 minutes. Extracts were eluted by 

passing two 4 ml aliquots of methanol through the cartridges. The eluents were evaporated to 

near dryness using a gentle stream of N2 and warming (40°C) in a water bath, and 10 !l of 

picopure water was added to each extract to prevent evaporation to complete dryness. 

Extracts were resuspended in two washings of ethanol to a final volume of 1 ml, and were 

stored at -20°C. For LC/MS-MS analysis, 200 !l aliquots of each sample extract were 

shipped overnight on ice to the US Geological Survey Organic Geochemical Research 

Laboratory (OGRL) in Lawrence, KS.  At OGRL, sample aliquots were stored at -20°C. 

Extraction of Solid Samples (feces, lagoon solids, barn flush solids, soil): Freeze-dried 

solid samples were shipped on ice to OGRL, where extraction accelerated solvent extraction 

(ASE) and SPE of all solids was performed. 0.2-1 g aliquots of each freeze-dried sample was 
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weighed, mixed in a mortar and pestle with 1 g of diatomaceous earth, and packed into 22 ml 

stainless steel cells preloaded with a glass fiber filter at the bottom of the cell approximately 

15 mm of sand and another glass fiber filter. The stainless steel cells then were filled with 

Ottawa sand, capped, and loaded onto the ASE. The samples were extracted at 50°C and 

1500 psi with two 2-minute static cycles, 120-second purge cycle, and 150% flush volume 

resulting in the use of approximately 45 ml of extraction solvent consisting of 50% methanol 

and 50% ethylacetate in solution. Samples were then re-extracted into separate vials with a 

solution of 50% methanol and 50% water. The methanol/ethylacetate and methanol/water 

extracts for each sample were evaporated to 5 ml and 20 ml, respectively, and then combined 

and evaporated to less than 5 ml. The sample eluates were transferred to 50-ml polytheylene 

centrifuge tubes, and 45 ml of acetonitrile was added to precipitate proteins. Samples were 

centrifuged at 4°C at 13,000xg for 30 min. The liquid eluate then was decanted into a 60-ml 

amber glass vial and evaporated to a volume of 1 ml. Each sample aliquot was diluted with 

50 ml of water and 1 ml of a 5% EDTA solution followed by extraction on a 200-mg HLB 

cartridge (Waters Corp., Milford MA) using a method modified from Matejicek et al.1 The 

sample eluates then were evaporated to 10 µl and brought to a final volume of 1 ml with a 

solution of 90/10% water/ethanol, and transferred to a 2-ml silanized, glass chromotogrphy 

vial. An 800 µl aliquot of each sample extract was shipped overnight on ice to the NCSU 

Toxicology Laboratory for YES analysis. Extracts were stored at -20°C. 

Processing of Sample Extracts for LC/MS/MS Analysis:  For liquid sample extracts, 

two 75 µl aliquots of each extract were pipetted into 2-ml silanized, glass screw-top 
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chromatography vials containing 400 µl of a 90/10% water/methanol solution. One aliquot 

(A) was spiked with 25 µl of an internal and surrogate standard mix containing 0.1 ng/µl of 

each analyte. The second aliquot (SA) was spiked with 25 µl 0.1 ng/µl internal, surrogate, 

and analyte standard mix containing 0.1 ng/µl of each analyte. The A and the SA sample 

pairs were stored at -20°C prior to LC/MS-MS analysis. 

For solid sample extracts, two 100-µl aliquots of each sample extract were pipetted into 2-

ml silanized glass chromatography vials. One aliquot (A) was spiked with 25 µl of an 

internal standard mix containing 1 ng/µl of each analyte as well as 25 µl of methanol. The 

second aliquot (SA) was spiked with 25 µl each of a 1 ng/µl internal, surrogate, and analyte 

mix. Both the A and the SA sample pairs were brought to a final volume of 0.5 ml using a 

solution of 90% water and 10% methanol, and were stored at -20°C prior to LC/MS-MS 

analysis.  

LC/MS-MS Analysis: All samples were analyzed during the course of this study for 37 

compounds (Table A.1) using high performance liquid chromatography (HPLC) or ultra 

pressure LC (UPLC)/tandem mass spectrometry (MS-MS) using electrospray ionization 

(ESI) in negative-ion (NI) or positive-ion (PI) mode with multiple reaction monitoring 

(MRM). HPLC C18 reverse phase or UPLC reverse phase analytical columns were used to 

separate the compounds. During the course of this study, HPLC was replaced with UPLC. 

The chromatography was modified to take advantage of the ultra-pressure systems. MS-MS 

analyses were performed on AB/SIEX 5000 or 5500 MS-MS or Waters Quattro Micro MS-

MS. A subset of samples analyzed using HPLC methods were reanalyzed using the UPLC 
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methods to ensure method equivalence within +/- 20% of the original analysis. Thus 

modifications to the chromatography did not affect the reported analyte concentrations. 

Chromatography methods are summarized in Table A.2. Twelve compounds including E1, 

E2!, E2", E3, EE2, diethylstilbestrol and 6 phytoestrogens were analyzed in NI mode and 

separated using a water/methanol gradient with a post column infusion of a 10 mM ammonia 

hydroxide solution to enhance ionization. The sulfate and glucuronide conjugates and "-

zearalanol were analyzed in NI mode and the 9 remaining steroidal compounds in PI mode. 

The majority of the conjugates and steroidal compounds were separated using UPLC with an 

aqueous/methanol gradient and a preinjection column equilibration of a 0.1% formic acid 

/methanol (95/5) to improve the chromatography. The June 2009 lagoon aqueous phase 

sample extracts were separated using 0.1% FA aqueous and 0.1% MeOH gradient and 

analyzed using NI and PI switching. 

Analytes were identified using the compound retention time relative to the retention time 

of the analyte in each paired standard addition (SA) sample, and the ion ratio of the 

quantitation and confirming ions of the protonated or deprotonated parent molecule +/- 25% 

of the average analyte ratio in the standard curve solutions. Analyte responses were 

normalized using the ratio of the quantitation daughter-ion of the analyte-to-stable-isotope 

labeled standard. Analytes with matching stable-isotope labeled compounds were quantitated 

using isotope dilution using a 10-point standard curve with concentrations that range from 

0.5 ng/L to 50,000 ng/L. The remaining analytes were quantitated using standard addition to 

compensate for differential ionization due to matrix effects. Samples extracts with analyte 
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concentrations above the highest standard or that were more than 9 times greater than the 

standard addition spike concentration were diluted and reanalyzed. Reporting limits were 

conservatively set in the matrices where the signal-to-noise ratio of the least abundant 

daughter-ion for each analyte is 5 or greater. For compounds that were detected in virtually 

all the samples of a particular matrix, the reporting limit was estimated.  

Recovery Analysis of Lagoon Liquid Samples: Liquid lagoon samples were composited 

and filtered through a 0.7-!m glass fiber filter. Samples were divided into fourteen 500 ml 

aliquots. Six aliquots were spiked with 200 µl of an analyte standard mix containing 1 ng/µl 

of each compound, and eight of the aliquots were unspiked. The samples then were extracted 

using the SPE procedure as described above. Six of the eight unspiked sample eluates then 

were spiked with the same volume of analyte standard mix as the six samples spiked prior to 

extraction. All 14 of the sample eluates then were spiked with 100 µl of a 7 compound 

internal standard mix containing 1 ng/ul of each analyte. The eluates were evaporated to a 

volume 0f 100 ul, brought up to a final volume of 1 ml with a solution of 90% water and 

10% methanol, and transferred to 2-ml silanized glass chromatography vials. The samples 

then were analyzed using the methods described in the SI LC/MS/MS analysis section. 

Samples were quantitated using an external standard curve. The average concentration of 

analytes detected in the two unspiked samples was subtracted from all the pre- and post-

extraction spiked samples. The average concentration for each analyte of the post-extraction 

spiked samples then was divided into the analyte concentration of each of the pre-extracted 
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spiked analytes. The average percent recovery and relative standard deviation for each 

analyte then was calculated (Table A.1). 

Recovery Analysis of Lagoon Solid Samples: Solid lagoon samples were composited and 

divided into twenty-four 1 g aliquots. Each sample aliquot was ground in a mortar and pestle 

with 1 g of diamataceous earth and packed into 22-ml cells using the above described 

procedure. Three samples were unspiked, seven samples were spiked at 100 µg/kg (100 µl) 

with an analyte standard mix containing 1 ng/µl of each analyte prior to ASE, seven after 

ASE extraction, and seven after the final SPE extraction. The ASE eluates of all the samples 

were spiked with 100 ul of the seven compound internal standard mix prior to SPE so that the 

analyte recoveries for the ASE extraction prior to SPE could also be calculated (data not 

shown). The ASE and SPE extraction methods are the same as those described above. The 

average concentration of each analyte detected in the three unspiked samples then was 

subtracted from all of the spiked samples. The average concentration of the post-SPE spiked 

sample aliquots then was divided into the concentration of the pre-ASE spiked sample 

extracts and the average percent recovery and relative standard deviation for each analyte 

was then calculated (Table A.1). 

Of note, the concentrations of estrone (E1) and equol (EQU) in the lagoon solid samples 

were too high to differentiate the sample concentrations from the spiked concentration. Thus, 

quantification of the recovery of these compounds was not possible (Table A.1). However, 

based on the recoveries of similar analytes from the solid samples, and because there was 

essentially no difference between the pre- and post- spiked ASE samples and also no 
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difference between these two sample types and the post-spiked SPE samples, the recovery of 

E1 from this phase is estimated to be at least 90%, and the recovery of EQU is estimated to 

be greater than 70%.  
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Table A.1: Summary of compound information, reporting limits (RL), and percent recovery from solid phase extraction. 

Group  1 CAS # Source 

RL Liquid 

Samples 

(ng/l) 

RL Solid 

Samples 

(ng/kg) 

% Recovery 

from Liquid 

Samples 

% Recovery 

from Solid 

Samples 

Estrone 53-16-7 Steraloids 0.1-1.0 300-2,000 90 ± 2.75 *110 ± 5.61 

17!-Estradiol 50-28-2 Steraloids 0.1-1.0 500-3,000 88 ± 1.77 91 ± 7.57 

17"-Estradiol 57-91-0 Steraloids 0.1-1.0 500-3,000 88 ± 2.51 99 ± 15.8 

Estriol 50-27-1 Steraloids 0.1-1.0 15,000 90 ± 1.80 94 ± 8.41 

17"-Ethynylestradiol 77538-56-8 Steraloids 0.1-1.0 1,000-5,000 82 ± 4.05 84 ± 11.4 

Diethylstilbestrol 56-53-1 Steraloids 0.1-1.0 500-3,000 76 ± 4.02 93 ± 14.6 

Estrone-d4 53866-34-5 Isotec     

17!-Estradiol-d4 66789-03-5 Steraloids     

Estriol-d3 79037-36-8 Steraloids     

17"-Ethynylestradiol-d4 350820-06-3 Steraloids     

17!-Estradiol-d5 220193-45-4 Steraloids     

 

*Concentration in prespiked sample too high to calculate recovery. Shown is percent of total concentration pre-ASE spike sample-

to-post SPE spike concentration.
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Table A.1 continued 

Group 2 CAS # Source 

RL Liquid 

Samples 

(ng/l) 

RL Solid 

Samples 

(ng/kg) 

% Recovery 

from Liquid 

Samples 

% Recovery 

from Solid 

Samples 

Genistein 446-72-0 Steraloids 0.1-1.0 10-500 89 ± 3.56 110 ± 30.1 

Daidzein 486-66-8 Steraloids 0.1-1.0 10-500 99 ± 5.34 45 ± 13.7 

Formononetin 485-72-3 Steraloids 0.1-1.0 10-500 97 ± 4.58 94 ± 6.18 

Coumestrol 479-13-0 Steraloids 0.1-1.0 10-500 94 ± 3.64 76 ± 20.4 

Equol 531-95-3 Steraloids 0.1-1.0 10-500 91 ± 6.90 *110 ± 12.9 

Biochanin A 491-80-5 Steraloids 0.1-1.0 10-500 71 ± 5.74 81 ± 26.4 

Genistein-d4 187960-08-3 Steraloids     
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Table A.1 continued 

Group 3A CAS # Source 

RL Liquid 

Samples 

(ng/l) 

RL Solid 

Samples 

(ng/kg) 

% Recovery 

from Liquid 

Samples 

% Recovery 

from Solid 

Samples 

Trenbolone 10161-33-8 Sigma 0.1 1,000 85 ± 5.49 100 ± 7.11 

Androstenedione 63-05-8 Sigma 0.1 500 86 ± 7.83 100 ± 6.35 

Testosterone 58-22-0 Steraloids 0.1 500 92 ± 5.45 97 ± 6.95 

Epitestosterone 90-43-7 Steraloids 0.1 500 84 ± 6.51 110 ± 5.76 

19-Norethisterone 68-22-4 Steraloids 0.1 500 93 ± 4.38 110 ± 10.2 

11-Ketotestosterone 564-35-2 Sigma 0.1 500 97 ± 6.14 92 ± 8.04 

Progesterone 57-83-0 Sigma 0.1 500 57 ± 7.38 90 ± 5.86 

6!-methyl-17!-hydroxy-

progesterone 
71-58-9 Sigma 0.1 500 75 ± 2.50 92 ± 8.57 

Norgestimate 35189-28-7 Steraloids 0.1 1,000 58 ± 9.85 47 ± 21.5 

Testosterone-d3 77546-39-5 Steraloids     

Progesterone-d8 Steraloids     
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Table A.1 continued 

Group 3B CAS # Source 

RL Liquid 

Samples 

(ng/l) 

RL Solid 

Samples 

(ng/kg) 

% Recovery 

from Liquid 

Samples 

% Recovery 

from Solid 

Samples 

!-Zearalanol 26538-44-3 Steraloids 0.1 100 90 ± 6.11 36 ± 15.6 

Estrone-3-sulfate 481-97-0  Sigma 0.1 100 93 ± 3.21 100 ± 11.0 

17"-Estradiol-17-sulfate 3233-69-0 Steraloids 0.1 100 91 ± 3.38 97 ± 7.66 

17"-Estradiol-3-sulfate 481-96-9 Steraloids 0.1 100 94 ± 4.04 100 ± 5.09 

Testosterone sulfate 57-85-2  Steraloids 0.1 100 95 ± 4.32 96 ± 4.44 

Estriol-3-sulfate 481-95-8 Steraloids 0.1 100 80 ± 6.61 87 ± 5.59 

Estriol-17-sulfate 42028-21-7 Sigma 0.1 100 89 ± 3.16 92 ± 5.18 

Androsterone sulfate 2479-86-9 Steraloids 0.1 100 92 ± 5.99 94 ± 3.88 

Ethynylestradiol-3-sulfate 24560-70-1 Steraloids 0.1 100 94 ± 6.48 95 ± 11.4 

Diethylstilbestrol glucuronide 2408-40-4  Steraloids 1 2,000 84 ± 6.35 84 ± 4.34 

Estrone glucuronide 2479-90-5 Steraloids 1 2,000 91 ± 6.05 80 ± 5.20 

17"-Estradiol-17-glucuronide 1806-98-0 Steraloids 1 2,000 84 ± 6.48 90 ± 6.48 

Estriol-3-glucuronide 2479-91-6 Steraloids 1 2,000 30 ± 2.56 2.1 ± 1.20 

Testosterone glucuronide 1180-25-2 Steraloids 1 2,000 91 ± 7.17 88 ± 9.33 

Androsterone glucuronide 1852-43-3 Steraloids 1 2,000 90 ± 5.22 110 ± 6.20 

Ethinylestradiol-3-glucuronide 57-63-6 Steraloids 1 2,000 91 ± 6.12 92 ± 4.91 

Estrone-3-sulfate-d4 285979-80-8 Isotec     
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Table A.2: Summary of A) chromatography methods employed for each block of compounds listed in Table A.1, and B) 

LC/MS-MS systems. U = urine; F = feces; BFL = barn flush liquids; BFS = barn flush solids; LL = lagoon liquids; LS = lagoon 

solids; S = soil. *Waters Atlantis C18, 150 x 3 mm, 2.1 !m; **Phenomonex, Kinetex C18, 100 x 4.6 mm, 2.6 !m; ***Waters 

BEH 50 x 1.7 mm, 2.1 !m; MeOH = methanol; FA = formic acid 

A. 

Sampling round and 

Sample Types 

 

Analyte 

Groups from 

Table 1A 

 

Analytical 

Column 

 

Mobile 

Phase A 

 

Mobile Phase 

B 

 

Post column 

solution 

 

Equilibration 

mobile phase 

 

2009: U, LL, BFL Group 1 Atlantis* water MeOH 10 mM NH4OH   

2009: LS, BFS, F 

2010: All 

2011: U, LL, BFL, LS, BFS 

Group 1, 2 Kinetex** water MeOH 10 mM NH4OH   

2009: U, LL, BFL (Grp. 2 

only) 

2011: F, S 

Group 1, 2 BEH*** water MeOH 10 mM NH4OH   

2009: U, LL, BFL Group 3a, b Atlantis* 0.1% FA 0.1% FA/MeOH     

2009: LS, BFS, F 

2010 & 2011: All 

Group 3a, b BEH*** water MeOH   0.1% 

FA/MeOH 

(95/5)  
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Table A.2 continued: 

B:  

Year, Sample type,  

Analyte group Liquid Chromatograph Mass Spectrometer 

2009: U, LL, BFL (Grp. 1, 3A, 

3B) 

Shimadzu Prominence AB/Sciex API 5000 

2011: U, LL, BFL, LS, BFS 

(Grp. 1, 2) 

Waters Acquity H-class Bio Waters Quattro Micro 

2009: LS, BFS, F (Grp. 1, 2) 

 

2010: All (Grp. 1, 2) 

Shimadzu Priminence AB/Sciex API 5500 

2009: U, LL, BFL (Grp. 2); LS, 

BFS, F (Grp. 3A, 3B) 

 

2010-2011: All (Grp. 3A, 3B) 

 

2011: F, S (Grp. 1, 2) 

 

 

Waters Acquity H-class Bio AB/Sciex API 5500 
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Appendix B 

Yeast Estrogen Screen and T47D-KBluc Assays 

 

Yeast Estrogen Screen (YES) Assay Procedure:  The YES utilizes a yeast cell line that 

has been stably transfected with the human estrogen receptor alpha (hER!), as well as a "-

galactosidase reporter that is driven by estrogen responsive elements (ERE). The YES was 

used in Chapter 3 and Chapter 4 to determine the estrogenic activity of urine, feces, barn 

flush, and lagoon samples, as well as to assess the relative estrogenic potency (REP) of 

analytes detected on the farm. In addition, the YES was used in Chapter 5 to calibrate the 

estrogenic potency of a suite of steroidal estrogens used for Japanese medaka exposure. 

The assay was performed according the procedure developed by Routledge and Sumpter,1 

and modified as described by Chen et al.2 To perform the assay, 200 µL of sample (i.e. 

sample extract or stock solution) in 90/10% water/ethanol was added to a 1 ml deep-welled 

96-well plate, and serially diluted 1:2 in a solution of 90/10% water/ethanol (12 dilutions 

total), leaving 100 #l of serially diluted sample in each well. Each sample was run in 

duplicate on the same plate. E2" stock solution served as dose-response standard on each 

assay plate, and four wells with 10% ethanol served as the negative control. 300 #l of diluted 

yeast solution, at an optical density (OD) of 0.08 (620 nm), was added to each well. Plates 

were loosely covered with KimWipes (Kimberly Clark) and incubated at 37°C with gentle 

shaking. Following three days of incubation with yeast solution, an assay buffer containing 

ortho-nitrophenyl-b-galactoside (Calbiochem, EMD Chemicals, Inc; San Diego, CA) was 
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added, producing a colorimetric response at 405 nm. After 20 minutes of incubation with the 

assay buffer (at 37°C, with gentle shaking), the reaction was stopped with addition of a 1 M 

sodium carbonate solution, and the plates were centrifuged at 3,000 rpm for 10 minutes. 100 

µL of the resulting supernatant was taken from each well and transferred to a new 96-well 

microtiter plate to determine OD at 405 nm (colorimetric response) and 620 nm (yeast cells).  

Data analysis for YES assays was conducted as follows: For each well, OD620 was 

subtracted from OD405. Resulting values were then normalized to the negative (ethanol) 

control. The sigmoid concentration-response curve of the E2! standard was fit to a 

symmetric logistic function using GraphPad Prism (GraphPad Software, San Diego, CA). 

The response of the standard and the sample were expressed as a percentage of the maximum 

response evoked by E2!, and the concentration of E2! that induced a half-maximal response 

(EC50E2!) was then fit using the software. For each AFO sample, the concentration factor of 

sample extract that induced a half-maximal response (CF50) was also fit using the software. 

The estrogenic activity of each sample, expressed as E2! equivalents (EEQ), was then 

calculated as: 

 EEQ = EC50E2! / CF50  (Equation B.1) 

Because this equation takes into account the concentration factor (CF) of the sample 

extract, the calculated EEQ represents estrogenic activity in the original sample (i.e. the 

sample prior to extraction). A slightly modified version of the equation was used in Chapter 5 

to calculate EEQ of stock solutions used for medaka exposure (discussed below). 
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T47D-KBluc Assay Procedure: The T47D-KBluc utilizes a human breast cancer cell line 

that has been stably transfected with a luciferase reporter driven by a triplet ERE. This assay 

reports activation of endogenous hER! and hER". The T47D-KBluc was used in Chapter 4 

to assess estrogenic activity of soil extracts. In addition, the T47D-KBluc was used in 

Chapter 5 to provide a comparison to the YES assay. 

Stock cells were maintained and prepared for use in the assay as described by Wilson et al.3 

Stock cells were maintained in RPMI 1640 media (without phenol red, with glutamine; 

Sigma-Aldrich, St. Louis, MO) supplemented with 2.5 g/l glucose, 10 mM HEPES, 1 mM 

sodium pyruvate, 1.5 g/l sodium bicarbonate, 10% vol/vol fetal bovine serum (FBS), 100 

units/ml penicillin, 100 #g/ml streptomycin, and 0.25 #g/ml amphotericin B (Gibco; 

purchased as a 100x mixture of antibiotics/antimycotics). One week prior to use in the assay, 

cells were moved to a modified media containing 10% vol/vol dextran charcoal-treated 

(DCC) FBS with no antibiotics/antimycotics. Modified media containing 5% vol/vol DCC-

FBS and no antibiotics/antimycotics was used when plating cells for assays. 

For the assay, cells were seeded at 10,000 cells/well in 96-well luminometer plates 

(Corning Inc, Corning, NY), with overnight incubation to allow for cell attachment. Cells 

were dosed with a prepared dilution series of estrogen stock solution (in ethanol) or sample 

extract (in ethanol) spiked into RPMI 1640 media (Sigma Aldrich; 5% dextran charcoal-

treated fetal bovine serum vol/vol). A prepared dilution series of E2" served as the dose-

response standard on each plate, with final E2" concentrations ranging from 10 fM to 1 nM. 

Also included on each plate was a negative (ethanol) control, which was used for sample 
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normalization; an ICI 182,780 estrogen receptor antagonist (1 !M; in ethanol), which was 

used as a qualitative control for background; and ICI 182,780 plus E2", which was used as a 

qualitative control for reporter specificity. Final solvent concentration in all doses was 0.1% 

vol/vol. All doses were performed in quadruplicate wells on each plate, with 100 !l of dosing 

solution in each well. Following overnight incubation (18 – 24 hours), cells were rinsed with 

phosphate buffered saline (pH 7.4) at room temperature, and 25 !l Reporter Lysis Buffer 

(Promega, Madison, WI) was added to each well to harvest cells. Luciferase activity was 

quantified using a FLUOStar Omega microplate reader (BMG Labtech) with the automated 

injection of 25 !l reaction buffer (25 mM glycylglycine, 15 mM MgCl2, 5 mM ATP, and 0.1 

mg/ml bovine serum albumin, pH 7.8) followed by 25 !l 1 mM D-luciferin (Promega, 

Madison, WI) into each well, as described by Wilson et al.3  

For data analysis, luciferase activity in all wells was first normalized to the negative 

control and log10 transformed. The sigmoid concentration-response curve of the E2" standard 

was then fit to a symmetric logistic function using GraphPad Prism software. The response of 

the standard and the sample were expressed as a percentage of the maximum response 

evoked by E2", and the concentration of E2" that induced a half-maximal response (EC50E2") 

was then fit using the software. For all AFO samples, the dilution factor of sample extract 

that induced a half-maximal response (DF50) was also fit using the software. EEQ for the 

sample was then calculated as a ratio of EC50E2" to the product of DF50 adjusted to the original 

CF of sample extract: 

 EEQ = EC50E2" / (DF50 * CF)  (Equation B.2) 
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As with Equation B.1, this equation takes into account the CF of the sample extract, and 

thus the calculated EEQ represents estrogenic activity in the original sample (i.e. the sample 

prior to extraction). A slightly modified version of this equation was used in Chapter 5 to 

assess EEQs medaka exposure stock solutions in the T47D-KBluc assay (discussed below). 

 

Calculating EEQs of Stock Solutions for Medaka Exposure (Chapter 5): As stated 

above, Equations B.1 and B.2 are intended to calculate the EEQ of environmental samples 

that have been concentrated into an extract.  To calculate EEQs of stock solutions for medaka 

exposure, as in Chapter 5, a modified version of these equations was used. Rather than 

calculating EEQ based on CF, EEQs were calculated as the ratio of the half-maximal activity 

of E2! in the assay (EC50E2!) to the dilution factor of stock solution that elicited a half-

maximal response (DF50):  

 EEQ = EC50E2! /DF50   Equation B.3 

This equation was used in Chapter 5 to calculate EEQs of all stock solutions (E1, E2", E3, 

and lagoon extract) in both the YES and T47D-KBluc assays.  

 

Estimated Potencies (EP) from Chemical Analysis: The EP represents the potency-

adjusted sum of all analytes in a sample, and is based upon the REPs of all analytes in a 

sample. To determine the REP, stock solutions of each analyte detected on the AFO were 
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prepared in ethanol at concentrations up to 1 g/l, and were assessed in the YES and/or T47D-

Kluc assays using the protocols outlines above. In both assays, REP was calculated as a ratio 

of the estrogenic activity of E2! to the estrogenic activity of each individual analyte tested:  

 REP = EC50E2! / EC50i  (Equation B.4) 

in which EC50E2! is the observed half-maximal estrogenic activity of the E2! standard, and 

EC50i is the observed half-maximal estrogenic activity of analyte in question. Using these 

REPs, the EP for each urine, feces, barn flush, lagoon, or soil sample was calculated by 

multiplying the concentration of each analyte in a sample by its respective REP, and 

summing these potency-adjusted values:  

 EPi = " REPiCi   (Equation B.5) 

where REPi is the REP of a particular analyte, and Ci is the concentration of that particular 

analyte in a sample.  
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Appendix C 

Partitioning Ratios In the Lagoon 

 

In Chapter 3, equilibrium partitioning ratios were calculated for the lagoon slurry and 

sludge. The particle water-partitioning ratio (KD) was calculated using the following 

equation: 

 KD = CS/CW   (Equation C.1) 

in which CS is the concentration of an analyte in the solid phase of a lagoon slurry or 

sludge sample, and CW is the concentration of an analyte in the aqueous phase of a lagoon 

slurry or sludge sample. KD was then normalized to organic carbon, in order to calculate the 

organic carbon-water partitioning ratios that were presented in the text: 

 KOC = KD / fOC    (Equation C.2) 

in which KD is the particle-water partitioning ratio calculated in Equation C.1, and fOC is the 

mass fraction of organic carbon that was measured in the solid fraction of each slurry or 

sludge sample. 
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Table D.1:  Average analyte concentrations +/- coefficient of variation in slurry aqueous and solid phases across the three 

rounds of sampling (LC/MS-MS results), n = 24. All concentrations are given in parts-per-trillion (ng/l or ng/kg dry 

weight). ND = non-detect 

 

 
Slurry Aqueous Phase (ng/l) Slurry Solid Phase (ng/kg dry mass) 

 
9-Jun 10-Apr 11-Feb 9-Jun 10-Apr 11-Feb 

E1 4094 ± 32% 8880 ± 6% 9195 ± 15% 1587642 ± 66% 1569041 ± 31% 5237500 ± 23% 

E3 35 ± 44% 174 ± 53% 75 ± 23% 140785 ± 53% 210250 ± 21% 350833 ± 42% 

E2! 3 ± 161% 225 ± 38% 31 ± 64% 127214 ± 67% 159291 ± 48% 153583 ± 31% 

E2" 170 ± 28% 1053 ± 20% 499 ± 19% 85285 ± 83% 152500 ± 62% 299208 ± 29% 

AN 59 ± 320% 51 ± 147% 55 ± 23% 11785 ± 43% 3041 ± 34% 1492 ± 281% 

11KT ND 15 ± 367% ND ND ND ND 

P4 47 ± 165% 174 ± 70% 523 ± 13% 67428 ± 59% 28329 ± 59% 28741 ± 43% 

E1-3-S 0.01 ± 374% ND ND 800 ± 45% 834 ± 59% 334 ± 42% 

E2!-17-S ND 0.05 ± 282% ND ND ND ND 

AN-S 0.07 ± 101% 0.1 ± 286% 1 ± 20% 321 ± 374% ND ND 

DAI 60 ± 138% 118 ± 63% 158 ± 74% 2745 ± 102% 7234 ± 46% 93417 ± 69% 

GEN 74 ± 175% ND ND 1088 ± 251% 4295 ± 29% 2833 ± 211% 

EQU 245 ± 61% 2515 ± 88% 161250 ± 146% 1465428 ± 79% 9495833 ± 135% 51241667 ± 27% 

COU ND ND ND 1460 ± 133% 1304 ± 42% 9113 ± 108% 

FOR 1 ± 302% ND 3 ± 74% 154 ± 199% 5 ± 489% ND 
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Table D.2: Average analyte concentrations +/- coefficient of variation in sludge aqueous and solid phases across the three 

rounds of sampling (LC/MS-MS results), n = 8. All concentrations are given in parts-per-trillion (ng/l or ng/kg dry weight). 

ND = non-detect 

 

 Sludge Aqueous Phase (ng/l) Sludge Solid Phase (ng/kg dry mass) 

 9-Jun 10-Apr 11-Feb 9-Jun 10-Apr 11-Feb 

E1 3303 ± 26% 7932 ± 19% 8338 ± 41% 1122285 ± 34% 1744000 ± 49% 4850000 ± 85% 

E3 47 ± 43% 131 ± 50% 36 ± 32% 20714 ± 63% 142500 ± 28% 223250 ± 65% 

E2! 9 ± 68% 308 ± 37% 133 ± 43% 146714 ± 60%  217500 ± 45% 130750 ± 83% 

E2" 153 ± 50% 523 ± 38% 325 ± 58% 116285 ± 60% 80519 ± 43% 141625 ± 33% 

AN 1 ± 282 ND 19 ± 30% 82 ± 1% 2350 ± 225% 1363 ± 33% 

11KT ND ND ND ND ND ND 

P4 7 ± 67% 2 ± 211% 1 ± 160% ND 3963 ± 23% 4788 ± 39 

E1-3-S 0.08 ± 233% ND ND ND 1309 ± 264% 513 ± 366 

E2!-17-S ND ND ND ND ND ND 

AN-S 0.14 ± 254% 0.2 ± 82% 0.08 ± 206% ND ND ND 

DAI 14 ± 133% 5 ± 60% 1 ± 282% 13542 ± 87% 9200 ± 140% 1500 ± 283% 

GEN 7 ± 188% ND ND 7557 ± 76% 7575 ± 85% ND 

EQU 76 ± 87% 145 ± 68% 2386 ± 69% 815714 ± 51% 2806250 ± 120% 1721625 ± 55% 

COU ND ND ND 1010 ± 61% 1645 ± 169% ND 

FOR 1 ± 206% ND ND 807 ± 54% 239 ± 185% ND 



!

!

""#!

!

Table D.3: Average total analyte concentrations +/- coefficient of variation in slurry and sludge across the three rounds of 

sampling (LC/MS-MS results); n = 24 slurry, n = 8 sludge. All concentrations are given in parts-per-trillion (ng/l whole 

sample). ND = non-detect 

 

  Whole Slurry (ng/l whole sample) Whole Sludge (ng/l whole sample) 

  9-Jun 10-Apr 11-Feb 9-Jun 10-Apr 11-Feb 

E1 5632 ± 29% 10277 ± 9% 12858 ± 11% 96748 ± 38% 127844 ± 53% 392664 ± 77% 

E3 182 ± 51% 382 ± 48% 353 ± 37% 1696 ± 76% 9963 ± 33% 17825 ± 59% 

E2! 136 ± 67% 383 ± 49% 152 ± 25% 11605 ± 64% 15195 ± 45% 10527 ± 75% 

E2" 255 ± 33% 1191 ± 28% 709 ± 17% 9448 ± 58% 5967 ± 46% 11406 ± 100% 

AN 70 ± 261% 50 ± 138% 53 ± 25% 8 ± 251% 161 ± 31% 126 ± 117% 

11KT ND 15 ± 367% ND ND ND ND 

P4 116 ± 70% 200 ± 65% 516 ± 12% 4 ± 74% 273 ± 47% 395 ± 73% 

E1-3-S 0.8 ± 48% 0.8 ± 64% 0.3 ± 41% 0.05 ± 255% 93 ± 59% 42 ± 65% 

E2!-17-S ND 0.05 ± 283% ND ND ND ND 

AN-S 0.4 ± 313% 0.1 ± 287% 1 ± 19% 0.1 ± 267% 0.1 ± 90% 0.04 ± 191% 

DAI 61 ± 133% 122 ± 61% 223 ± 47% 1058 ± 105% 665 ± 149% 119 ± 281% 

GEN 73 ± 171% 4 ± 40% 2 ± 223% 603 ± 92% 509 ± 77% ND 

EQU 1750 ± 74% 11570 ± 101% 193355 ± 111% 64615 ± 48% 178690 ± 114% 148210 ± 60% 

COU 0.1 ± 210% 1 ± 42% 7 ± 112% 84 ± 61% 90 ± 179% ND 

FOR 0.5 ± 215% 0.004 ± 489% 2 ± 74% 64 ± 65% 17 ± 190% ND 
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Table D.4: P-values from a paired t-test comparing analyte concentrations in slurry to 

the corresponding concentrations in sludge within each phase (aqueous or solid) of the 

lagoon, in each of the three rounds of sampling. Significant differences (p < 0.05) are 

highlighted.  

 

 

Aqueous Phase 

Slurry vs. Sludge  

Solid Phase 

Slurry vs. Sludge 

 Jun-09 Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

EEQ 0.4610 <0.001 0.0530 0.8990 0.2750 0.9750 

E1 0.4370 0.1630 0.5040 0.4180 0.5380 0.7910 

E3 0.0880 0.2290 <0.001 0.0060 <0.001 0.0050 

E2B 0.1180 0.1030 <0.001 0.3120 0.0850 0.5070 

E2a 0.7700 0.0020 0.0280 0.0890 0.0060 0.0310 

P4 0.0260 0.0080 <0.001 0.0040 <0.001 <0.001 

AN 0.2010 0.0090 <0.001 0.0020 0.0030 0.8790 

E1-3-S 0.2970 ND ND <0.001 0.0580 0.2030 

AN-S 0.5420 0.7250 <0.001 0.363 ND ND 

DAI 0.0470 0.0030 <0.001 0.0690 0.6420 <0.001 

GEN 0.0680 ND ND 0.0290 0.1930 0.0790 

EQU <0.001 <0.001 0.0150 0.3280 0.0630 <0.001 

COU ND ND ND 0.0480 0.8930 0.0110 

FOR 0.3720 ND 0.0020 0.0020 0.1720 ND 
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Table D.5: Organic carbon-water partitioning coefficients (log KOC) predicted using the EPI Suite software, and the 

respective log KOC values that were observed in the lagoon slurry and sludge across the three rounds of sampling. Log KOC 

observed in the lagoon are listed +/- coefficient of variation. 

 

  
Log KOC Observed in Lagoon Slurry Log KOC Observed in Lagoon Sludge 

 

EPI Suite 

Log KOC Jun-09 Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

E1 4.38 2.82 ± 17% 2.64 ± 6% 3.11 ± 3% 3.04 ± 15% 2.87 ± 10% 3.29 ± 10% 

E3 3.08 3.96 ± 6% 3.52 ± 6% 4.01 ± 3% 3.21 ± 9% 3.66 ± 6% 4.36 ± 7% 

E2! 4.19 4.67 ± 9% 3.24 ± 6% 4.01 ± 6% 4.74 ± 12% 3.39 ± 9% 3.54 ± 11% 

E2" 4.19 2.96 ± 15% 2.53 ± 8% 3.14 ± 8% 3.46 ± 12% 2.73 ± 13% 3.13 ± 10% 

DAI 3.37 1.65 ± 49% 2.22 ± 16% 3.20 ± 13% 3.41 ± 9% 3.52 ± 16% N/A 

EQU 4.27 3.96 ± 11% 4.21 ± 32% 2.99 ± 12% 4.72 ± 9% 4.70 ± 10% 3.48 ± 11% 

AN 3.53 3.56 ± 29% 2.40 ± 22% 2.44 ± 17% N/A N/A 2.74 ± 6% 

P4 4.00 3.82 ± 17% 2.64 ± 13% 2.05 ± 11% N/A 3.25 ± 7% 3.74 ± 15% 
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Table D.6: Average EEQs, determined using the YES assay; and EPs, estimated based on sample analyte concentrations; 

in A) aqueous and solid phases of the lagoon slurry and B) aqueous and solid phases of the lagoon sludge. All 

concentrations (in E2!  equivalents) are given in parts-per-trillion (ng/l of aqueous phase, or ng/kg dry mass of solid 

phase), and coefficient of variation is provided. P-values from paired t-test comparing EEQ to EP are also listed.  

A.  

 Slurry Aqueous Phase (ng/l) Slurry Solid Phase (ng/kg) 

 Jun-09* Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

EEQ 3708 ± 17%  5477 ± 9% 3958 ± 7% 1252942 ± 34% 824554 ± 29% 1294303 ± 23% 

EP 1741 ± 34% 4428 ± 8% 4395 ± 15% 1134779 ± 52% 904208 ± 32% 2634273 ± 23% 

p-value <0.001 <0.001 0.005 0.468 0.183 <0.001 

 

B.  

 Sludge Aqueous Phase (ng/l) Sludge Solid Phase (ng/kg) 

 Jun-09* Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

EEQ 4034 ± 15%  4612 ± 11% 2850 ± 47% 1584636 ± 35% 999826 ± 38% 1302795 ± 54% 

EP 1565 ± 27% 4050 ± 20% 4057 ± 41% 664454 ± 38% 1040764 ± 43% 2414237 ± 85% 

p-value <0.001 0.138 0.081 0.002 0.645 0.078 
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Table D.7: Average total EEQs, determined using the YES assay; and total EPs, which are estimated based on sample 

analyte concentrations in slurry and sludge. All concentrations (in E2!  equivalents) are given in parts-per-trillion (ng/l 

whole sample), and coefficient of variation is provided. P-values from paired t-test comparing EEQ to EP are also listed.  

 

 Whole Slurry (ng/l) Whole Sludge (ng/l) 

 Jun-09* Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

EEQ 4924 ± 9% 6182 ± 9% 4777 ± 8% 134528 ± 30% 73236 ± 44% 105651 ± 48% 

EP 2799 ± 26% 5250 ± 11% 6250 ± 11% 57338 ± 42% 75537 ± 47% 195401 ± 77% 

p-value <0.001 <0.001  <0.001 0.001 0.681 0.059 

  

 

 

 

*Assessment of EEQs and EPs in June 2009 included eight composited slurry samples that were collected on June 15, 2009, in 

addition to the 24 lagoon slurry samples discussed above. 
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Table D.8: Average percent contribution of each individual analyte to the calculated EP within each of the three rounds of 

sampling. 

 Percent contribution to Slurry EP Percent contribution to Sludge EP 

 Jun-09 Apr-10 Feb-11 Jun-09 Apr-10 Feb-11 

E1 95 92 97 81 78 94 

E2! 4.5 7 2.4 19 21 5.4 

E3 0.049 0.055 0.037 0.024 0.12 0.079 

E2" 0.27 0.67 0.33 0.48 0.23 0.18 

AN 0.0000055 0.000002 0.0000015 0.000000019 0.00000048 0.00000012 

11KT ND 0.00001 ND ND ND ND 

E1-3-S 0.000045 0.000023 0.0000052 0.00000014 0.00020 0.00004 

E2!-17-S ND 0.0000000091 ND ND ND ND 

AN-S 0.00000024 0.000000038 0.00000019 0.0000000024 0.0000000025 0.00000000048 

DAI 0.0000024 0.0000019 0.0000033 0.0000014 0.00000085 0.000000029 

GEN 0.00042 0.000010 0.0000054 0.00011 0.00011 ND 

EQU 0.011 0.044 0.47 0.027 0.065 0.023 

COU 0.0000024 0.000014 0.000041 0.000099 0.000096 ND 

FOR 0.000000065 0.00000018 >0.00000000001 0.00000042 0.00000012 ND 
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Table D.9: P-values from a three-way ANOVA indicating the relationship between analyte concentrations, location, depth, 

and phase (aqueous or solid) in the lagoon slurry. Significant results (p < 0.05) are highlighted.  

 

 Jun-09 Apr-10 Feb-11 

 Location Depth  Phase Location Depth  Phase Location Depth  Phase 

EEQ 0.374 0.7280 0.0010 0.8500 0.8870 <0.001 0.4970 0.6570 <0.001 

E1 0.3200 0.8710 0.0110 0.8160 0.3410 <0.001 0.8020 0.1250 <0.001 

E3 0.3940 0.7470 0.0050 0.782 0.2560 <0.001 <0.001 0.5000 <0.001 

E2B 0.3200 0.7860 0.0090 0.751 0.4900 <0.001 0.0660 0.1150 <0.001 

E2a 0.1280 0.7430 0.0090 0.81 0.3710 <0.001 0.3840 0.0110 <0.001 

P4 0.0990 0.8160 0.0050 0.3600 0.4220 <0.001 0.8310 0.6050 <0.001 

AN 0.0100 0.1120 <0.001 0.8950 0.3900 <0.001 0.5060 0.8460 0.1310 

E1-3-S 0.0410 0.7070 <0.001 0.3560 0.9080 <0.001 0.0140 0.1900 <0.001 

AN-S 0.4440 0.4440 0.3740 0.3280 0.2880 0.0930 0.4710 0.3930 <0.001 

DAI 0.6600 0.5620 0.0380 0.0860 0.8190 <0.001 0.1670 0.2370 <0.001 

GEN 0.4960 0.6130 0.2440 0.6460 0.4080 <0.001 0.3180 0.8510 0.0340 

EQU 0.0240 0.4880 0.0020 0.5230 0.4380 0.0030 0.0560 0.1990 <0.001 

COU 0.0560 0.4320 0.0520 0.2780 0.6260 <0.001 0.0860 0.7610 <0.001 

FOR <0.001 0.4470 <0.001 0.4710 0.3930 0.3340 0.0400 0.8010 <0.001 
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Table D.10: P-values from a two-way ANOVA indicating the relationship between 

analyte concentrations and location and phase (aqueous or solid) in the lagoon sludge. 

Significant results (p < 0.05) are highlighted. 

 

! Jun-09 Apr-10 Feb-12 

 Location Phase Location Phase Location Phase 

EEQ 0.478 <0.001 0.499 <0.001 0.498 0.001 

E1 0.506 <0.001 0.498 <0.001 0.500 0.013 

E3 0.498 0.003 0.500 <0.001 0.500 0.003 

E2B 0.500 0.003 0.500 <0.001 0.500 0.011 

E2a 0.501 0.002 0.494 <0.001 0.499 0.03 

P4 0.500 0.004 0.498 <0.001 0.500 0.005 

AN 0.505 0.359 0.500 <0.001 0.498 0.057 

E1-3-S 0.500 0.265 0.500 0.001 0.500 0.004 

AN-S 0.500 0.304 0.500 0.011 0.500 0.213 

DAI 0.501 0.027 0.500 0.083 0.500 0.351 

GEN 0.499 0.013 0.500 0.013 ND ND 

EQU 0.500 <0.001 0.500 0.051 0.501 0.001 

COU 0.500 0.002 0.500 0.167 ND ND 

FOR 0.498 0.002 0.500 0.171 ND ND 
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Appendix E 

Supporting Information for Chapter 4 

 

Estimation of Total Daily Analyte Output By Sows:  In Chapter 4, the total daily 

output of analytes is estimated based upon concentrations measured in the urine and feces of 

sows in each of the four defined reproductive stages. As described in the Chapter, average 

concentrations of analytes in urine and feces were multiplied by standard estimates for sow 

waste production, which are published in a document by the American Society of 

Agricultural Engineers.1 This document states that a 200 kg gestating sow produces a total of 

5 kg of manure per day, taking into account both urine and feces. Of this, 0.5 kg is solids.  

In our study, all feces samples were weighed before and after freeze drying, and the dry 

(solid) mass of these samples was found to average 35 ± 5% of the total wet weight. Thus, if 

a sow produces 0.5 kg of fecal solids per day (dry mass), then total fecal output adjusted to 

wet weight is approximately 1.4 kg/day. If total output of manure is 5 kg/day, of which 1.4 

kg is feces, then it can be deduced that the sow produces 3.6 liters of urine per day.  

In sum, from these calculations based on standard estimates, we project that the sows 

produce 0.5 kg/day (dry mass) of feces and 3.6 liters/day of urine.  
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Table E.1: Detection frequency (Fq) and average concentration +/- standard deviation of all analytes in urine (ng/l!"#

$%&'()$%*#++,#$%#-./#0+1#233245#

 Breeding Heat Check Gestation Farrowing 

 n = 21 n = 14 n = 28 n = 22 

 Fq (%) Conc.  Fq (%) Conc.  Fq (%) Conc.  Fq (%) Conc.  

E1 67 201 ± 427 79 548 ± 1062 86 1687 ± 4831 77 902 ± 1827 

E3 10 1 ± 2 21 4 ± 9 21 32 ± 77 27 1031 ± 3251 

E2! 5 1± 4 21 72 ± 210 25 76 ± 229 23 1019 ± 3433 

E2" 0 0 7 0.3 ± 1 18 19 ± 54 23 628 ± 2082 

E1-3-S  81 7 ± 19 93 37 ± 66 93 86 ± 204 95 111 ± 292 

E2!-3-S  10 6 ± 28 14 2 ± 8 25 9 ± 38 9 18 ± 85 

E2!-17-S 0 ND 0 ND 0 ND 0 ND 

E3-3-S  10 0.5 ± 2 21 1 ± 3 32 3 ± 9 14 10 ± 43 

E3-17-S  0 ND 0 ND 0 ND 0 ND 

E1-G  38 44 ± 174 57 64 ± 140 75 83 ± 221 64 225 ± 934 

E2!-17-G  0 ND 7 28 ± 104 0 ND 0 ND 

E3-3-G  5 1 ± 4 21 1 ± 3 21 1 ± 5 18 16 ± 62 

P4 95 1447 ± 1906 100 1859 ± 1691 100 2638 ± 3695 100 533 ± 911 

T 57 2 ± 3 50 7 ± 12 64 8 ± 11 23 10 ± 28 

11KT 62 17 ± 50 50 17 ± 37 50 12 ± 21 55 9 ± 14 

EPI 14 1 ± 4 21 1 ± 2 18 2 ± 5 18 1 ± 2 

AN 95 68 ± 82 100 175 ± 227 100 120 ± 133 91 35 ± 34 

T-S  10 2 ± 8 29 2 ± 5 25 1 ± 3 18 4 ± 11 

AN-S  86 335 ± 1189 86 1287 ± 3983 100 344 ± 839 95 893 ± 3174 

T-G 10 1 ± 3 43 7 ± 15 7 1 ± 6 0 ND 

DAI 100 20630 ± 37258 100 19440 ± 20778 100 13380 ± 28987 100 37053 ± 68887 

GEN 100 17873  ± 31403 100 30007 ± 38231 100 17906 ± 46883 100 36212 ± 50639 

EQU 95 14850 ± 41002 100 35684 ± 148055 96 24414 ± 105740 100 132609 ± 325939 

COU 10 33 ± 117 21 9 ± 19 7 4 ± 18 27 12 ± 26 

FOR 86 481 ± 1050 93 797  ± 1004 93 360 ± 854 95 583 ± 942 

BIO 10 0.010 ± 0.03 36 68 ± 135 11 16 ± 76 45 324 ± 1126 

EEQ 100 36 ± 59 100 96 ± 184 100 4017 ± 12639 100 17466 ± 53759 

 



! "#$!

Table E.2: Detection frequency (Fq) and average concentration +/- standard deviation of all analytes in feces (ng/kg dry 

mass), including EEQ in the YES assay. 

 Breeding Heat Check Gestation Farrowing 

 n = 18 n = 18 n = 30 n = 18 

 Fq (%) Conc.  Fq (%) Conc.  Fq (%) Conc.  Fq (%) Conc.  

E1 89 3440 ± 8979 72 2409 ± 5204 83 4657 ± 7197 94 51952 ± 89558 

E3 33 3256 ± 5625 22 2422 ± 6320 37 3097 ± 5604 56 29641 ± 49342 

E2! 28 850 ± 2581 17 687 ± 2011 47 1675 ± 2725 56 17384 ± 31921 

E2" 22 742 ± 2816 17 203 ± 498 43 2555 ± 4473 67 11227 ± 18789 

E1-3-S  67 24 ± 51 72 36 ± 99 87 14 ± 10 83 81 ± 85 

E2!-3-S  0 ND 0 ND 0 ND 0 ND 

E2!-17-S 6 20 ± 85 22 57 ± 196 0 ND 67 8253 ± 20227 

E3-3-S  0 ND 0 ND 0 ND 0 ND 

E3-17-S  22 196 ± 431 22 139 ± 347 20 139 ± 406 50 5526 ± 8010 

E1-G  0 ND 0 ND 0 ND 0 ND 

E2!-17-G  0 ND 0 ND 0 ND 0 ND 

E3-3-G  0 ND 0 ND 0 ND 0 ND 

P4 100 81202 ± 129174 100 74966 ± 118289 100 83082 ± 85322 94 138342 ± 211554 

T 39 356 ± 522 44 338 ± 497 23 221 ± 494 72 1576 ± 1444 

11KT 17 310 ± 1105 22 213 ± 475  37 364 ± 718 67 7859 ± 22355 

EPI 0 ND 0 ND 0 ND 0 ND 

AN 94 1051 ± 1590 72 1558 ± 5358 93 505 ± 344 89 11661 ± 17835 

T-S   0 ND 0 ND 0 ND 0 ND 

AN-S  11 139 ± 407 6 1 ± 4 10 81 ± 316 0 ND 

T-G 0 ND 0 ND 0 ND 0 ND 

DAI 100 8865 ± 13834 100 4634 ± 3803 100 3933 ± 5912 100 31968 ± 43564 

GEN 100 13859 ± 22475 94 4246 ± 5086 83 3499 ± 4191 94 24916 ± 41763 

EQU 100 3211916 ± 5488742 100 998444 ± 973245 100 703456 ± 506108 100 4388888 ± 6112194 

COU 100 3134 ± 4598 100 3100 ± 5298 77 2359 ± 4875 94 4174 ± 5149 

FOR 50 426 ± 863 44 116 ± 243 10 111 ± 342 50 1179 ± 3545 

BIO 0 ND 0 ND 0 ND 0 ND 

EEQ 89 2296 ± 5930 94 3626 ± 9291 93 3512 ± 6735 94 46733 ± 64199 
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Table E.3: Average concentrations +/- coefficient of variation (CV) of analytes in barn flush aqueous and solid phases, 

including EEQ in the YES assay. Concentrations are listed as ng/l aqueous phase, and ng/kg (dry mass) solid phase. 

!

 Barn Flush Aqueous Phase (ng/l) Barn Flush Solid Phase (ng/kg dry mass) 

 Breeding Heat Check Gestation Farrowing Breeding Heat Check Gestation Farrowing 

 n = 3 n = 3 n = 6 n = 3 n = 3 n = 3 n = 6 n = 3 

E1 2599 ± 101% 3093 ± 107% 8858 ± 122% 2449 ± 68% 567333 ± 51% 810333 ± 35% 1309166 ± 70% 
1200000 ± 

82% 

E3 55 ± 52% 78 ± 51% 112 ± 86% 81 ± 51% 198666 ± 57% 207333 ± 32% 349833 ± 96% 144000 ± 58% 

E2B 61 ± 78% 37 ± 45% 108 ± 76% 301 ± 80% 173666 ± 75% 242333 ± 59% 351500 ± 67% 214918 ± 86% 

E2a 205 ± 109% 217 ± 115% 388 ± 96% 247 ± 71% 49000 ± 17% 51000 ± 97% 85000 ± 46% 67593 ± 85% 

P4 78 ± 159% 148 ± 151% 324 ± 97% 401 ± 173% 18100 ± 85% 24333 ± 6% 50166 ± 47% 5933 ± 87% 

T ND ND ND 11 ± 173% ND ND ND ND 

AN 20 ± 93% 15 ± 73% 12 ± 36% 71 ± 168% 1466 ± 173% 2066  ± 89% 1466 ± 117% 2466 ± 173% 

E1-3-S ND ND ND ND 61 ± 106% 100 ± 173% 354 ± 132% 214 ± 161% 

AN-S 0.3 ± 173% 0.4 ± 150% 8 ± 214% ND ND ND ND ND 

DAI 52 ± 107% 16 ± 106% 76 ± 184% 38 ± 123% 48000 ± 149% 17000 ± 106% 103533 ± 230% 16833 ± 156% 

GEN 75 ± 90% 0.3 ± 173% ND 0.3 ± 173% 5500 ± 88% 7666 ± 87% 3800 ± 109% 8666 ± 90% 

EQU 35066 ± 165% 117000 ± 55% 50750 ± 27% 145000 ± 33% 7490000 ± 168% 29666666 ± 74% 
78033333 ± 

125% 

123666666 ± 

145% 

COU ND ND ND ND 22166 ± 156% 1166 ± 99% 684 ± 96% 1367 ± 99% 

FOR 17 ± 124% 13 ± 153% 11 ± 222% 0.1 ± 173% 997 ± 125% 60 ± 173% 965 ± 211% 310 ± 173% 

BIO ND ND ND ND 33 ± 173% 47 ± 173% 53 ± 155% 123 ± 173% 

EEQ 1843 ± 76% 1713 ± 80 5640 ± 103% 3864 ± 115% 367887 ± 35% 559681 ± 70% 682267 ± 57% 624240 ± 48% 
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Table E.4:  Percent contribution of each analyte ± CV to the EP across all operational units of the farm. For barn flush, 

lagoon slurry, and lagoon sludge, the percentage is representative of the whole sample (aqueous + solid phases). For soil, 

the percentage represents an average of the first 8 days following land application. *AN had no activity in the T47D-KBluc 

assay. **The relative potency of E3-17-S was not quantified in the T47D-KBluc assay. 

 Urine Feces Barn Flush Slurry Sludge Soil (days 1-8) 

E2! 5.4 ± 327% 16 ± 141% 28 ± 48% 5.0 ± 54% 15 ± 68% 4.9 ± 109% 

E1 66 ± 63% 43 ± 63% 69 ± 14% 94 ± 3% 84 ± 12% 94 ± 6% 

E2" 0.064 ± 556% 0.46 ± 166% 0.31 ± 43% 0.44 ± 41% 0.30 ± 58% 0.53 ± 316% 

E3 0.035 ± 356% 0.48 ± 210% 0.19 ± 49% 0.050 ± 32% 0.075 ± 77% 0.54 ± 255% 

T 0.0047 ± 405% 0.0011 ± 244% 0.00000088 ± 387% ND ND ND 

11KT 0.0085 ± 315% 0.0050 ± 672% ND 0.0000029 ± 683% ND 0.000041 ± 426% 

EPI 0.00099 ± 449% ND ND ND ND ND 

AN 0.0044 ± 244% 0.00034 ± 331% 0.00000042 ± 326% 0.0000024 ± 290% 0.00000021 ± 130% N/A* 

E1-3-S 0.079 ± 194% 0.0096 ± 363% 0.00046 ± 132% 0.000023 ± 90% 0.000080 ± 154% 0.037 ± 280% 

E1-3-G 0.20 ± 296% ND ND ND ND ND 

E2!-3-S 0.00065 ± 659% ND ND ND ND ND 

E2!-17-S ND 0.00017 ± 444% ND 0.0000000026 ± 507% ND 0.00000020 ± 291% 

E2!-17-G 0.010 ± 921% ND ND ND ND ND 

E3-3-S 0.000014 ± 368% ND ND ND ND ND 

E3-17-S ND 0.00037 ± 343% ND ND ND N/A** 

E3-3-G 0.00016 ± 732% ND ND ND ND ND 

T-S 0.00000037 ± 781% ND ND ND ND ND 

AN-S 0.14 ± 673% 0.00022 ± 728% 0.00000000058 ± 268% 0.00000012 ± 283% 0.0000000018 ± 222% 0.000068 ± 362% 

T-G 0.000068 ± 677% ND ND ND ND ND 

DAI 0.079 ± 176% 0.00043 ± 185% 0.0000030 ± 142% 0.0000025 ± 84% 0.00000076 ± 143% 0.0080 ± 240% 

GEN 22 ± 164% 0.13 ± 211% 0.00027 ± 127% 0.000096 ± 412% 0.000073 ± 131% 0.00035 ± 274% 

EQU 5.3% ± 236% 37 ± 98% 3.1 ± 225% 0.23 ± 217% 0.038 ± 147% 0.17 ± 223% 

COU 0.15 ± 532% 2.6 ± 193% 0.0050 ± 219% 0.000033 ± 154% 0.000065 ± 193% 0.0054 ± 127% 

FOR 0.0024 ± 197% 0.000027 ± 340% 0.00000024 ± 127% 0.00000052 ± 518% 0.00000018 ± 127% 0.000060 ± 141% 

BIO 0.0014 ± 377% ND 0.00000049 ± 195% ND ND 0.00040 ± 138% 
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Appendix F 

Supporting Information for Chapter 5 

 

Medaka Culture: Japanese medaka (Oryzias latipes) used in this study were obtained 

from the breeding colony at NCSU Environmental and Molecular Toxicology. Fish care and 

maintenance in this colony was provided daily in accordance with NCSU IACUC-approved 

animal protocol (NCSU# 07-183-B). Broodstock were housed in a charcoal filtrated and UV-

treated recirculating aquatic system. Water temperature and pH were monitored daily and 

maintained at ~25°C +/- 2°C and ~7.4, respectively, and broodstock were maintained under a 

strict light:dark cycle of 16:8 hours. Dry food (Otohime B1, Reed Mariculture, Campbell, 

CA) was fed several times per day via automated feeders with once daily supplementation of 

newly-hatched Artemia nauplii.  

 

Quantitative Real-time PCR (qPCR): Primer sequences, amplicon sizes, and sources of 

primer sequences (if applicable) are listed in Table F.1. All primers were verified to have 

approximately equal efficiencies (90-100%) using a serial dilution of cDNA.  

qPCR was performed in 96-well Optical Reaction Plates (Applied Biosystems) using the 

ABI 7300 Real-Time PCR system. Each 25 !L qPCR reaction mixture consisted of 12.5 !L 

SYBR Green PCR Master Mix (Applied Biosystems); 1 !L forward primer (10 !M); 1 !L 

reverse primer (10 !M); 8.5 !L of sterile, nuclease-free water; and 2 !L of cDNA template. 

cDNA concentrations used were 0.75 ng/!L for Vtg, Chg, and housekeeping genes, and 7.5 
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ng/!l for mER genes. Each reaction was performed in triplicate. qPCR conditions were as 

follows: 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles of 15 seconds at 

95°C and 1 minute at 60°C.  

 

Ligand Binding Assay: Bacterial expression systems: Plasmid constructs containing full-

length medaka (m) ER", mER#1, and mER#2 coding sequences were provided to our 

laboratory by the laboratory of Dr. Taisen Iguchi. To produce heterologous proteins for use 

in ligand binding assays, these cDNA were subcloned into pET-32a(+) vectors for expression 

in BL21(DE3)PLyss chemically competent E. coli cells. Transformed cells were grown in 

LB media (50 mg/L ampicillin) at 37°C with shaking at 200 rpm until the cells reached an 

approximate density of 0.5 – 0.8 at OD600. Translation was then induced through addition of 

1 mM isopropyl-b-d-thiogalactopyranoside, with 20 !M ZnCl2 added to aid in ER protein 

folding, and cells were moved to incubation at 25°C with shaking at 200 rpm for 3 hours to 

allow protein expression to occur. Cells were then centrifuged at 4600 rpm for 30 minutes at 

4°C, supernatant was discarded, and pellets were stored at -80°C.  

From frozen pellets, cell lysate was prepared for use in the assays as described by Hawkins 

et al.1 Cells were weighed and then resuspended in ice-cold assay buffer (20 mM HEPES, 

150 mM NaCl, 10% wt/vol glycerol, 1.5 mM EDTA, 6 mM monothioglycerol, and 10 mM 

NaMoO4 in pico-pure water) at a volume of 3.5 ml buffer per gram pellet. Chicken egg white 

lysozyme (Calbiochem, EMD Chemicals, Inc; San Diego, CA) was added to final 
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concentration of 1 mg/ml, and protease inhibitor cocktail III (Calbiochem, EMD Chemicals, 

Inc) was added at a volume of 14 !l per ml of buffer. This mixture was incubated on ice for 5 

minutes, and then sonicated (twelve 1-second bursts at 30% power). The crude lysate was 

centrifuged at 4600 rpm for 30 minutes at 4°C. Resulting supernatant was aliquoted into 

fresh microtubes, and stored at -80°C prior to use in the assays.  

Saturation binding assays: Assays were carried out according to the protocol by Hawkins 

et al.1 For each lysate preparation, the dilution factor of lysate resulting in a saturating 

concentration of 2-3 nM E2" was first determined through preliminary testing (data not 

shown). This dilution factor was then used for both saturation and competition binding 

assays. A dilution series of [3H]E2" was prepared in assay buffer. 350 !l lysate, diluted in 

ice-cold assay buffer, was combined with 50 !l of each prepared dosage of [3H]E2" in 

disposable glass culture tubes (Fisher Scientific, Waltham, MA), resulting in final [3H]E2" 

concentrations ranging between 0.5–19 nM. For each concentration of [3H]E2" tested, 4 !l of 

ethanol or 100 mM diethylstilbestrol (DES) (in ethanol; final concentration of 1 mM) were 

added to duplicate tubes in order to determine total binding and non-specific binding, 

respectively. Tubes were shaken vigorously to mix, and then were incubated overnight in ice 

baths at 4°C. The following day, an equal volume (400 !l) of charcoal buffer (assay buffer 

with 0.1% dextran and 0.5% charcoal) was added to each tube. Tubes were incubated in an 

ice bath for 10 minutes, then centrifuged at 4600 rpm for 10 minutes at 4°C in order to 

precipitate charcoal. The resulting supernatant, containing bound [3H]E2", was transferred to 

scintillation vials (Fisher Scientific, Waltham, MA), and 5 ml of Scintisafe Econo 
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scintillation fluid (Fisher Scientific, Waltham, MA) was added. [3H] was then measured 

using a Beckman LS 6500 scintillation counter. Specific binding was calculated as the 

difference between total and non-specific binding [in disintegrations per minute (DPMs)] for 

each concentration of [3H]E2!. One-site hyperbolic binding curves were fit, and Kd for 

specific binding to each receptor was then determined using GraphPad Prism software. 

Assays were performed at least twice in order to calculate final Kd values. 

Competitive ligand binding assays: Assays were carried out according to the protocol by 

Hawkins et al.1 In disposable glass culture tubes, 350 "l of diluted lysate was incubated with 

50 "l of a saturating concentration of [3H]E2! (final concentration of 2-3 nM, determined 

from saturation analysis) and a range of competing analyte concentrations. 4 "l of competitor 

was added to duplicate tubes; final concentrations of steroidal estrogen competitors ranged 

between 100 fM to 10 "M depending upon the compound, while the final concentration 

factor of swine lagoon extract competitor ranged from 5.33 to 5.33e-6. Ethanol and DES 

controls were included for each curve in order to determine total binding and non-specific 

binding, respectively. Tubes were incubated in ice baths at 4°C, and [3H] was measured in 

the bound fraction as described above.  

For data analysis, specific binding was determined for each concentration of competitor by 

subtracting the value for non-specific binding. The specific bound level for each 

concentration of competitor was then expressed as a percentage of maximal specific bound. 

Sigmoidal competition curves were fit, and the concentration of each steroidal estrogen 

competitor that inhibited 50% of [3H]E2! binding (IC50), or the concentration factor of 
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lagoon extract which inhibited 50% of [3H]E2! binding (CF50), was determined for each 

mER using GraphPad Prism software. For each steroidal estrogen competitor, relative 

binding affinity (RBA) was also calculated for each receptor as the ratio of the IC50 of E2! to 

the IC50 of each steroidal estrogen. Each assay was performed at least twice in order to 

calculate final IC50, and CF50 values. 

It was observed that the top and bottom of the competition curves did not always 

correspond exactly with 100% and 0%, respectively. This was particularly evident for the 

lagoon extract, for which the competition curve leveled out somewhat above 0% (see Figure 

5.5); perhaps due in part to interference from unknown compounds in the lagoon matrix, or 

due to the presence of weak binders such as phytoestrogens. As a result, IC50 calculated 

directly from these curves would not necessarily correspond to 50% bound, and thus would 

not be correct for comparison between receptors and between competitors. Therefore, an 

alternative approach was taken in order to more accurately calculate the IC50 and CF50 values, 

without artificially constraining the curves. The concentration (or concentration factor) of 

competitor that inhibited 50% of [3H]E2! binding was first determined by constraining the 

top of the curve to 100 and the bottom of the curve to 0. The top/bottom constraints were 

then removed from the curve, and it was determined which value “F” on the y-axis of the 

unconstrained curve corresponded with the concentration that inhibited 50% of binding. ICF 

was then calculated from the unconstrained curve using the GraphPad Prism “Find 

ECanything” equation. This value is reported as IC50 or CF50 in the main text. Through this 

approach, the IC50 and CF50 values more accurately represent the concentration that inhibited 
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50% of [3H]E2!  binding, rather than simply the value halfway between the top and bottom 

of the unconstrained curve. 
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    Table F.1: Primer sequences used for qPCR amplification. 

Gene Forward Sequence (5'-3') Reverse Sequence (5'-3') 
Amplicon 

Size (bp) 
Reference 

Vtg-1 ACTCTGCTGCTGTGGCTGTAG AAGGCGTGGGAGAGGAAAGTC 85 Zhang et al. 20082 

Vtg-2 TCGCCGCAAGAGCAAGAC CTGGAGGAGCTGGAAGAACTG 150 Zhang et al. 20082 

Chg-L TCCTGTCTCTGACTCTGAATGG GCTTGGCTCGTCCTCACC 137 Zhang et al. 20082 

Chg-H TGGCAAGGCACTGGAGTATCAC CTGAGGCTTCGGCTGTGGATAG 143 Zhang et al. 20082 

Chg-Hm GGAGCCATTACCAGGGACAG AAGTTCCACACGCAAGATTCC 143 Zhang et al. 20082 

mER! ATCGCTCCCGGTTCTATATCAG AAGCATCACCTTGTCCCAAC 188  

mER"1 ACCACCTGCACTGCATGAAGA TGCTGGTAGTCCAGGCTTT 195  

mER"2 TGACAGCTTCTCTGACCAGCA CACTGATCTGGCGAGATGTAAC 222  

18S CGTTCAGCCACACGAGATTG CCGGACATCTAAGGGCATCA 56 Zhang et al. 20073 
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Figure F.1: Concentration-response curves for stock solutions in the YES assay. (A) 

Estrogenic activity of steroidal estrogen stock solutions, plotted with the actual 

concentrations of ligand on the x-axis. (B) Estrogenic activity of the swine lagoon 

extract, plotted with extract concentration factor on the x-axis. (C) Estrogenic activity 

of all stocks, plotted with EEQ on the x-axis, demonstrating that all stocks are of equal 

potency ± 5% in the YES assay. All graphs are mean ± standard deviation (n = 3 or 4). 
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A preliminary round of soil sampling was conducted in Spring 2010. To ascertain residual 

levels of analytes in the soil, an initial sampling of this field was conducted on December 5, 

2009. At that time, the field had just been harvested of a crop of soybeans; soil was freshly 

plowed and fallow, and had not received a land application of slurry in several months. 

Sampling recommenced following the land application of lagoon slurry by the AFO 

managers, which was performed on March 17, 2010. Samples were collected the day of land 

application (day 0), 1 day post-application (day 1), 7 days post-application (day 7), and 2 

months post-application (day 60). On each sampling date, soil was collected from 13 

coordinates across a broad transect of the sprayfield. At each coordinate, a 30 cm soil core 

was collected. All soil cores were divided into upper (0 – 15 cm) and lower (15 – 30 cm) 

fractions for analysis, in order to measure any possible downward migration of estrogens 

through the soil. Samples were processed, extracted, and analyzed as described in Chapter 4.  
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On the day that slurry was applied, E1 was detected in the top half of the soil core at levels 

ranging from 729 to 1414 ng/kg (av 1301 ng/kg), and remained at approximately the same 

level (592 – 2078 ng/kg; av 1347 ng/kg) in soil samples collected the following day. Levels 

of E1 were attenuated to approximately 30% of their initial levels by day 7 (155 – 788 ng/kg; 

av 352 ng/kg), and to approximately 10% of initial levels by day 60 (11 – 381 ng/kg; av 139 

ng/kg). Over the course of the successive samplings, concentrations of E1 in the bottom half 

of the soil core remained at approximately 10% of the levels detected in the top half of the 

core, indicating that E1 has minimal downward mobility in the soil. 

Other steroid hormones in the soil included AN, P4, and the conjugated species E1-3-S, 

E2!-17-S, and AN-S. All of these compounds were present at lower levels relative to E1. 

Interestingly, these compounds did not demonstrate the same magnitude of attenuation in the 

bottom half of the soil core that was observed for E1, suggesting that these compounds may 

have somewhat enhanced mobility to lower soil depths. Additionally, none of these 

compounds exhibited the monotonic decrease in concentration that was observed for E1, but 

rather were detectable at consistent levels over the duration of the sampling period.  

Phytoestrogens: Phytoestrogen concentrations in soil during this sampling period are 

displayed in Figure G.3. Prior to the land application of slurry, antecedent levels of DAI, 

GEN, COU, FOR, and BIO were present at considerable levels, likely as residues from the 

soybean crop that was just harvested from the field. EQU, on the other hand, was sparse in 

soil prior to the manure land application, but abundant in the top half of the soil core on day 0 

(23,000 – 96,000 ng/kg; av 60,000 ng/kg) and day 1 (24,000 – 110,000 ng/kg; av 62,750 
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ng/kg). By day 7, EQU levels in the top half of the soil core dropped to levels between 3900 

– 19,000 ng/kg (av 9592 ng/kg), and were present at 210 – 16,000 ng/kg (av 3879 ng/kg) on 

day 60. On all sampling dates, EQU levels were dramatically lower in the bottom half of the 

soil core relative to the top half, indicating limited downward mobility of this compound.  

Other phytoestrogens were present in soil following land application; however, levels of 

these compounds were considerably lower than the residual levels in the freshly plowed 

soybean field that was sampled as “background” in December 2009. Therefore, based on our 

sampling design, the persistence of manure-borne DAI, GEN, COU, FOR, and BIO in soil 

could not be determined.  

Estrogenic Activity in Soil (T47D-KBluc Results): Soil EEQs are displayed in Figure 

G.4. T47D-KBluc results indicated that antecedent EEQs in the top half of the soil core (57 - 

513 ng/kg; av 221 ng/kg) rose to levels of 1463 – 2255 ng/kg (av 1843 ng/kg) on day 0, and 

444 – 3455 ng/kg (av 2017 ng/kg) on day 1. EEQs were attenuated to levels of 108 – 843 

ng/kg (av 403 ng/kg) on day 7, and 25 – 586 ng/kg (av 180 ng/kg) on day 60. As was 

observed for E1 and EQU, EEQs were dramatically lower in the bottom half of the soil core 

relative to the top half.  

Lessons Learned from Preliminary Soil Sampling: Several observations in this round of 

sampling contributed to our design of the Spring 2011 round of sampling: 

• In Spring 2010, it was observed that levels of E1, EQU, and corresponding EEQs 

were dramatically attenuated between day 1 and day 7 post-application. From this 
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observation, it was concluded that more sampling dates between days 1-7 should be included 

in order to better capture the attenuation rate during this time period. Therefore, in 2011, we 

collected samples daily during the first 8 days following land application, and returned at 

regular intervals thereafter.  

• In Spring 2010, it was observed that concentrations of many compounds were much 

lower in the bottom half of the soil core relative to the top half, indicating that analytes had 

limited downward mobility in the soil of this field. Additionally, as discussed in Chapter 4, 

the top 1 cm of soil is generally considered to be the most susceptible stratum of soil to 

surface runoff. Therefore, in Spring 2011, we elected to collect soil from the top 1 cm in 

addition to collecting the soil core. Although a full 30 cm soil core was collected in Spring 

2011 (same as in the preliminary Spring 2010 sampling), only the top 15 cm was assessed in 

Spring 2011 due to time constraints. 

• Finally, one flaw in our Spring 2010 sampling design is that “background” soil 

samples were collected three months prior to the land application of manure. We determined 

that, as a reference point for residual analyte levels in the field, it would be more appropriate 

to collect soil immediately prior to slurry land application. Thus, in Spring 2011, 

“background” soil samples were collected just several days prior to the land application of 

slurry. 
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