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Abstract

APPLICATION OF THE TRIFISHER ASSAY FOR ESTROGENIC ACTVITY FROM
WASTEWATER TREAMTMENT PLANT (WWTP) EFFLUENTS

Charles Brandon Tate

B.A., North Carolina State University
M.A., Appalachian State University

Chairperson: Dr. Shea R. Tuberty

Endocrine disrupting compounds (EDCs) that mimic natural estrogens
(e.g.17R-estradiol) have been found in aquatic environments and disturb
reproduction and development of aquatic wildlife. This project provided an
application of the TriFISHer assay and evaluated the risk from wastewater
treatment plant (WWTP) effluent EDC effects to the citizens of Boone (on the S
Fork New River, SFNR) and Blowing Rock (on the Middle Fork of the New
River, MFNR) as well as the aquatic vertebrate populations. Water samples were
taken along the SFNR (n = 16) and the MFNR (n = 15) from 2014 to 2016.
Previous research suggests EDCs have potential impact at sub-ng/L
concentrations, interfering with fish reproduction. Estrogen equivalent
concentrations (EEQs) were negatively correlated with distance from the WWTPs
along both rivers analyzed (p < 0.0001). EEQ concentrations from Atlantic
Croaker Estrogen Receptor (acERa) were not significantly different between

rivers analyzed but had a significant amount of variation (26-83%) due to



seasonal effects (p = 0.0002). acERBa and acERBb EEQ from SFNR and MFNR
sewage effluent were different across all seasons analyzed (p =< 0.0001).
Seasonal differences in ACER activity along the rivers can be attributed to
temperature influences on bacterial metabolic rates in WWTPs, variation in UV
irradiation levels, or precipitation effects on dilution rates. Differences between
effluents entering the rivers are likely associated with differences in employed
WWTP treatment technology and differences in pharmaceutical use in
populations with median ages of 21 (Boone) and 60 (Blowing Rock) years
according to 2010 census data.

Keywords: environmental estrogens, estrogen receptors, wastewater treatment,

TriFISHer
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Abstract

Endocrine disrupting compounds (EDCs) that mimic natural estrogens (e.g.17R-estradiol)
have been found in aquatic environments and disturb reproduction and development of
aquatic wildlife. This project provided an application of the TriFISHer assay and
evaluated the risk from wastewater treatment plant (WWTP) effluent EDC effects to the
citizens of Boone (on the S Fork New River, SFNR) and Blowing Rock (on the Middle
Fork of the New River, MFNR) as well as the aquatic vertebrate populations. Water
samples were taken along the SFNR (n = 16) and the MFNR (n = 15) from 2014 to
2016. Previous research suggests EDCs have potential impact at sub-ng/L concentrations,
interfering with fish reproduction (Jobling & Tyler 2003). Estrogen equivalent
concentrations (EEQs) were negatively correlated with distance from the WWTPs along
both rivers analyzed (p < 0.0001). EEQ concentrations from Atlantic Croaker Estrogen
Receptor (acERa) were not significantly different between rivers analyzed but had a
significant amount of variation (26-83%) due to seasonal effects (p = 0.0002). acERBa
and acERBb EEQ from SFNR and MFNR sewage effluent were different across all
seasons analyzed (p =< 0.0001). Seasonal differences in ACER activity along the rivers
can be attributed to temperature influences on bacterial metabolic rates in WWTPs,
variation in UV irradiation levels, or precipitation effects on dilution rates. Differences
between effluents entering the rivers are likely associated with differences in employed
WWTP treatment technology and differences in pharmaceutical use in populations with

median ages of 21 (Boone) and 60 (Blowing Rock) years according to 2010 census data.

Keywords: environmental estrogens, estrogen receptors, wastewater treatment, TriFISHer



Introduction

Wastewater in the United States is treated at different treatment levels through
wastewater treatment plants (WWTP). Once treated, effluents are discharged back into the
environment into adjacent surface waters. Due to the persistence of some classes of
industrial compounds and inefficient removal by current water treatment systems, many
chemicals are not completely removed and are discharged into surface and ground waters,
including sources used for drinking water (Caldwell et al. 2010; Touraud et al. 2011).
Pharmaceuticals are a wide spread group of chemicals designed to be biochemical active
at low concentrations in order to treat diseases and improve health. However, pervasive
use of these compounds has led to their occurrence in surface and ground waters (Norris
and Carr 2006). Among the wide variety of pharmaceuticals released to the environment,
estrogenic compounds (both estrogen hormones and compound that mimic estrogens) have
emerged as a concern in the last few decades (Jobling and Tyler 2003) due in part to their
biological activity at concentrations in the sub ng/L level (Norris and Carr 2006).
Approximately 40% of all oral contraceptives consumed arrive at WWTP before entering
streams in the form of active synthetic estrogen (Wise et al.2011). Khanal et al. (2006)
reported that 90% of the estrogen load in the environment comes from animal manure that
contains steroidal hormones used in herd health programs. Roughly 30 tons of livestock
natural steroid compounds are released into the environment surrounding Sydney,
Australia every year (Fisher and Borland 2003). The presence of estrogens in the
environment has generated concern related to the effects that these compounds may have

on non-target species, including humans.



During the last 20 years, the scientific community have established evidence and
discussed the ecological significance of endocrine disrupting compounds (EDCs). The
majority of the discussion on endocrine disruption in regard to a compound’s ability to
cause reproductive and/or developmental anomalies in a wide range of wildlife species,
from invertebrates to mammals, through their effects on the endocrine system (Jobling and
Tyler 2003). The endocrine system is responsible for the regulation and secretion of
hormones that influence various functions such as metabolism, growth, development, and
reproduction. The current testing on chemicals that elicit EDC have been found to have the
ability to interfere with the endocrine system through the mimicking of naturally found
hormones, a topic first discussed by E. C. Dodds and others (1938) when he discovered a
synthetic compound that had the ability to mimic natural estrogen (Dodds et al. 1938).

Endocrine disruption were initially recognized as an environmental issue in 1993
with the publication of Theo Colborn’s Developmental Effects of Endocrine-Disrupting
Chemicals in Wildlife and Human, which discussed the known effects of EDCs (Colborn
et al. 1993). While it is unclear how the majority of endocrine disrupting compounds
have made it into the environment, many compounds are released directly into the
environment through pest management practices, such as the case of DDT (Carson 1962).
Compounds can also be released indirectly and make their way into the environment via
effluents from wastewater treatment plants, runoff, and private wells. Many compounds
can remain in the environment for many generations, being stored in fat tissue within
animals or within aquatic sediments (Pinto et al. 2014). EDCs have been identified in

many aquatic environments and are known to mimic natural estrogens (e.g.17(3-estradiol)



and disturb reproduction and development of aquatic wildlife (Carson 1962; Norris and

Carr 2006).

Unfortunately, the removal of estrogens and/or estrogenic activity from water is
not an easy task. In several cases, conventional treatment processes are not sufficient to
remove these micropollutants from water (Jelic et al. 2010) and, under recharge
conditions, residues of these compounds may leach into groundwater aquifers. Thus,
estrogenic compounds have been reported to occur in ground and drinking water samples
downstream from municipal wastewater that use bank filtration or artificial groundwater
recharge (Koplin et al. 2002). In natural waters, the main removal processes for estrogens
are biodegradation, sorption and photolysis (Xu et al. 2010). Nevertheless, many of these
compounds are highly biorefractory and the ability of sediments to adsorb these materials
is highly dependent on their nature and composition (Scheytt et al. 2005), resulting in
variable and limitations in the efficiency of the most important elimination pathways (Xu

et al. 2010).

The identification of specific EDCs that interact with estrogen receptors (ERS) is a
complex issue due to the diversity of endocrine disrupting chemicals found in the
environment. Even more uncertain is the number of the ~70,000 chemicals not yet tested
for EDC activity (USEPA, 2013). Therefore, it remains unknown if these unidentified
chemicals contribute to the combined effects of EDCs. The US EPA has developed a
two-tier system of standardized testing to determine if a compound is likely to affect
humans and wildlife through an estrogen, androgen, or thyroid hormone (EAT) mode of
action (Escher et al. 2008; USEPA 2013). The routes of uptake, patterns of bioactivation,

biotransformation, excretion, and metabolism of these compounds have yet to be fully



studied. Furthermore, the role of endocrine disrupting compounds in different matrices
and mixtures have not been well studied to understand how the components act

additively, synergistically or antagonistically (Luna et al. 2015).

Although vertebrates possess multiple ER subtypes with different ligand binding and
transactivation properties, most screening is done using a single ER subtype, the
human ERa (Hawkins and Thomas 2004). This approach may result in an underreporting
of estrogenic contamination, particularly for non-mammalian and aquatic species.
Although there is a high percentage of conservation in the sequences between ERs of
many vertebrates groups studied to date (Hawkins et al. 2004), teleost fish express three
ER subtypes (ERa, ERBa, and ERBb), with ligand binding profiles distinct both from
each other and from mammalian ERs (ERa and ERB) (Hawkins and Thomas 2004).
Currently, the most adopted protocol for determining an estrogenic mode of action is the
human a-estrogen receptor-based yeast estrogen screen (YES) assay, which may not
identify EDCs that are environmentally relevant to aquatic species due to differential

binding of fish ERs (Hawkins and Thomas 2004; USEPA 2013).

Mode of action assays such as the YES assay, LYES assay, E-Screen-assay, and the
receptor binding-assay with hER-o and hER-f3, are conventional assays that have been
used to quantify estrogenicity of compounds (Soto et al. 1995; Andersen et al. 1999;
Schultis and Metzger 2004; Escher et al. 2008). The yeast estrogen screen (YES) is based
on a recombinant strain of Saccharomyces cerevisiae yeasts DNA which contains the
human estrogen receptor and a reporter gene lac-Z (Escher et al. 2008; Sanfilippo et al.
2010). The YES assay is a cheap assay that takes 3 to 5 days to run and has a working

sensitivity of 1.4 + 0.3 X 1071° (Andersen et al. 1999; Schultis and Metzger 2004). An



alternative version of the YES assay is the optimized LYES assay which adds a step
during the digestion stage of the YES assay for faster conversion of CPRG to
chlorophenol red (Routledge and Sumpter 1996) and therefore takes only 7 hours to
complete (Schultis and Metzger 2004). The E-SCREEN assay uses human breast cancer
cells (MCF-7), which proliferate quickly in the presence of estrogens (Soto et al. 1995;
Andersen et al. 1999). The E-SCREEN assay is the most expensive assay of the 4
described, takes 6 days to complete, and has the highest sensitivity 1.2 + 0.2 X 1072
(Schultis and Metzger, 2004). The receptor binding-assay with hER-a and hER-3 uses
human estrogen receptors ER-a and ER-f3 in a receptor-fluorescent ligand complex to
test for estrogenicity (Schultis and Metzger, 2004; Scheytt et al. 2005). This assay was
the least costly and fastest out of the 4 assays described with a working time of 2 hours,
but has the least sensitivity working in a range of 7.5 to 3.9 + 0.5 X 10 (Schultis and

Metzger 2004).

This project will provide an application of the TriFISHer assay by screening WWTP
effluents as they enter the river to determine presence and activity of xenoestrogens.
Results of the screening will allow evaluation of risk from wastewater treatment plant
(WWTP) effluent EDC effects to the citizens of Boone (on the S Fork New River, SFNR)
and Blowing Rock (on the Middle Fork of the New River, MFNR) as well as the aquatic
vertebrate populations. The triFISHer assay was employed because of its unique ability to
measure the individual activity of each of the three ER that is common among teleost fish
making it more environmentally relevant as compared to traditional yeast assays that
employ different vertebrate receptors. Having the ability to measure activity from all

three ERs has the advantage of giving the total activity of all estrogens in the matrix.



Material and methods

Water collection and sample sites

Water samples were collected using 500mL acid washed amber vials with PTFE-
lined lids. Water grab samples were taken from mid-depth below the water surface from
each site and kept on ice until transported to the Appalachian State Aquatic
Ecophysiology and Toxicology lab. Samples were then filtered through a Whatman P05
11-centimeter quantitative filter paper and kept at 4°C until processing. The 500mL
amber vials were shaken for 30 seconds and triplicate samples of 5mL were dried down
via centrifugal evaporation (speedvac). All samples were analyzed using the TriFISHer
binding assay for total binding. Water chemistry measurements (temperature,
conductivity, pH, dissolved oxygen) were taken using a YSI multi-meter before each
water sample is collected. Discharge was determined using a flow meter (Global Water)
and tape measure at each pre-determined location from the sewage effluent site to the end

of the study reach.

The Town of Boone is located in North West North Carolina in Watauga County, the
town is home to 17,122 full time residents according to the 2010 US Census (City Data
2016) and approximately 18,000 students who attend Appalachian State University. The
headwaters of the South Fork of the New River (SFNR) originate in Boone, NC and
combine to create the SFNR which flows north to combine with the North Fork of the
New River becoming the New River proper thereafter. The Jimmy Smith Waste Water
Treatment plant has been in operation since 1966 and is permitted to a release a
maximum of 4.82 million gallons per day (MGD) of sewage into the SFNR (Jimmy

Smith 2018). The SFNR samples were collected adjacent to the Jimmy Smith Wastewater
8



Treatment plant in distance 0 increasing by factor of 2 for 24 miles terminating at a
proposed location for an additional Town of Boone drinking water intake facility.
Reference water samples were taken from a pristine SFNR headwater, Winkler’s Creek,
that flows from the forested drainage of the Blue Ridge Parkway. Water samples (n =
16) were taken from the SFNR from 2014 to 2016 samples were taken upstream at
Winkler’s Creek (Reference Stream), Sewage Effluent (0 meters), 50 meters, 100 meters,
150 meters, 300 meters, 500 meters, 725 meters, 1609 meters, 6437 meters, 7242 meters,

8046 meters, 9656 meters, 20921 meters, and 38624 meters.

The Town of Blowing Rock is located in North West North Carolina between
Watauga and Caldwell Counties and is home to 1250 full time residents and tourists that
fluctuate with the season. The Middle Fork of the New River (MFNR) originates from a
weir dam that holds back a 45-million-gallon pond on Brick house creek. The MFNR
flows north to Boone, NC, where is combines with several head waters and the East Fork
of the New river to create the SFNR. The Town of Blowing Rocks Wastewater Treatment
Plant was built in 1978 and operates at 1.0 MGD and is expandable to 2 MGD. The
MFNR samples were collected adjacent to the Town of Blowing Rock’s Wastewater
Treatment plant and from increasing distances for 8 miles until the MFNR joins the East
Fork to become the SFNR. Water samples (n = 15) were taken from the MFNR from
2014 to 2016 samples were taken upstream at Winkler’s Creek (Reference Stream),
Sewage Effluent (0 meters), 50 meters, 100 meters, 150 meters, 300 meters, 500 meters,
1609 meters, 3400 meters, 5000 meters, 6437 meters, 7242 meters, 8046 meters, 10500

meters, and 12000 meters. Locations for flow measurements were chosen based on



accessibility of site location, proximity of sampling locations, and channel cross section

conditions.
TriFISHer assay

In order to express Atlantic Croaker Estrogen Receptor (acER) proteins, ligand
binding domains of each of the three acER cDNA were subcloned into the pET-27b"*vector.
BL21(DE3)-competent cells were then transformed with these constructs for bacterial
expression. Escherichia coli cells containing acER constructs were grown in Luria-Bertoni
media (pH 7.6; 30 ug/ml kanamycin, 37°C) to an optical density at 600 nm of 0.6-0.8. Cell
cultures were placed on ice and protein translation induced with 1 mM isopropyl-b-d-
thiogalactopyranoside. Induced cells were incubated at 25°C for 16-20 hours and then
harvested via centrifugation. Cell pellets were stored at -80°C until they were weighed and
resuspended in GUS buffer (20 mM HEPES, 150 mm NaCl, 10% (wt/vol) glycerol, 1.5
mM EDTA, 6 mM monothioglycerol, and 10 mM NaMoOs) at a dilution factor of 3.5 mL/g
pellet. Lysozyme (at a final concentration of 1 mg/mL) was added to the resuspended cells
and the cell/lysozyme mixture was placed on ice for 5 minutes and sonicated (with twelve
1-sec bursts at 30% power) using a sonic horn. Protease inhibitor cocktail set I1ll
(Calbiochem, San Diego, CA) was added after sonication at a concentration of 2.5% by
volume and the crude bacterial lysate was centrifuged (12,000 x g at 4°C for 30 min) and
the supernatant collected.

This lysate was diluted in GUS buffer at 4°C and incubated with varying
concentrations of tritiated estradiol, [°(H]E2 (Hawkins and Thomas 2004), in a final
concentration range of 0.12 — 9.6 nM. The concentration of [3H]E2 resulting in saturation

of the ERs was determined for each lysate preparation. Nonspecific binding at each

10



concentration of [°H]E2 was determined by adding 4l of 1M diethylstilbestrol to
duplicate tubes. 4ul of Ethanol was added to duplicate tubes to measure total binding.
Tubes were incubated overnight at 4°C. Free [*H]E2 was removed by incubating each
tube with an equal volume of dextran coated charcoal (0.1% dextran and 0.5% charcoal)
for 10 min at 4°C, followed by centrifugation (3400 x g at 4°C for 10 min). The
supernatant was transferred to scintillation vials and 5 ml CytoScint scintillation cocktail
added. A liquid scintillation counter was then used to determine the total bound [*H]E2.
Nonlinear regression analysis determined the equilibrium Kg and binding capacity using a
one-site binding model. Specific binding was determined by subtracting nonspecific
binding from total binding. Reconstituted water samples (1 mL) added to each tube
before adding lysate and saturating amounts of [°H]E2 (~ 2-3 nM). Total binding and
nonspecific binding determined as noted above, and the estrogenic activity of the water
sample determined by comparison of scintillation counts between experimental and

standard samples. All assays were performed in triplicate.
Data analysis

Data were analyzed using GraphPad PRISM v. 7.03 (GraphPad, 2017). This study
utilized estradiol (E2) equivalent concentrations (EEQ) determined by three estrogen
receptors ERa, ERBa, and ER, from water samples collected along the SFNR and
MFNR between October 2014, to May 2016. E2 equivalent concentrations were paired
with the distance below sewage effluent where the samples were collected. Repeated
measures ANOVAs were used to analyze E2 equivalent concentrations at increasing
distances from sewage effluent. Geisser-Greenhouse Epsilon correction was employed

when the assumption of sphericity was violated to produce a more valid critical F-value.

11



Sphericity is violated when the variances of the differences between all combinations of
related groups are not equal. Post hoc comparisons using Dunnett’s multiple comparison
test were used to compare stream samples to the upstream reference. Post hoc
comparisons using Tukey’s test were used to compare samples with each other to
determine significant differences. Two-way ANOVA analyses were employed to
determine significance between samples collected from the SFNR and the MFNR during
spring, summer, and fall seasons. Pearson correlation coefficient was used to determine
the strength of the linear regression between distance from sewage effluent and mean
EEQ from the three estrogen receptors acERa, acERPa, and acERBb during Spring,

Summer, and Fall.

Results

Association between downstream distance and E2 equivalent concentrations (EEQ)

Sewage effluent (distance from source = 0M) to 500m samples were examined to
determine if samples downstream of the sewage effluent correlated with E2 equivalent
concentrations (EEQs) in both the SFNR and the MFNR. EEQs from samples taken along
the SFNR had a strong and negative correlation that ranged from -0.909 to -0.9892 (Table
1) across all seasons among the three estrogen receptors acERa, acERBa, and acERfb.
SFNR correlations were stronger during the fall season (Average -0.9696) as compared to
spring (-0.9691) and summer (-0.9407). All correlations with SFNR data were significant
(P < 0.005, two tailed). EEQs from samples taken along the MFNR also had a negative
correlation with distance that ranged from -0.8698 to -0.9948 (Table 1) between seasons
among the three estrogen receptors acERa, acERBa, and acERBb. MFNR correlations

were stronger during the spring season (Average -0.9909) as compared to fall (-0.9142)

12



and summer (-0.9130). Correlations with the SFNR data were significant (P < 0.05, two

tailed).

Seasonal effects on EEQs in the South Fork of the New River

During the fall season there was an effect of EEQ from acERa by distance [F
(1.215, 3.644) = 33.42, p = 0.0054]. The assumption of sphericity was violated, so the
Geisser-Greenhouse’s epsilon correction (0.08677) was used. Post hoc comparison using
the Dunnett’s multiple comparison test indicated that the mean EEQs of sewage effluent
(p = 0.03), 50m (p = 0.0367), 100m (p = 0.046), and 150m (p = 0.024) were
significantly different than the upstream reference (M = 0.8596, SD = 0.2085), but found
no other significant differences between the upstream reference and distance past 150
meters downstream of the sewage effluent to 38624 meters(Fig 1). EEQs from the
acERa estrogen receptor had a significant effect on distance at the p < 0.05 level [F
(1.704, 5.113) = 58.35, p = 0.0003]. The assumption of sphericity was violated so the
Geisser-Greenhouse’s epsilon correction (0.1217) was used. Post hoc comparison using
the Dunnett’s multiple comparison test indicated that the mean concentrations of sewage
effluent (p = 0.0034) was significantly different than the upstream reference (M = nd,
SD = nd) (Fig 1). Dunnett’s multiple comparison test found no other significant
differences among samples downstream of the sewage effluent discharge point in the
SFNR. E2 equivalent concentration from the acERBb did not have a significant effect on
distance at the p < 0.05 level [F (1.043, 3.129) = 4.27, p = 0.1271]. The assumption of
sphericity was violated so the Geisser-Greenhouse’s epsilon correction (0.07451) was

used. Post hoc comparison using the Dunnett’s multiple comparison test indicated that

13



the mean concentrations analyzed were not significantly different from the concentration

of upstream reference (Fig 1).

During the spring season there was an effect of acERa EEQs by distance at the
p<0.05 [F (1.618, 3.236) = 18.48, p = 0.0178]. EEQs from the acERa assay did not
have a significant effect by distance downstream at the p < 0.05 level [F (1.007, 2.014) =
14.79, p = 0.0608] (Fig 2). However, post hoc comparison using the Dunnett’s multiple
comparison test indicated that the mean concentrations of sewage effluent (p = 0.0121)
was significantly different than the upstream reference (M = nd, SD = nd) but found no

other significant differences between the reference and other sample sites.

There was not an effect during the summer season of acERa EEQs by distance at
the p < 0.05 level [F (1, 1) =52.46, p = 0.0873]. Post hoc comparisons using the
Dunnett’s multiple comparison test indicated that the mean concentrations of sewage
effluent (p = 0.0339) was significantly different than the upstream reference (M =
0.4405, SD =0.3623) (Fig 3). However, no other significant differences between the
upstream reference and sites downstream of the sewage effluent were determined. There
were no other significant effects during the summer season between EEQs of acERfa or

acERpb along the SFNR.

Middle Fork of the New River

There was an effect of acERa EEQs during the summer season by distance at the
p < 0.05 level [F (1, 1) =984.2, p = 0.0203]. The assumption of sphericity was violated
so the Geisser-Greenhouse’s epsilon correction (0.07143) was used. Post hoc comparison

using the Dunnett’s multiple comparison test indicated that the mean concentrations of

14



Sewage Effluent (p = 0.0057), 100m (p = 0.0291), 150m (p = 0.00359), and 300m
(p = 0.0162) was significantly different than the upstream reference (M = 0.2347, SD =
0.1352) (Fig 4). There were no other significant differences between the upstream
reference and distance past 300m downstream of the sewage effluent revealed by
Dunnetts multiple comparison test to 12000 meters. EEQs from the acERa had a
significant effect on distance at the p < 0.05 level [F (1, 1) =194.1, p = 0.0456]. The
assumption of sphericity was violated so the Geisser-Greenhouse’s epsilon correction
(0.07143) was used. Post hoc comparison using the Dunnett’s multiple comparison test
indicated that the mean concentrations of Sewage Effluent (p = 0.0308) was
significantly different than the upstream reference (M = 0.5089, SD = 0.08886) (Fig 4).
acERBb EEQ had no significant effect on distance at the p < 0.05 level [F (1, 1) = 106.8,
p = 0.0614]. Post hoc comparison using the Dunnett’s multiple comparison test
indicated that only the mean concentrations of Sewage Effluent (p = 0.0223) was

significantly different than the upstream reference (M = nd, SD = nd) (Fig 4).

During the spring season there was not an effect of acERa EEQs by distance at
the p < 0.05 level [F (1, 1) =8.147, p = 0.2145]. The assumption of sphericity was
violated so the Geisser-Greenhouse’s epsilon correction (0.07143) was used. Post hoc
comparison using the Dunnett’s multiple comparison test indicated that the mean
concentrations of Sewage Effluent (p = 0.0316) was significantly different than the
upstream reference (M = 0.1896, SD = 0.2682) (Fig 5). Dunnetts multiple comparison
test found no other significant differences once the effluent mixed with stream water of
the MFNR. There were no other significant effects during the summer season between

EEQs of acERPa or acERb along the MFNR. Mean concentrations of Sewage Effluent
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(p = 0.0363) was significantly different than the upstream reference (M = 0.1429, SD =

0.2021) (Fig 5).

During the summer season there was not an effect of acERa EEQs by distance at
the p < 0.05 level [F (1, 1) =107.2, p = 0.0613]. The assumption of sphericity was
violated so the Geisser-Greenhouse’s epsilon correction (0.07143) was used. Post hoc
comparison using the Dunnett’s multiple comparison test indicated that the mean
concentrations of Sewage Effluent (p = 0.0497) was significantly different than the
upstream reference (M = 0.03261, SD = 0.04612) (Fig 6). Dunnetts multiple comparison
test found no other differences past sewage effluent downstream of the Middle Fork of
the New River. There was not a significant effect of acERBa EEQ during the summer
season on distance at the p < 0.05 level [F (1, 1) = 144.5, p = 0.0528]. Post hoc
comparison using the Dunnett’s multiple comparison test indicated that the mean
concentrations of Sewage Effluent (p = 0.0076) was different than the upstream
reference (M = 0.004364, SD =0.0006172) (Fig 6). There was a significant effect of
acERBb EEQ during the summer season by distance at the p < 0.05 level
[F(1,1)=410.1, p = 0.0314]. Post hoc comparison using the Dunnett’s multiple
comparison test indicated that the mean concentrations of Sewage Effluent (p = 0.0463)
and 50m (p = 0.0119) was different than the upstream reference (M = nd, SD = nd).

Difference between rivers and seasonal differences

Two way anova was used to determine if E2 concentrations from acERa, acERBa, and
acERBb were significantly different between the South Fork and Middle Fork of the New
River at increasing differences from the sewage effluent. Sewage Effluent acERa EEQ

between the South Fork and the Middle Fork of the New River had 63.08% (p < 0.0001)
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variation from seasonal effects, acERBa EEQ had 73.16% (p < 0.0001) variation from
river effects, and Sewage Effluent acERBb EEQ had 72.77% (p < 0.0001) variation
from river effects (Table 2). 50m downstream of the sewage effluent samples at the South
Fork and the Middle Fork of the New River had 78.458% (p < 0.0001) variation from
seasonal effects from the acERa, acERPa and acERBb EEQ had 61.34% (p < 0.0001)
and 67.3% (p < 0.0001) variation from river effects, respectively (Table 2). At 100m
downstream of the sewage effluent, acERa EEQs between the South Fork and the Middle
Fork of the New River had 82.66% (p < 0.0001) from seasonal effects, acERPa and
acERBb EEQ had 60.1% (p = 0.0003) and 43.83% (p = 0.0193) variation from river
effects, respectively. 150m downstream of the sewage effluent acERa EEQ between the
South Fork and the Middle Fork of the New River had 78.89% (p < 0.0002) variation
from seasonal effects, acERPBa and acERfb had 62.93% (p = 0.0005) and 33.43%

(p = 0.0401) variation from river effects (Table 2). 300m downstream of the sewage
effluent acERo EEQ between the South Fork and the Middle Fork of the New River had
48.18% (p = 0.0060) variation from seasonal effects, acERPBa and acERBb had 52.64%
(p = 0.0010) and 32.52% (p = 0.0452) variation from river effects (Table 2). 500m
downstream of the sewage effluent acERa EEQ between the South Fork and the Middle
Fork of the New River had 56.41% (p = 0.0037) variation from seasonal effects,
acERPa and acERPBb had 51.45% (p = 0.0006) and 23.06% (p = 0.0452) variation from
river effects (Table 2). 1600m downstream of the sewage effluent alpha E2 equivalent
concentration between the South Fork and the Middle Fork of the New River had 26.28%
(p = 0.0463) variation from seasonal effects while acERBa and acERBb had no

significant effects from river or season (Table 2).
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Discussion

The purpose of this study was to determine estrogenic EDC activity of municipal
wastewater effluent and persistence of the extent of activity in water downstream from
the WWTPs on the South Fork and Middle Fork of the New River. Monitoring the EDC
activity of effluent downstream from WWTPs is important so that any variation can be
correlated with changes to the river ecosystem and observe new sources of EDC activity
along the river. The triFISHer assay was employed because of its unique ability to
measure the individual activity of each of the three ER that is common among teleost fish
making it more environmentally relevant as compared to traditional yeast assays that
employ different vertebrate receptors. Having the ability to measure activity from all
three ERs has the advantage of estimating the total activity of all estrogens in the matrix.
However, this technique has the disadvantage as compared to more direct methods
(LC/MS) because it is unable to identify specific compounds. Water samples were taken
from the South Fork and Middle Fork at increasing distances downstream of the WWTP
discharge point for twenty-four and eight miles, respectively, over a two-year period.
56%-82% of the of the variability among alpha EEQ concentrations were due to seasonal
effects (p < 0.0001). Seasonal effects such as higher estrogenic activity during colder
months (mean temperatures 26-56 F) as compared to warmer months (mean temperatures
60+ F) as well as changes in activity during periods of low (mean discharge below 30 cfs
SFNR and 7cfs MFNR) and high (mean discharge above 40 cfs SFNR and 10cfs MFNR)
stream discharge. EEQ concentrations for all three estrogen receptors from fall samples
were 2-10 fold higher when compared to summer samples. Samples taken during the

spring months were highly variable and generally had low concentrations due to dilution
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from seasonally increased rainfall and elevated river discharge. Discharge levels and
concentration patterns observed in this study (Fig 2) are consistent with previous studies
that found concentration of chemicals were higher during dry or drought conditions as
compared to samples taken after a precipitation event (Benotti and Brownawell 2007;
Benotti et al. 2009). The seasonal differences can also be explained in part by
temperature effects on the rate of microbial degradation of compounds in the WWTPs
which Rodgers-Gray et al. (2000) was able to show for both natural estrogens and
synthetic compounds. A review of the microbial degradation of compounds concluded
that while several microbial strains were able to degrade estrogen, the degradation
resulted in metabolites that could also be estrogenic (Combalbert and Hernandez-Raquet
2010). Estrogenic compounds usually follow the accepted estriol E3 degradation pathway
(Lee and Liu 2002) which results in estradiol E2, and eventually estrone (E1). Hawkins
and Thomas (2004) found that the EEQ activity of the chemicals in that degradation
process for acERa is E2>E1>E3, acERBa E2>E3>E1, and acERBb E2>E1>E3. Microbial
degradation rates of estrogenic compounds also depend on environmental conditions such
as nutrient availability, retention time, and access to carbon and energy sources
(Combalbert & Hernandez-Raquet 2010). Estrogenic activity varys according to
differences in physiochemical properties of individual chemicals and the environment
they are being introduced (Jobling & Tyler 2003). Estrogenic chemicals usually present
relatively high hydrophobic properties causing them to be sorbed to organic carbon and
other byproducts of wastewater (Lai et al. 2000). However, sewage effluent specific
studies have found that estrogen sorption is very low (0-14%) during primary treatment

attributed to the low sorption to suspended solids and colloid interactions with estrogenic
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compounds that are only present in the primary treatment step in contemporary WWTP
process (Lai et al. 2000, Yu and Huang 2005, Muller et al. 2008).

This study examined estrogenic activity of the SFNR for twenty-four miles
downstream at a location on the river proposed to become a new water intake for the
town of Boone. Boone has a growth rate in excess of 15% a year putting pressure on
current drinking water resources (Appalachian Voice, 2018). The location of the new
town of Boone raw water intake caused much debate about effects on water quality, risk
to recreational use, and increased estrogenicity of the water downstream of the munciple
WWTP, farms, septic tank drain fields, and landfill leachate. Results displayed in Fig 1-3
detail the findings of mean EEQ concentrations of neat sewage effluent which ranged
from 0.77 ng/L to 7.5 pg/L and samples within the river ranged from 0.76 ng/L to 4.06
Ma/L. Physiological effects due to EDC have been well documented in freshwater
fisheries, most notably the synthesis of the female specific egg yolk protein precursor in
male fish, inhibited gonad development, abnormal hormones levels in blood, intersex
(condition where genital from both sexes are present in an individual), impaired
reproductivity, complications of maturity, and altered behavior (Vos et al. 2000). Results
of measurable river EEQ levels many kilometers downstream of sewage plants are not
uncommon as Harries et al. (1997) found measurable EDCs at distances of over 5km
which caused a response in the synthesis of vitellogenin (VTG, the yolk protein
precursor) in male fish. Cellular mechanisms such as the lipid cell membrane, targeted
binding proteins, and negative feedback loops are in place to deter the expected outcome
of EDCs, research has shown these events still occur both in nature and in controlled

laboratory experiments. One of the first novel experiments to determine if male fish could
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produce vitellogenin was conducted in the laboratory by C.E. Purdom et al. in 1994. The
experiment was designed to assess if treated sewage effluent being introduced into the
river could induce the protein vitellogenin in male rainbow trout. Purdom et al. found
plasma levels of vitellogenin in male rainbow trout increased 1000-fold over a period of 3
weeks (Purdom et al. 1994). They also determined that 17B-estradiol, estrone, estriol, and
17a-ethynylestradiol at levels as low as 1 ng/l in exposed male trout were enough to
cause vitellogenin production (Purdom et al. 1994). Purdom et al. placed trout directly
below WWTP sites in steel cages for several weeks, for the duration of this study the
lowest concentration observed below the WWTP from acERa was 7 ng/l which is seven
times more than the low level observed during Purdom’s experiment. In the same
location directly below the SFNR WWTP male white suckers were found to have
synthesized VTG (unpublished data). Environmentally relevant concentrations are
difficult to express in a single concentration for individual chemicals because the
physiological effects on fish vary by species and life stage. Sappington et al. (2001)
found slight differences between surrogate fish (Fathead Minnow and Rainbow Trout)
and fish that are endangered or federally listed (Bonytail Chub, Colorado Pikeminnow,
Lahontan Cutthroat Trout, Greenback Cutthroat Trout, and Apache Trout) from both
warm and cold waters when exposed to known EDCs. One other study found that
estrogen responsive gene transcription was higher in juvenile and male adult medaka as
compared to the larval stage or female adult medaka (Yuanxiang et al. 2011). Asimilar
study that exposed fish in early life stages to ethinylestradiol induced VTG synthesis and
disrupted the development in sex cell development in male fathead minnow (Van Aerle et

al 2002). Despite well-documented effects of single compounds there are several
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confounding variables that limit the understanding of mixted EDC effects from point
source solutions such as wastewater (Thorpe et al. 2001).

Sewage effluent is a mixture of chemicals from public waste, agricultural waste,
runoff, and commercial waste with many chemicals. A report published in 2013 from the
US EPA advisory committee approximated that ~70,000 chemicals that are in use have
not had little to no testing for EDC activity (USEPA 2013). Therefore, it remains
unknown if compounds present in sewage effluent respond additively, synergistically, or
antagonistically (Jobling and Tyler 2003). The triFISHer assay does not require any
additional filtering or column step to prepare the sample, instead uses whole water
samples to measure the combined risk of all compounds in the water sample rather than
attempting to determine presence and concentration of individual compounds.

The MFNR was selected as the other river sampled during this study due to
similarities in watersheds but also because the WWTP is located roughly 2000m
upstream of a municipal drinking water treatment plant. Results of this study show EEQ
concentrations just upstream of the drinking water treatment plant of 13 ng/L at the
lowest and to 211 ng/L at their highest. These observations bring into question the
potential human impacts from tap water drawn from this source. A recent study in Las
Vegas, Nevada on drinking water frequently found 11 EDC such as atrazine,
carbamazepine, estrone, gemfibrozil, meprobamate, naproxen, phenytoin,
sulfamethoxazole, TCIP, and trimethoprim in source water samples (Benotti &
Brownawell 2007). The same study discovered that compounds were detected less
frequently in tap waters compared to source or finished water samples attributing the

reduction to drinking water treatment plants employment of chlorination or ozone as a
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means of oxidization (Benotti & Brownawell 2007). This information would lead one to
conclude that potential human impact from drinking water should be minimal despite
elevated levels of EDC concentrations present in surface waters receiving sewage
effluent.

Differences in samples taken from the South Fork of the New River and the
Middle Fork of the New River are not very apparent from EEQ concentrations of the
alpha receptor which only accounted for 0.6% to 15% of the variation (p>0.1) (Table 1).
However, data generated from the acERBa or acERb showed a significant difference in
EEQ concentrations (p<0.0001) between rivers which accounted for 20-70% of the total
variation (Table 1). EEQ concentration differences between rivers is the result of the
WWTP effluent each river receives, which directly reflect WWTP technology efficiency
and differences in populations of the area served by their prospective WWTP. The
WWTP on the South Fork of the New River was newly renovated in 1998, is permitted to
discharge up to 4.82 million gallons per day and takes advantage of an advanced system
with ultraviolet irradiation tertiary treatment of sand filters for solid removal (Jimmy
Smith wastewater treatment plant 2018). Wastewater on the Middle Fork of the New
River is processed through a smaller facility that was refurbished in 1989, has a permitted
discharge of up to 1.2 MGD, and uses conventional aeration treatments (Vison 2018).
The South Fork WWTP services the college town of Boone, NC which includes
Appalachian State University (~20,000 students) a population of 18130 residents where
the median age is 21.4 according to 2014 census data (City Data 2018). The Middle Fork
WWTP services Blowing Rock, NC which has a permanent population of 1,233 with the

median age at 60.7 years old in 2014 (City Data 2018). Data collected on the South fork
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has lower levels of EEQ concentration form Ba and Bb receptors (0.98 to 343.7 ng/L)
when compared to EEQ concentrations from the Middle Fork (13 to 3499 ng/L). These
distinct differences are in part due to the age of the population of each community and
that age groups use of pharmaceutical and personal care products. The CDC report on
Health prepared by Zhong et al. found that among adults age 18-44 36% had used at least
one prescription drug compared to finding of 70% in the population range of 45-64. A
recent study in 2013 found that the most frequently prescribed drugs in Americans age
19-29 were systemic contraceptives, antibiotics, and antidepressants, while adults age 50-
64 most commonly used antilipemic, antidepressants, and opioid analgesics (Zhong et al.
2013).

In summary, EDC activity was negatively correlated with distance along the
SFNR and the MFNR showing a decrease in EDC activity with distance from the original
source. Water samples were taken along the SFNR (n=16) and the MFNR (n= 15) at
increasing distances from 2014 to 2016 during different spring, summer, and fall seasons.
Seasonal effects such as higher estrogenic activity during colder months (mean
temperatures 26-56 F) as compared to warmer months (mean temperatures 60+ F) as well
as changes in activity during periods of low (mean discharge below 30 cfs SFNR and
7cfs MFNR) and high (mean discharge above 40 cfs SFNR and 10cfs MFNR) stream
discharge. EEQ concentrations for all three estrogen receptors from fall samples were 2-
10 fold higher when compared to summer samples. Samples taken during the spring
months were highly variable and generally had low concentrations due to dilution from
seasonally increased rainfall and elevated river discharge. The use of the triFISHer assay

demonstrated that it had the ability to distinguish EDC activity due to difference in
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WWTP effluent inputs between SFNR and MFNR across all three estrogen receptors
acERa, acERBa, and acERBb. Differences in WWTP effluent can be associated with the
composition of the population that generates the waste entering the WWTP.

This project has demonstrated that there is sufficient EEQ EDC activity that could
influence the river ecosystem. In the future all water samples that have been tested with
the triFISHer assay would benefit from being tested for common estrogenic compounds
with a more quantitative method such as LC/MS to confirm the level of risk associated
with the concentration of chemicals found. Having EDC activity data and quantitative
results of chemicals of the water samples should build a stronger case of risk and warrant
a survey of the aquatic ecosystem and the histology of the fish populations to determine

effects of the WWTP effluents.
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Tables and Figures

Table 1. Correlation Data examining the relationship between the distance from sewage

effluent and E2 equivalent concentration of the South Fork and Middle Fork of the New
River. Significance (<0.05) of the correlation is indicated by an * beside the P-value.

River Season Estrogen N Pearson R P-Value
Receptor (2-tailed)
South Fork  Fall Alpha 7 -0.9892 <0.0001***
of the New Beta a 7 -0.9799 0.0001**
River Beta b 7 -0.9399 0.0016**
Spring Alpha 7 -0.9682 0.0003**
Beta a 7 -0.9699 0.0003**
Beta b 7 nd nd
Summer Alpha 7 -0.9602 0.0006**
Beta a 7 -0.953 0.0009**
Beta b 7 -0.909 0.0046**
Middle Fall Alpha 6 -0.8736 0.0230*
Fork of the Beta a 6 -0.9045 0.0132*
New River Beta b 6 -0.9646 0.0019**
Spring Alpha 6 -0.9823 0.0005**
Beta a 6 -0.9957 <0.0001***
Beta b 6 -0.9948 <0.0001***
Summer Alpha 6 -0.9364 0.0059**
Beta a 6 -0.8698 0.0243*
Beta b 6 -0.933 0.0066**

*, Significant at 0.05 Level

**_Significant at 0.01 Level
***_Significant at >0.0001 Level
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Figure 1. South Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the Fall Season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpb.
*P<0.05, **P<0.01, ***P<0.0001.
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Figure 2. South Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the Spring Season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpb.
*P<0.05, **P<0.01, ***P<0.0001.
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Figure 3. South Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the Summer Season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpD.

*P<0.05, **P<0.01, ***P<0.0001.
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Figure 4. Middle Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the Fall season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpSb.
*P<0.05, **P<0.01, ***P<0.0001.
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Figure 5. Middle Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the spring season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpD.
*P<0.05, **P<0.01, ***P<0.0001.
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Figure 6. Middle Fork of the New River E2 equivalent concentrations at increasing
distances from sewage effluent taken during the summer season. E2 equivalent
concentrations displayed from the three estrogen receptors acERa, acERfa, and acERpD.
*P<0.05, **P<0.01, ***P<0.0001.
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Table 2. Percentage variation of three estrogen receptors calculated from two-way
ANOVA between river and season. South Fork and Middle Fork were both analyzed

against Spring, Summer, and Winter.

%Variation P value

%Variation P value

%Variation P value

acERa acERpa acERpb df
Sewage
Effluent
Interaction 6.763 0.1217 10.84 <0.0001*** 14.7 <0.0001*** 2
Season 63.08 0.0002* 17.77 <0.0001*** 14.15 <0.0001*** 2
River 0.6309 0.4969 73.16 <0.0001*** 72,77 <0.0001*** 1
50m
Interaction 1.774 0.4698 15.8 0.0087 5.554 0.3586 2
Season 78.45 <0.0001*** 19.78 0.0044 5.261 0.3764 2
River 1.153 0.3281 61.34 <0.0001*** 67.3 0.0005** 1
100m
Interaction 1.824 0.5494 11.86 0.0923 3.651 0.7226 2
Season 82.66 0.0001** 13.98 0.0671 3.621 0.7245 2
River 2.482 0.2193 60.1 0.0003** 43.83 0.0193* 1
150m
Interaction 1.505 0.6306 9.212 0.1874 8.114 0.5229 2
Season 78.89 0.0002** 9.539 0.1783 8.114 0.5229 2
River 4.13 0.1371 62.93 0.0005** 33.43 0.0401* 1
300m
Interaction 9.774 0.1999 15.81 0.0769 7.474 0.5593 2
Season 48.18 0.0060** 14.64 0.0891 7.474 0.5593 2
River 0.8288 0.5807 52.64 0.0010** 32.52 0.0452* 1
500m
Interaction 3.333 0.5428 18.72 0.0367 12.15 0.4129 2
Season 56.41 0.0037** 17.21 0.0445 12.15 0.4129 2
River 2.151 0.3820 51.45 0.0006** 23.06 0.0862 1
1600m
Interaction 10.87 0.2165 34.54 0.0608 23.26 0.2030 2
Season 26.28 0.0463* 16.12 0.2180 19.86 0.2481 2
River 15.19 0.0504 13.87 0.1112 9.077 0.2527 1

*, Significant at 0.05 Level
**_Significant at 0.05 Level
***_Significant at >0.0001 Level
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