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ABSTRACT: Runoff from manure-fertilized crop fields constitutes a significant source of natural estrogens (e.g., estradiol [17/-
E2] and estrone [E1]) and synthetic estrogen mimics (e.g., zeranol [@-ZAL] and zearalanone [ZAN]) in the environment.
However, processes such as sorption to and uptake by plants may inhibit the environmental mobility of hormonally active
compounds. Sorption to dried root tissue was assessed in batch sorption tests, and resulting sorption isotherms were nonlinear at
aqueous concentrations below 0.1 #M and linear above that limit. To evaluate the role of crop plants in the environmental fate of
such compounds, we exposed hydroponic solutions containing 2 yM 17f-E2, E1, a-ZAL, or ZAN to maize seedlings. After 22
days of exposure, @-ZAL and ZAN concentrations decreased by more than 96%, and 174-E2 and E1 were undetectable. The
decrease in a-ZAL and ZAN concentrations in maize-exposed solutions was initially slow, but the observed uptake exceeded that
predicted by sorption alone within 3 d. All four estrogens were detected in root tissues at concentrations up to 0.19 umol g™,
with concentrations peaking after 1—-3 days of exposure. Only 176-E2 and a-ZAL were detected in shoots, and maximum
concentrations were measured after 2 days for 174-E2 (0.02 umol g™') and 16 days for a-ZAL (0.8 nmol g™'). Concentrations
measured in root and shoot tissues were 82% or less than those predicted by a partition-limited uptake model, which is attributed
to transformation and possibly irreversible binding processes.
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B INTRODUCTION

It is estimated that two-thirds of beef cattle raised in the United
States are given hormonally active growth promoters to
accelerate muscle gain and increase feed efficiency.' Livestock
growth promoters approved for use in the U.S. include both
natural hormones and synthetic mimics.” Hormonal growth
promoters and endogenous hormones are excreted in livestock
wastes and may enter the environment via pathways such as
spillover from waste lagoons and runoff from manure-fertilized
crop fields. These hormonally active compounds may have
significant deleterious effects in the environment. For example,
estrogens can feminize male fish and reduce fertility and
fecundity in wild fish populations at concentrations as low as 10
ng L2

Among the growth promoters that are approved for use in
the U.S. are a natural estrogen, 17f-estradiol (17f-E2), and its
synthetic mimic, zeranol (a-zearalanol, @-ZAL). In mammals
and aerobic microbes, the major metabolites of 174-E2 and a-
ZAL are estrone (E1) and zearalanone (ZAN; Figure 1),
respectively.”* Because they are endogenous hormones, 17-E2
and El are present in the excreta of all livestock (5—10 ng of
estrogens per grams of manure of untreated cattle), regardless
of whether the animals are treated with 174-E2. Conversely, a-
ZAL and ZAN have only been detected in the wastes of treated
animals (@-ZAL at up to 5.81 ng ¢! with 36 mg dose, before
72 mg doses were approved; e.g., refs 5,6). 174-E2, E1, and a-
ZAL have been detected in surface waters impacted by livestock
agriculture (e.g., refs 7—10), and 176-E2 has been measured in
agricultural runoff at concentrations high enough to impact
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aquatic organisms 3 months after application of manure
fertilizer.”

The environmental mobility and fate of manure-borne
estrogens can be attenuated by processes such as soil sorption'’
and uptake by plants and soil- and plant-associated microbes.'>
Field studies have demonstrated that grass buffer strips reduce
the concentration of 174-E2 in agricultural runoff,"*> and uptake
of 176-E2 and El by aquatic and terrestrial plants has been
observed."*™"” However, the uptake of natural and synthetic
estrogens by crop seedlings, the first plants with which manure-
borne contaminants interact, has not been previously studied.

The aim of this work was to evaluate the role that maize
seedlings serve in the environmental fate of 174-E2, E1, a-ZAL,
and ZAN. Specifically, we examined the uptake of estrogens
from hydroponic solutions by maize seedlings and translocation
of estrogens into root and shoot tissues. We further
characterized the sorption behavior of the estrogens to root
tissues to estimate the role of sorption in the observed removal
of estrogens from hydroponic solution by fitting the
experimental uptake data to a sorption-limited uptake model.
These results will contribute to a complete understanding of
the role of crop seedlings in the environmental fate of manure-
borne estrogens and estrogen-mimicking compounds.
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Figure 1. Structures of estrogens and estrogen mimics used in this study.

B MATERIALS AND METHODS

Chemicals. 174-E2 (98%), E1 (99%), and ZAN (98%) were
obtained from Sigma-Aldrich, Inc. (St. Louis, MO). a-ZAL was
extracted and purified from Ralgro Magnum (Schering-Plough Animal
Health Corp., Union, NJ) (see the Supporting Information). Other
chemicals, including HPLC solvents, were purchased from VWR
International (Radnor, PA).

Hydroponic Uptake. Uptake of 174-E2, E1, @-ZAL, and ZAN was
evaluated with maize seedlings (Zea mays, Golden Cross Bantam
[Hybrid]; Ferry-Morse Seed Co, Fulton, KY). Seeds were surface-
sterilized by a 5 min soak in Milli-Q water (Millipore, Billerica, MA),
two rinses in Milli-Q water, 1 min soak in hydrogen peroxide (30%),
and three rinses in Milli-Q water. The seeds were then placed onto
dampened filter paper in glass Petri dishes, which were sterilized by
autoclave (Tuttnauer USA, Hauppauge, NY), and germinated in the
dark for 4 d.

Uptake experiments were conducted by growing maize seedlings in
hydroponic solutions of estrogens. Solutions of target estrogens were
prepared from methanol stock solutions in half-strength Hoagland’s
nutrient solution (pH 6.8),"® for an initial concentration of 2 uM 17-
E2, El, a-ZAL, or ZAN. Autoclaved 9 mL glass vials were filled with
estrogen or blank control solutions and capped with plastic open-top
caps containing Teflon septa (National Scientific, Rockwood, TN)
with 3 mm holes. One seedling was then placed into the hole in each
cap such that the roots were in the solution and the kernel was situated
on top of the septum (Figure SI-2). There were four replicates per
treatment, including blank controls containing no estrogens and
glassware controls containing no plant. All vials were wrapped in foil,
with the cap and plant exposed, and placed under plant growth lights
(Ecolux Plant and Aquarium, GE, Louisville, KY; a similar setup yields
150—300 pmol s™' m™2) with a 16 h photoperiod. To maintain water
levels, vials were refilled daily with Milli-Q water to not concentrate
salts in the solutions (dilution was taken into account in mass
balances). Plants were grown at room temperature for up to 18 d.

Plants were destructively sampled at given time points. The aqueous
phases were filtered using Gelman type A/E glass fiber filters with 0.6
um pore size (Pall Corp.) and collected for analysis by reverse-phase
high-pressure liquid chromatography (RP-HPLC). Roots were rinsed
in Milli-Q and blotted dry, and then roots and shoots (including the
kernels) were weighed, ground in liquid nitrogen, and extracted in 1.5
mL of methanol at room temperature overnight. Methanol extracts
were filtered, and estrogen concentrations were analyzed by RP-
HPLC.

Sorption to Root Tissues. The role of sorption to root tissues in
estrogen removal from hydroponic solutions was assessed in batch
sorption tests similar to those conducted by Li et al."” Sorption was
assessed as a function of time in kinetics studies and as a function of
concentration in isotherm studies. Dried plant tissue was used as a
sorbent to isolate the effects of abiotic (i.e., sorption) processes in
reducing estrogen concentrations from the biotransformation
processes that occur in live tissue. The roots of approximately 40
(18-d old) maize seedlings were rinsed in Milli-Q water, blotted dry,
and dried overnight at 90 °C. Dried roots were then cut into
approximately 2 mm pieces, and 10 mg of dried tissues was placed into
each of a series of S0 mL Corex centrifuge tubes. Estrogen solutions
were prepared in half-strength Hoagland’s solution (pH 6.8) with
initial concentrations between 3 and 0.01 M, and 25 mL aliquots of
estrogen solutions were added to each tube. Blank and glassware
controls were also prepared, and all samples were prepared in
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duplicate. Samples were shaken at room temperature on a
reciprocating shaker (Elderbach Corp., Ann Arbor, MI) on “low”
setting, and, at given time points, the aqueous phases were filtered as
described above and analyzed by RP-HPLC. Isotherm samples were
collected after 27 h. Because of the very low root masses used for each
isotherm, we were unable to completely remove all of the associated
aqueous phase without also compromising the sorbent and solute such
as accidental loss of sorbent or loss of solute through the drying
process for extraction and mass balance purposes. Further, estrogen
concentrations did not change significantly in glassware controls, and
no transformation products were detected in any sample in the
sorption experiments. Thus, sorption to root tissues is the only
significant factor in changing estrogen concentrations, so the mass of
estrogen sorbed was assumed to be the difference between initial and
measured masses of estrogens in the aqueous phase.

RP-HPLC Analysis of Estrogen Concentrations. Estrogen
concentrations were quantified using RP-HPLC (1515 isocratic
pump and 717plus autosampler, Waters Corp., Milford, MA) with
UV—vis detection (Waters 2487 dual A absorbance detector) and a
Waters Sunfire C18 column. Injection volumes were 150 uL, and the
mobile phase was 50:50 v/v acetonitrile:water with 1 mL min~! flow
rate. Detection wavelengths were 280 nm (174-E2), 265 nm (E1), and
220 nm (a-ZAL and ZAN). Under these conditions, the limits of
detection and quantification (LOQ) were 0.001 uM (0.27—0.32 ng
mL™").

Estimation of Equilibrium. Uptake and root sorption data were
fitted to the partition-limited model proposed by Chiou et al.>° The
approach to equilibrium partitioning between the hydroponic solution
and plant tissue (@) is expressed as a ratio of the concentration in the
sap water to the aqueous concentration, and was estimated using the
equation:

Cht
Cw (fpom Kpom

apt =

+£.)

pw

(1)

where C, is the estrogen concentration in the plant (umol kg wet
weight™'; calculated by summing the concentrations of estrogens
measured separately in the roots and shoots); C,, is the concentration
in the hydroponic solution (UM); o is the weight fraction of organic
matter in the plant; f,, is the whole-plant weight fraction of water
(where Spom and f,, sum to 1.0); and Ko is the partition coefficient
between plant organic matter and water determined from root tissue
sorption isotherms.*

B RESULTS AND DISCUSSION

Uptake from Hydroponic Media. It was predicted that
176-E2, E1, a-ZAL, and ZAN would be bioavailable to plants
because they are moderately hydrophobic (octanol—water
partition coefficient [log K] values between 3.5 and 4.1)
(see refs 11,12, Table 1, Table SI-1). Indeed, these natural and
synthetic estrogens were rapidly removed from hydroponic
solutions exposed to maize seedlings (Figure 2; Table SI-2).
After 22 d of exposure to maize seedlings, a-ZAL and ZAN
decreased by a respective 99% and 96%, while 174-E2 and E1
were undetectable after 12 and 18 d of exposure, respectively.
Aerobic conditions were maintained in the hydroponic
solutions throughout the study period (Figure SI-3, Table SI-
3). The corn seedlings appeared healthy throughout the
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Table 1. Log K,,, Values, Apparent Rate Constants, and
Linear Fit for Rate Constant Calculation for the First § days
of Hydroponic Uptake by Maize Seedlings

log K, rate constant (d™') R?
17p-E2 3.70 0.549 0.99
El 3.55 0.480 0.97
a-ZAL 3.88 0.237 0.90
ZAN 4.08 0.158 0.89

experimental period, and plant health was demonstrated by
continual increases in biomass (reported in the Supporting
Information) and transpiration. Transpiration was not
quantified but was apparent due to the volume of hydroponic
solution lost on a daily basis from vials containing plants, as
compared to the negligible volume lost on a daily basis from
glassware controls. Glassware controls showed little loss of
estrogens, and estrogens were not detected in any system
blanks.

Because uptake rates were measured with hydroponic
solutions, they are anticipated to be higher than similar uptake
in natural systems where sorption to manure and soil particles
will inhibit uptake by plants. This study was designed to
elucidate the role of maize in the fate of the target estrogens,
and thus the uptake rates from hydroponic systems are seen as
the maximum rate at which maize may remove the estrogens
from solution. Soil-based studies will be completed in the future
to more accurately simulate agricultural systems, including
rhizosphere and sorption processes. In soil, sorption will also
inhibit the bioavailability to other organisms and the environ-
mental mobility of these estrogens, but microbial and
rhizosphere processes will contribute to the overall degradation
rate of estrogens. Our system therefore likely represents the
upper limit of the contribution from maize seedlings to uptake
rates of these compounds.

Uptake resembled pseudo-first-order kinetics for the first 3—
S d of exposure, and we determined apparent rate constants
based on those data (Table 1; Figure SI-4). The observed
removal of parent estrogens from solution likely represents a

series of transformation reactions, with the rate constants
reported here representing the first step in that series. However,
the apparent rate constants should only be considered as
phenomenological values because uptake can be attributed to
many mechanisms (e.g., sorption, transformation, and irrever-
sible binding to plant tissues and conjugating enzymes). The
apparent rate constants demonstrate that 174-E2 and El are
taken up more quickly than @-ZAL and ZAN, with uptake rates
of the natural estrogens roughly 2—4 times greater than those
of the synthetic estrogens over the first 5 d of exposure. This
difference in removal rates may be attributed to differences in
rates of partitioning into plant tissues or degradation by plant
or microbial enzymes. Uptake was not constant throughout the
entire sampling period, and rates slowed beyond S d as aqueous
phase estrogen concentrations decreased.

The rates were inversely related to hydrophobicity
(manifested as aqueous activity coefficient or log K,,,), insofar
as 17f-E2 and E1 as a pair have lower log K,,,, values but larger
rate constants than a-ZAL and ZAN. If removal of estrogens
from solution were dominated by sorption, the rate constants
would be positively related to hydrophobicity. However, the
rates reported here also reflect active uptake by the plant and
loss to transformation, binding, and degradation.

Sorption to Root Tissues. To estimate the role of sorption
in the observed removal of estrogens from the aqueous phase,
partitioning between hydroponic solution and root tissues was
assessed. All four estrogens reached pseudo-equilibrium
between the two phases within approximately 13 h (Figure
SI-S, Table SI-4), but we extended our sorption isotherm
experiments for an additional 14 h (27 h total). Sorption
isotherms were linear at relatively high aqueous concentrations
and nonlinear at low concentrations (e.g., Figure 3; see Figure
SI-6 and Table SI-S for full data set). As was observed with the
apparent uptake rate constants, the measured K, values were
not correlated to the respective log K, values.

It has frequently been observed that more polar solutes
(defined here as those compounds with log K, < 4.0), such as
the analytes used in the present study, exhibit nonlinearity at
low concentrations relative to nonpolar solutes (e.g, refs
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Figure 2. Decrease of aqueous estrogen concentrations in maize-exposed solutions. Error bars represent one standard deviation (SD). Closed
symbols represent maize-exposed samples, and open symbols represent glassware controls of 17/-E2 (A, A), E1 (@, ), a-ZAL (M, O), and ZAN

(®,0).
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Figure 4. Concentrations of 174-E2, E1, a-ZAL, and ZAN in root and shoot tissues in exposed maize seedlings. Error bars represent one SD.

21,22). These patterns are related to both sorbent and solute
properties. For example, the pattern of linearity at mid to high
concentrations and nonlinearity at low concentrations is
consistent with dual-phase soil-based sorption models, which
posit the existence of a low abundance high affinity sorbent and
a much more abundant lower affinity fraction®"** through
which partitioning can occur. The low abundance high affinity
sorbent in soils has been identified by others as black
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22,24,25 6,27 where true

carbon and/or “glassy” carbon phases
adsorption can occur. Once these limited sites are saturated, the
solutes partition linearly into the more abundant “soft” soil
organic matter phases.

Unlike soil sorbents, recently germinated plants lack black or
glassy carbon phases. Nonetheless, nonlinear sorption to plant
cuticles (which are rich in lipids and waxes) has previously been

reported for organic solutes with physicochemical properties

dx.doi.org/10.1021/jf3014074 | J. Agric. Food Chem. 2012, 60, 8264—8271



Journal of Agricultural and Food Chemistry

(umol sorbed [pred.]) (umol removed [obs.])”

Figure S. Change over time of the ratio of estrogen removal from the
line indicates 1:1 ratio.

a-ZAL

Time (d)

aqueous phase predicted by sorption to observed estrogen removal. Dashed

similar to those of our compounds.*® These investigators
reported both linear and nonlinear sorption to different organic
matter fractions isolated from green bell pepper cuticle. The
“non-saponifiable and non-hydrolyzable” cuticle fraction
exhibited the most nonlinear behavior, and these investigators
characterize this component as comprised of aromatic moieties
and “crystalline” aliphatic molecules. We suspect that similar
components in the root tissue (i.e., a very low abundance, high
affinity sorbent) could explain the observed nonlinear sorption
for our samples at the lowest analyte concentrations.”®

Given that lipids compose approximately 2.2% by dry weight
(dw) corn root mass,”® we estimate that roughly 5—12% of the
estrogen load was sorbed to root lipids in the batch tissue
sorption tests (refs 30,31; Table SI-6; see Supporting
Information section 7 for calculations). Conversely, cellulose
accounts for 22.6%>> and starch comprises 6.0% of root mass
(dw).*® Although these carbohydrates comprise a large portion
of root mass, sorption to carbohydrates is estimated to sorb less
than 0.2% of the aqueous estrogen content in sorption tests.
Although these are only coarse approximations, a difference of
1—2 orders of magnitude (0.2% versus S—12%) demonstrates
that lipids likely play a disproportionately large role in sorption
of estrogens to corn root tissues. The remainder of the organic
mass in the roots is comprised of other components (e.g., lignin
and proteins) that can interact favorably with solutes through
linear partitioning mechanisms.

Translocation into Tissues. 174-E2, E1, @-ZAL, and ZAN
were all detected in root tissues, while only the more reduced
form from each pair (ie., 175-E2 and a-ZAL) was detected in
shoot tissues (Figure 4, Table SI-7) at lower concentrations
than in root tissues. The disparity in root and shoot estrogen
concentrations may be attributed to limited translocation or
transformation and irreversible binding of 174-E2 and a-ZAL
in root tissues. Concentrations of 174-E2 in root tissue were 1
order of magnitude greater than E1 concentrations, and 2
orders of magnitude greater than a-ZAL and ZAN concen-
trations. In shoot tissues, 17-E2 concentrations were 1 order
of magnitude greater than a-ZAL concentrations. The lower

tissue concentrations of @-ZAL and ZAN may, in part, explain
the slower uptake rates of these estrogens.

It has previously been reported that compounds with log K,
greater than 3.5 are too hydrophobic to move through vascular
tissue,'> but all of the estrogens in this study have log K,
values above this limit (Table 1). Indeed, the log K,,, of E1 is
the lowest of all of the estrogens in this study, but it was not
detected in shoot tissues. The difference in translocation
between the reduced (174-E2 and a-ZAL) and oxidized forms
(E1 and ZAN) is also not correlated to log K,,. Whereas the
log K, of 17p-E2 is greater than that of E1, a-ZAL is less
hydrophobic than ZAN. There have been efforts to relate
translocation to molecular connectivity indices,** but while the
resulting quantitative structure—activity relationships (QSARs)
may explain differential translocation of the alcohols or ketones,
they do not explain our observations for E1 or ZAN. Thus,
enzymatic activity and/or active exclusion of E1 and ZAN from
the shoots are more likely explanations for this observation.

Estimation of Approach to Equilibrium Partitioning.
We calculated the ratio of estrogen loss predicted by sorption
to observed removal from the aqueous phase (Figure S; Table
SI-8) based on the measured root mass at each time point and
the calculated linear log K,,,,, (aqueous concentrations greater
than 0.1 #M) or concentration-dependent log Kporm based upon
the Freundlich equation (aqueous concentrations below 0.1
uUM; see Supporting Information section 9). For a-ZAL and
ZAN, the ratio of predicted sorption to observed loss was
initially greater than 1.0, meaning that uptake from the aqueous
phase was below that which would be expected from sorption.
We attribute this disparity to a system that is not well mixed, in
contrast to the root sorption isotherms, which were determined
in continuously mixed samples. In the initial days of exposure,
the roots extended less than 1 cm into the 6 cm water columns,
and the samples were not stirred or shaken after the plants had
been placed. After the initial days of exposure to @-ZAL and
ZAN, the ratio decreased to below 1.0 (to approximately 0.5),
indicating that sorption accounted for only part of the observed
removal, while processes such as active translocation, trans-
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Figure 6. Calculated estrogen a, values over time of exposure to maize seedlings.

formation, and binding caused further removal of our analytes
from the system.

The ratios of 175-E2 and E1 removed by sorption to the
observed removal were below one at every time point, and their
uptake rates were faster than those of a-ZAL and ZAN. This
suggests that the natural estrogens are transformed or
mineralized by maize seedlings or the local microbial consortia
more readily than the synthetic estrogen mimics. As 174-E2,
El, and a-ZAL concentrations decreased to levels at which
sorption behavior is concentration-dependent (i.e., fitted to the
Freundlich model), K, values increased approximately 1
order of magnitude, and the observed mass of estrogens
removed from the aqueous phase approached the values
predicted by sorption alone (ie. the ratio of predicted to
observed removal from solution approached 1.0).

Using the partition-limited model developed by Chiou et
al,”® we calculated the approach to equilibrium partitioning
between the hydroponic solution and plant tissue () for each
estrogen over time (Figure 6; Table SI-9), taking into account
the estrogen concentrations in root and shoot tissues, aqueous
estrogen concentrations, and conditional changes in log K, as
calculated from root sorption isotherms. Calculation of a
values for each time point, including the data used in the model
(e.g, plant biomass at each time point), is available in the
Supporting Information. Over the first several days of exposure,
the change in @, closely mirrored the estrogen concentrations
in roots and shoots because C, is the numerator of the ay,
calculation (eq 1). At longer exposure times, decreasing C,, led
to larger a, values for 174-E2, a-ZAL, and ZAN, but this effect
was not observed with E1 because C, decreased to zero. The
largest a,, was calculated for E1 (82% of equilibrium after 6 d
of exposure), followed by a-ZAL (58% of equilibrium after 11 d
of exposure). Conversely, ap, values for 174-E2 only reached
26% of equilibrium. Although 174-E2 concentrations in roots
and shoots were significantly higher than tissue concentrations
of the other estrogens, the 174-E2 tissue concentrations peaked
very early in the study time. Subsequently, 178-E2 aqueous
concentrations decreased in the tissues to relatively low
concentrations, and a,, never exceeded 26%. Finally, ZAN a,,
values were 2 orders of magnitude lower throughout the 22 d of
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exposure, due to its slower uptake rate and lower root tissue
sorption.

Continual rapid transformation and irreversible binding of
estrogens in plant tissues prevented us from observing true
equilibrium partitioning of 174-E2, El, a-ZAL, and ZAN in
these systems. Even without the confounding factors of
transformation and binding, however, equilibrium partitioning
would not be expected using this experimental design. Whereas
a constant aqueous estrogen concentration would be required
to approach steady-state, near-equilibrium partitioning," the
seedlings in the present study were exposed to only one initial
pulse of estrogens. Further, the seedlings grew throughout the
experiments, and their biomass changed rapidly over the 3
weeks of sampling. For compounds that are slowly taken up,
such as ZAN, this continual increase in biomass prevents the
system from achieving equilibrium with respect to sorption
because the mass of sorbent is no longer constant. Despite
these challenges facing our experimental design, we believe that
the use of seedlings and a single dose of estrogens (as opposed
to maintaining a constant level of analyte in the aqueous phase)
more accurately reflects dosing regimes in manure-fertilized
fields.

In conclusion, our results demonstrate that maize may have a
significant impact on the environmental fate and mobility of
natural and synthetic estrogens in manure fertilizer by rapidly
removing estrogens from runoff. Given these findings, we
suggest that further study is warranted on the effects of maize
on the environmental fate of estrogens, including in soil-based
systems. The effects of maize or other plants, such as buffer-
strip or riparian species, may be exploited to attenuate the
environmental mobility of these compounds and, perhaps,
other biomolecules present in manure fertilizer.

B ASSOCIATED CONTENT

© Supporting Information

Extraction of zeranol from Ralgro, setup of hydroponic uptake
experiments, log K, measurements, uptake data, initial uptake
rate constants, root sorption data, contribution of root
components to sorption behavior, concentrations of estrogens
in tissues, predicted sorption to roots, and estimation of
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approach to equilibrium partitioning. This material is available
free of charge via the Internet at http://pubs.acs.org.
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