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Abstract

Surface waters are becoming increasingly influerdmedastewater effluents due to drought
conditions, growing populations, and urbanizatibimese effluents contain mixtures of trace
organic compounds (TOrCs), including bioactive tibmsnts, which are not fully attenuated by
conventional wastewater treatment systems. Thaystwestigated the occurrence of
glucocorticoid receptor (GR), aryl hydrocarbon poe (AhR), and estrogen receptor (ER)
activity, as well as the overall toxicity to badte(BLT-Screen), in the effluent of two
wastewater reclamation facilities (WRF) and dowesstn of the Lower Santa Cruz River, Pima
County, Arizona USA, which is dominated by the W&#uents. The GR, AhR, and ER
activities and toxicity to bacteria were determitgdn vitro bioassays during four seasons.
Bioassay results showed the highest activitieheatmastewater outfalls, with activities
decreasing downstream of the river. Biological gglgnt concentrations ranged from 9 to 170
ng/L dexamethasone-equivalents (DexEQ), 0.1 tm@/B 2,3,7,8-tetrachlorodibenzo-p-dioxin-
equivalents (TCDDEQ), and <0.005 to 0.8 ng/L estiaefjuivalents (EEQ) for GR-, AhR- and
ER-mediated activity, respectively. This level aflbgical activity at times exceeded the
relevant effects-based trigger value for environtalegifects, indicating a potential risk to the
receiving environment. Toxicity to bacteria was latall sites, well below the trigger value of
1.0 TUc20, Which represents an undiluted water sample cgufo toxicity in the assay. The
potential inducing glucocorticoid agonists werdlier analysed by liquid chromatography
coupled to tandem mass spectrometry. Analyticallt®seveal triamcinolone acetonide as the
most abundant glucocorticoid with concentrationgaip8 ng/L. Similar results for DexEQ

concentrations calculated from both chemical anddsay data indicate a successful mass
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balance for glucocorticoids. This mass balancstilated lower DexEQ during summer months,

which could be due to an increased attenuation fstbatodegradation.

Keywords: AhR, BLT-Screen, estrogenic, glucocorticdiayitro bioassay, seasonal variation
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1.0 Introduction
1.1 Background

Many surface waters in the USA are influenced bgtexater effluents (Rice et al.,
2013) and are becoming increasingly impacted dimeeolume of waste streams entering
surface waters continues to rise. In 2013, theddn8tates had nearly 15,000 municipal
wastewater treatment plants processing over 32y0ion gallons per day (Pabi et al., 2013).
Of those facilities, 85% of the effluents were dthe discharged into surface waters. The
ecosystem in surface waters receiving these etugan experience detrimental effects as a
result of exposure, such as reduced aquatic diydBoyle and Fraleigh, 2003; Paul and Meyer,
2001). This trend in ecosystem disruption can thieell to effluents containing mixtures of trace
organic contaminants (TOrCs) such as pharmacesitipafsonal care products, natural
hormones and industrial/commercial compounds, wihialy persist throughout treatment
processes (Westerhoff et al., 2005). Treatmennht@olgies that address TOrCs vary in cost and
removal efficacy, making treatment challenging eaqgliring site-specific planning based on
local TOrC mixtures in order to achieve desireducthns of respective compounds (Snyder et
al., 2003). This is especially critical since TQalvays occur as mixtures, yet standards and
guidelines applied are nearly all based on singfepound exposures. Thus, the useafitro
bioassays for water quality evaluation is critiaatl efficient, as will be demonstrated by the data

presented in this manuscript.

1.2 Glucocorticoid Activity
The glucocorticoid receptor (GR) is a nuclear rémethat functions as a part of the

endocrine system, responsible for subsequent régulaf glucocorticoid-related gene
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expression, which modulates metabolism, stresstatiajand immune system response in
vertebrate animals. GR agonists include endogeglogscorticoids (e.g. cortisone), as well as
synthetic compounds manufactured to treat vari@adtin conditions including asthma,
rheumatic diseases, and other inflammatory prohl&®ssuch, glucocorticoids can act as
endocrine disrupting compounds (EDCs) since therfiere with hormone receptor signalling
involved in maintenance of natural homeostasis.

Glucocorticoids are partially attenuated by conieral wastewater treatment when they
enter municipal waste streams. Glucocorticoid cotregions in wastewater effluents have been
reported to range from tens to thousands of nanwgpeer liter (ng/L), while receiving surface
waters range from below the limits of detection @fl; 0.5-8 ng/L) to low hundreds of ng/L
(Ammann et al., 2014; Chang et al., 2009; Li et2007). Usingn vitro bioassays,
glucocorticoid activity in treated wastewater edifits has been reported in the tens to hundreds
of ng/L dexamethasone equivalents (DexEQ) (varLoeten et al., 2008; Leusch et al., 2014,
Jiaet al., 2016). In the US, glucocorticoid activitasvdetected in 27% (n=115) of surface water
samples collected in 14 states (Stavreva et d2)20According to Jia et al. (2016), reverse
osmosis and monochromatic ultraviolet light suffidly removed glucocorticoid activity from a
secondary wastewater effluent, while chlorinatimrgne, and microfiltration were less effective.
Additionally, wastewater influence may not be tméycsource of GR activity in the
environment. For example, surface waters thatrdheeinced by agricultural effluents and not
WWTP effluents were also observed to elicit GR oase (Macikova et al., 2014).

At environmentally relevant concentrations, gluaticoids can induce negative health
impacts on aquatic organisms (Kugathas and Sun#fiéd,; Macikova et al., 2014; Guiloski et

al., 2015). There is a high health risk to aquatganisms when exposed to as little as tens of
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ng/L of glucocorticoids, according to fish modeidaikova et al., 2014). An effect based
trigger (EBT) value of 100 ng/L DexEQ has been psgal for environmental surface waters
(van der Oost et al., 2017), while an EBT valud®® ng/L DexEQ has been proposed for
drinking water (Escher et al., 2015). Only a hahdfistudies have measured anti-glucocorticoid
activity in waste and surface waters, and no aotarorticoid activity has so far been reported
(<15 ng/L mifepristone equivalents MIfEQ; Leuschakt 2017). There is currently no EBT for

anti-glucocorticoid activity in water.

1.3 AhR Activity

The aryl hydrocarbon receptor (AhR) is a well-knoswample of a xenobiotic receptor,
which initiates xenobiotic metabolism in resporsexposure to dioxin-like chemicals. The
AhR assay has been commonly used to gauge renwedatPCBs and dioxins in environmental
spill scenarios (Hilscherowt al., 2000). Some of the most potent AhR agomistdioxins,
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDOa)ychlorinated dibenzodioxins (PCDDs),
and dioxin-like chemicals including polychlorinatdidhenzofurans (PCDFs) and polychlorinated
biphenyls (PCBs). Dioxins originate from variousiszes, including industrial manufacturing
and combustion of natural products (Kulkarni et2008). Many AhR agonists accumulate in
the environment and within animal tissues (Whytalet2004), posing a significant
environmental challenge because of the seriousthesks associated with unnatural activation
of the AhR by agonists. For instance, numerousthesk studies have linked TCDD exposure
to cancer in humans (Bertazzi et al., 2001; Mar{205). Dioxin-like PCB exposures may also
be a factor that causes endometriosis in humartbefuproviding a link to endocrine disruption

(Louis et al., 2005). As such, the United Stategitonmental Protection Agency (USEPA) set
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the maximum contaminant level (MCL) at 0.03 ng/ldinking water for TCDD — one of the
most potent dioxins (USEPA, 1998).

After wastewater treatment processes, dioxinsyguiedlly found at low concentrations
in the dissolved aqueous phase, and they tendnimeatrate in sludge due to low water solubility
(Rodriguezet al., 2008). Therefore, tertiary-filtration wastger treatment systems, which
remove most suspended solids, have better remticaéecies for dioxins and dioxin-like
compounds than conventional secondary treatmetegraggDagnino et al., 2010; Rodriguez et
al., 2008). Surface water samples collected dowastrof a pulp mill effluent were shown to
have between 0.12 to 2.67 ng/L TCDDEQ (Parrott &fiidt, 1997), which exceeds the EBT of
0.05 ng/L TCDDEQ proposed for environmental watees der Oost et al., 2017). Given the

high potency of dioxins, even small concentrationhe environment are of great concern.

1.4 Estrogenic Activity

Estrogenic activity is the most extensively stdditass of endocrine disruption in water
(Leusch et al., 2017). Natural (e.gpi&stradiol and estrone) and synthetic (e.g-17
ethinylestradiol) hormones are potent estrogenmspmunds frequently detected at the low ng/L
range in treated wastewater effluents, alongsiske p@tent but often higher concentration of
xeno-estrogens such as bisphenol A, nonylphenthafdtes, metals, personal care products, and
pesticides (Bolong et al., 2009). These estrogemicpounds have been linked to feminisation of
wild fish in streams receiving wastewater (Tyled &ilby, 2011). Removal of estrogenic
compounds during wastewater treatment varies sgmifly with treatment technology and
chemical properties (Luo et al., 2014; Melvin arelsch, 2016; Wang and Wang, 2016;

Westerhoff et al., 2005), ranging from 40 to >99%e estrogenic activity in treated wastewater
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usually ranges from below detection limit (approately 0.01 ng/L) to 10-100 ng/L estradiol
equivalents (EEQ) depending on the assay, witheranations in surface waters usually ranging
from below detection limit to 1-20 ng/L (Leuschatt, 2017). These concentrations are of
concern when compared with EBTs ranging from OSLAQ/L EEQ for chronic ecological

effects (JaroSova et al., 2014; van der Oost £2@1.7) and 0.2-3.8 ng/L EEQ for drinking water
(Brandet al, 2013; Escher et al., 2015), depending on theya3$ere is significantly less work
on anti-estrogenic activity in water, and the aafalié studies suggest anti-estrogenic activity
tends to be below detection limits, <500 ng/L taifeaxequivalents TMXEQ (Leusch et al.,

2017). There is currently no EBT for anti-estrogesutivity.

1.5 Toxicity to Bacteria (Baseline Toxicity)

In addition to measuring xenobiotic metabolism (sas AhR) and specific modes of
action (such as ER and GR), it is also importanirtderstand the non-specific baseline toxicity
of a water body receiving wastewater effluent. Réo®n-targeted analytical methods indicate
that there can be thousands of anthropogenic congsopresent in wastewater effluent, with a
wide range in modes of action (Singgral., 2016; Blum et al., 2017). These highly abie
chemical mixtures in wastewater effluent suggest tion-specific toxicity bioassays that can
assess the overall toxicity of a water sample arengortant tool for assessing the impacts of
effluent in receiving environments.

Bacterial luminescence assays, such as Microtoxten8acterial Luminescence
Toxicity Screen (BLT-Screen), are commonly usedafgsessing the basal toxicity of water
samples (Eschat al, 2014; Nguyen edl., 2016). In these assays, naturally luminesbaateria

are exposed to water samples or water extracte@mapecific toxicity is measured by
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guantifying inhibition of bacterial luminescenceafvde Merwe & Leusch, 2015). Response in
non-specific assays such as the BLT-Screen candé&dhe presence of a small number of
TOrCs that are highly toxic to bacteria (e.g. d@cterial agents) and/or complex mixtures of
many compounds that are less toxic to bacteria §eaMlerwe and Leusch, 2015). Therefore,
these assays allow for rapid assessment of thé toagaty of wastewater effluents and
receiving waterways, providing information on relattoxicity over time and distance.

Basal toxicity can be high in wastewater sample#f) texic units (TUs) often >1
(Leusch et al., 2014; van de Merwe and Leusch, R@ddicating that the mixture of chemicals
in undiluted effluent can cause toxicity to bacieHowever, due to rapid dilution following
discharge into receiving waterways, basal toxidtgenerally much lower in surface water
samples, with TU values values generally <1 anelnoft0.1 (Macova et al., 2011; Escher et al.,

2014, Leusch et al., 2014).

1.6 Aim of this study

The purpose of this study was to characterizerthrels of GR, AhR, and ER agonists as
well as baseline toxicity to bacteria in a wast@wnaffluent-dependent surface flow of the Santa
Cruz River (SCR) usingn vitro bioassays. In addition, chemical analysis was perd to

identify known GR agonists and provide a mass lz&lan

2.0 Experimental Section
2.1 Chemicals and Reagents
In vitro AhR assay media components were: alpha-MEM Cdtu@uMedia (Invitrogen,

12000-063), Premium Fetal Bovine Serum (Atlanta®jwals, S11150), phenol red-free
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DMEM (Gibco, 21063-045), charcoal-stripped FBS (@ing, 35-072-CV), Penicillin-
Streptomycin (Gibco, 15140-122), Sodium Pyruvatd¢G, 1136-070), and NEAA (Gibco,
11140-050). AhR assay reagents, Luciferase Assaig Buffer (PR-E1531) and Promega
Luciferase Assay System (PR-E1501) were purchased Fisher Scientific, USA.

For GR assay, the LiveBLAzer™-FRET B/G Loading With CCF4-AM was purchased
from Life Technologies (K1095), and PBS (pH 7.4pvpairchased from Gibco (10010049).
HPLC grade water, methanol, acetonitrile, methstbeityl ether, and acetic acid were
purchased from Fisher Scientific Co. (Fair Lawn, N$A). Twenty-eight glucocorticoid
standards (Table S1) were obtained from Sigma-éthd{st. Louis, MO, USA). Hydrocortisone-
d;, prednisone-gland @-methylprednisolone-dvere purchased from C/D/N Isotopes Inc.
(Pointe-Claire, Canada). Corticosteroneabrtisone-g fluticasone propionatesd
triamcinolone**C; were all purchased from Toronto Research CheminalgOntario, Canada).
2,3,7,8-Tetrachlorodibenzo-p-dioxin was purchasethfAccuStandard (D-404N).

For the ER assay, GeneBLAzer &£RAS-bla GripTite™ cells, LiveBLAzer™-FRET
B/G Loading Kit, beta-lactamase loading solutiond &ulbecco’s Modified Eagle Medium for
cell culturing were purchased from Life Technolagi€arlsbad, CA). PBS, g+#stradiol
(agonist standard) and tamoxifen (antagonist staiaeere purchased form Sigma-Aldrich.
Poly-D-Lysine Cellware 384-well plates were puradhfrom Beckton Dickinson Labware
(Bedford, MA).

For the BLT-ScreerPhotobacterium leiognattitock (ATCCE 33469™) was purchased
from the American Type Culture Collection (ATCC; Mmssas, VA). Ingredients for the

bacterial growth and assay media (&, bacto-peptone, yeast extract, NaCl, MgS€&,0,
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MgCl,.6H,0O, CaC}.2H,0O and KCI), the pentachlorophenol standard andenftat bottom 96-

well plates were purchased from Sigma-Aldrich.

2.2 Sampling and Storage

The Lower Santa Cruz River (SCR) is a wastewaterazft-dominated stream in Pima
County, Arizona. It has been ephemeral, only flaywluring large rain events as groundwater
withdraws have lowered the water table since thky 4200s. Pima County discharges
wastewater effluent from two water reclamationifaes (WRFs) into the SCR, Agua Nueva
WRF (ANWRF) outfalls and Tres Rios WRF (TRWRF) alllf, which flows for approximately
20 to 40 km before it infiltrates below the surfathe WRF furthest upstream of the SCR is the
ANWRF (sampling site SCR-01), and the effluent frina TRWRF enters approximately 7.6
km downstream (sampling site SCR-04; Fig. 1). ANWRE a 120 million liter per day (ML/D)
limit usingflocculation/grit removal, dissolved dlotation clarification, 5-stage Bardenpho,
tertiary filtration, and chloramine disinfectionhile the TRWRF has a 272 ML/D capacity and
is composed of flocculation/sedimentation, actidagkidge, and disinfection with hypochlorite.
For most the year, the water flowing in the SCRneiehis almost exclusively composed of
WRF effluent; therefore, it is an exceptional sgdenvestigate how wastewater effluents and

their constituents behave and interact with tharenment in the absence of dilution from
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Figure 1. Schematic of the Santa Cruz River and sapfing sites for this study. Wastewater discharge dlets (SCR-01 and
SCR-04) are highlighted by filled diamonds. All otler river sites are indicated by open circles. Samps SCR-07 and SCR-

11 were field and laboratory blanks, respectively.

The SCR was sampled at nine sites on four diffedlatés over the course of a year: May
12, 2014; September 22, 2014; December 1, 2014Fabdiary 12, 2015. Sampling events
collected 4 L grab samples from an upstream to dtn@am manner beginning with the
ANWREF outfall (SCR-01) in the absence of precipitatinduced surface flow. Sampling sites
are presented in the schematic in Fig. 1, and saggeétails are provided in Supplemental
Information (Table S2). SCR-01 and SCR-04 (stream®l0 and 7.6) are located at the outfalls
of ANWRF and TRWRF, respectively. Reach 1 of thiglg flows from the ANWRF outfall to
the downstream-most site before the TRWRF outsliIR-03 (stream km 6.4) or SCR-02
(stream km 1.3) if dry (Fig. 1). Reach 2 of thigdst flows from SCR-05 (stream km 9.7), the
mixing zone of both WRF waters, to the farthest dstneam site SCR-10 (stream km 28.8) or
SCRO8 (stream km 17.0) if dry (Fig. 1).

WREF effluent was the sole source of flow in the SftiRing sampling events, thus
surface flow upstream of the ANWRF was absent.dpt&nmber and December, channel SCR-03

was dry, preventing samples from being collectethiatsite. This was also the case for the
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channel at SCR-09 (steam km 24.0) and SCR-10,bruigey. During the February event, the
channel was stagnant at SCR03, but a sample vlasofiacted.

Water samples were collected in 1 L glass ambeleisddy directly filling the bottle in
the river or using a polypropylene bucket at ingsdge locations to collect the sample and then
pour into the 1 L glass amber glass. Before cotigadhe sample at each site, all equipment was
rinsed three times with the respective water. Dydach sampling event, a field blank, using
Milli-Q water, and a true triplicate sample wasleoled at each of the sites. Samples were
transported in coolers with ice back to the laberetthey were stored in 4°C for up to 48 h prior
to extraction. Historical data of SCR water qualitym quarterly river campaigns were extracted
from Living River Reports (Zugmeyer, et al., 201B)e river campaign data corresponding with

this study’s sample collections are presentederstipplementary information (Table S3).

2.3 Sample Preparation

Samples were filtered with a 47 mm, 0.7 um GF/Erfibass filters (GF/F 0.4m,
Whatman, Maidstone, UK) and solid phase extradi8PE) was performed using previously
published methods (Mehintt al 2015; Jicet al 2016). Briefly, a Dionex Autotrace 280 SPE
instrument was used with a Hydrophilic-Lipophili@lBnce (HLB, 500 mg/6cc) cartridge
(Waters Corporation, Millford, MA), which was prexditioned with 5 mL of methyl tert-butyl
ether (MTBE), 5 mL methanol, and 5 mL of ultra-purater. Samples were then loaded onto the
cartridge, rinsed with 10 mL of ultrapure wateiigdrfor at least an hour with nitrogen, and
eluted with 5 mL of methanol followed by 5 mL ol@/90 (v/v) methanol/MTBE mix. After
elution, samples were evaporated and raised twadvolume of 1 mL, which was divided into

two aliquots for bioassay and chemical analysi® adliquot for bioassay was then further
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evaporated and reconstituted in DMSO to achiev@@04fold enrichment. The extract aliquot
for chemical analysis went through an additiona&olup step (Jia et al., 2016). Briefly, a silica
cartridge (500 mg/6cc, Waters), pre-conditionedhwitmL of water-saturated ethyl acetate and 4
mL of a 90/10 (v/v) hexane/ethyl acetate was us@er the samples were loaded, they were
then rinsed with 3 mL of 90/10 (v/v) hexane/ethgétate, dried with nitrogen, and eluted with 3
mL of 38/62 (v/v) hexane/ethyl acetate. Lastly, shenples were evaporated and reconstituted in
1 mL of methanol, resulting in a 2,000-fold enrigdmwh An ultrapure water sample was extracted
in parallel to the samples, and no bioassay agthot chemicals were detected in these

laboratory blanks.

2.4 Glucocorticoid Activity

To quantify GR activity, the GR-GeneBLAzer assagpemercially available stable
human embryonic kidney cell line with a beta-lackamreporter gene (GR-UAS-bla HEK 293T,
Life Technologies Corporation, Grand Island NY) waed. Briefly, 6.25xT0cells/mL were
added to black wall, clear bottom 96-well platesgi@er Bio One, 655090) and incubated for 16
h with SCR extracts in triplicate, in addition td&10’ to 1x10™ M dexamethasone positive
control dose curve in duplicate (Mehinto et al.12pto achieve an Bgof 2.9x10° M. Then the
LiveBLAzer™-FRET B/G substrate mixture (CCF4-AM) svadded for 4 h before fluorescence
was measured in a FlexStation 3 Multimode PlatedBe@Molecular Devices, Sunnyvill CA).
Negative controls included cells exposed to 1% DM&® DMSO, and a cell-free blank
containing 1% DMSO. The excitation wavelength wa8/20 nm, with emission at 460/40 nm

and 530/30 nm for green and blue wavelengths, otispéy.
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To evaluate a potential laboratory bias, an inbentatory parallel analysis for GR
activity was completed on samples from two différgampling events. Aliquots from May and
February extracts were analyzed by Griffith UniitgrsSouthport, Queensland using GR-UAS-
bla HEK 293T cells in agonist and antagonist mgd&shintoet al., 2015). Fluorescence was
measured in a FLUOSstar plate reader (BMG Labteenm@ny) at 460 and 520 nm after
excitation at 410 nm and the data expressed asitiloeof fluorescence at 460 divided by 520.
Dexamethasone was used as the agonist referenguonth(EGo = 2.0x10° M), while
mifepristone was used as the antagonist referemopaund (EG = 1.8x10° M) in the presence
of a competing dexamethasoneggGoncentration, as recommended for antagonist sisaly
Neale and Leusch (2015). The limits of detectiomsell on the Egand 1Go were 5 ng/L

DexEQ and 5 ng/L mifepristone equivalents (MifE@gpectively.

2.5 Glucocorticoid Chemical Analysis

The concentration of the 28 targeted glucocortisawdre determined using a previously
published method (Jiet al., 2016). Briefly, a UHPLC-MS/MS (6490 Agilehéchnologies,
Santa Clara, CA) equipped with a ZORBAX EclipsesRi8 RRHT column (100 mm x 2.1 mm,
1.8um; Agilent Technologies, Santa Clara, CA) was agpliThe instrument detection limit
(IDL) for each analyte is provided in the Suppletaéimformation (Table S4). Glucocorticoid
concentrations were converted to chemical dexarsetteequivalent (cDexEQ) concentrations
by multiplying the concentration by the relativagries (REPS) listed in Table S5 (Jia et al.

2016).

2.6 AhR Activity



302 A chemical-activated luciferase gene expression(@AR) AhR in vitro bioassay was
303 used to quantify dioxins and other compounds thdtce the activity of the CYP1Al gene as a
304 part of a cellular toxic response mechanism (Gamrit al., 1996). Methods described in He et
305 al. (2014) were followed with slight modificationsing a H4L1.1c2 rat hepatoma cell line.
306 Triplicate wells at 7.5x1cells/mL were exposed to extracts and a 1xtb01x10** M 2,3,7,8-
307 TCDD positive control dose curve. Negative contintduded cells exposed to 1% DMSO, 0%
308 DMSO, and a cell-free blank containing 1% DMSO. &cBman Coulter Biomek FX liquid

309 handling workstation performed serial dilutionsaoworking plate (Thomas Scientific,

310 1223T96). Lysed cells were shaken in a LICONIC SAXRSA. A BioTek Synergy 2 plate
311 reader auto-added 50 microliters (uL) luciferaseyent to each well and measured

312 luminescence.

313

314 2.7 Estrogenic Activity

315 GeneBLAzer ER-UAS-bla GripTite cells were used to quantify ER-mediatedege

316 activation, following methods described in Eschteale(2014) and the manufacturer’s protocols,
317 with slight modifications. The assay was run intbagjonist and antagonist modes, and a serial
318 dilution of each sample was tested on at leastseparate occasions. Fluorescence was

319 measured in a FLUOstar plate reader (BMG Labteennfany) at 460 and 520 nm after

320 excitation at 410 nm, and the data expressed astioeof fluorescence at 460 divided by 520.
321 17p-estradiol (EGo = 1.4x10'"* M) and tamoxifen (E€ = 1.5x10 M, in the presence of an

322 ECg concentration of 1Festradiol) were used as the agonist and antag@&fieence

323 compounds, respectively. The sample results wagreeeged as Bfestradiol (EEQ; agonist) and
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tamoxifen (TMXEQ); antagonist) equivalent concentras. The limits of detection based on the

ECio and IGo were 0.005 ng/L EEQ andug/L TMXEQ, respectively.

2.8 Toxicity to Bacteria (Baseline Toxicity)

Baseline toxicity to bacteria was measured usiegoticterial luminescence toxicity
screen (BLT-Screen) assay as previously descrimdde Merwe and Leusch, 201Briefly,
sample extracts were serially diluted in PBS irban@ll plate. A cryopreserved aliquot of the
luminescent bacteri&hotobacterium leiognathiwas then added to each well.
Pentachlorophenol (EC50 = 0.17 uM) was used agefheence compound. After 30 min of
exposure, the luminescence was measured in a Flad@lste reader (BMG Labtech,

Germany). The inhibition of luminescence in eacli was calculated relative to controls using

lumgample

the equation% Inhibition = [1 — ( )] x 100, and % inhibition was plotted against the

lumcontrol

relative enrichment factor (REF) of each samples Torer is the REF that causes 20%
inhibition of bacterial luminescence was calculdmdeach sample using the linear section of
the dose-response curve (<40% inhibition). Thecibxpf each sample was expressed as a
Toxic Unit (TU), the reciprocal of the Ygrervalue. The limit of detection was 0.03 TiLk(,

REF of >33).

2.9 Bioassay Data Analysis
The average response of the blank wells from ekath pere subtracted from the GR
and ER raw fluorescence and AhR raw luminescenkceesdor each well. For the GeneBLAzer

data (GR and ER assays), the effect was then esqutes the ratio of 460/520 (or 530). The
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effect (fluorescence ratio or luminescence, dependn the assay) was then converted to a %

effect using equation (1):

Equation (1)

% effect = (Sign@lample— Signall\egative contr()/(Signalnax— Signalhegative contr&)*loo

Wheresignakamplels the bioassay response with the samggakegative controlS the response
with a solvent negative control asmjnalyaxis the highest response produced with the referenc

compound.

The 10% effective concentration (EfCin agonist mode and the 20% inhibitory concerarat
(IC50) in antagonist mode (Eschetral., 2014) were calculated for each sample curatgon-

effect curve data from equation (2):

Equation (2)

logEC = logECsp+ 1/s * log[x / (100-x)]

Wheres s the slope of the concentration-effect curvéhefreference compound.

Equivalent concentrations (DexEQ and MIfEQ for GEEQ and TMXEQ for ER and TCDDEQ

for AhR) were determined using equation (3):

Equation (3)

Equivalent Concentration = PQJasiive controf PODsamplie® MW
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WherePOD is the point of departureé€., EG;o in agonist mode and pgin antagonist mode)

andMW is the molecular weight of the reference compaarngimol.

DexEQ and calculated DexEQ (cDexEQ) concentratreer® compared in a mass balance to
identify if the limited analyte set measured inhh&al analysis captured the magnitude of

agonist-induced GR bioactivity (J& al., 2016).

3.0 Results and Discussion
3.1 Glucocorticoids

3.1.1 GR activity in the Santa Cruz River
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The GR agonist activity of the SCR ranged from 276 ng/L DexEQ over the four
sampling events (Figure). These results are camigtith previous results for this same stream,
ranging from 39 to 155 ng/L DexEQ (Jia et al., 20Heven of those samples exceeded the
glucocorticoid EBT of 100 ng/L for environmental tees (van der Oogt al., 2017). Across all
sampling events, concentrations decreased downsfrean the WRF outfalls (km 0.0 and km
7.6). Reach 1 showed a 42% to 68% reduction inexanation with the exception of the
December sampling event (8% reduction). In Decenthersurface water had fully infiltrated
upstream from km 6.4, the downstream-most siteezdR 1. The Reach 1 downstream
concentration reduction ranged from 8 to 41 ng/L/Kime Reach 2 downstream concentration
reduction ranged from 48% to 89% (3.9 to 8.2 ngtiykAntagonism (anti-GR activity) was
measured in the May 2014 and February 2015 sarapbksvas below detection limit for all
samples (< 5 ng/L MIfEQ), and thus not contributioghe bioassay-derived DexEQ

concentrations in the mass balance.
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Figure 2. Glucocorticoid activity (expressed as D&Q, ng/L) in the SCR. The dashed red line EBT(Envat 100 ng/L
DexEQ is the lowest-effect based trigger (EBT) vakiproposed by van der Oost et al. (2017) for envinonental waters,
while the full red line EBT (DW) at 150 ng/L DexEQis the GR-GeneBLAzer EBT proposed by Escher et a{2015) for

drinking water.

The replicate inter-laboratory analysis for GRattiproduced comparable results, both
in terms of response of the assays to referencgaonas (Table S6) and the calculated DexEQ
activity in the water samples (Table S7). The medative standard deviation (RSD) for the
DexEQ results between labs was 18.4% with the Myl Zamples and 15.6% with the
February 2015 samples (Table S7), similar to aiphétl interlaboratory parallel analysis on a
GR bioassay calibration study using environmerdai@es (Mehinto et al., 2015). Both
analyses showed the same trend of the highestthitabeing measured at the WRF outfalls

and decreased bioactivity proceeding downstream 83).
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Downstream concentration reduction may be infludrmethe biodegradation or
photodegradation of GR agonist compounds. Anottuglysnvestigating glucocorticoid
concentrations in biological wastewater treatméoirged that concentrations were below or
very close to reporting limits after exposure téhbaerobic and anaerobic sludge (Liu et al.,
2011). GR activity is associated with hydrophilitract fractions, so decreasing downstream
concentrations are not likely to be highly influeddy sorption to organic matter and sediments
(Macikova et al., 2014). There is also a high dubsi that GR agonists in the SCR are
degraded by photolysis reactions. When expose@ toBcni ultraviolet light, (U\ss)
complete GR agonist attenuation in a wastewaterixnaas achieved in a bench scale study (Jia
et al., 2016). In the SCR, effluents flow for hotoglays, allowing sufficient exposure for

photodegradation of some TOrCs (Quanrud et al.4R00

3.1.2 Occurrence of GR agonists in the Santa Cruziver

Analytes were not detected in the field and lalmgablanks with the exception of the
May and December field blanks containing 0.10 aidd @dg/L methylprednisolone (MPL),
respectively. Therefore, MPL concentrations ateloW these values were excluded (all
December samples and two May samples: km 1.3 antiZk@). Nine of the 28 glucocorticoid
analysed were detectable in each SCR sampling ,evihta total concentration ranging from
3.5 to 44.9 ng/L, with the highest concentrationtha WRF outfalls (km 0.0 and km 7.6;).
Concentrations consistently decreased downstreamtiie WRF outfalls in all sampling events,
which agrees with the GR bioassay results. The mMbee sampling event had the greatest
concentrations of glucocorticoids, where May haglltdwest concentrations with about half that

observed in the December sampling campaign. ThagaRist with the highest concentration



431

432

433

434

435

436

was triamcinolone acetonide (TCA), which accouritedbetween 39% to 87% (1.4 to 38 ng/L)
of total glucocorticoids. This is consistent wittetfindings from Jia et al. (2016) in which TCA
accounted for 49% to 77% of total glucocorticoishoentration from four different WWTPs.
Triamcinolone acetonide along with prednisolonel(PNas present in all of the SCR samples.
Cortisone (COR), betamethasone (BET), fluocinolacetonide (FCA), hydrocortisone (HCT),

clobetasol proprionate CBP), and fluticasone pnogiie (FTP) were present in >80% of samples.
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Figure 3. Concentrations of target glucocorticoidgexpressed in ng/L) in the SCR. The red dashed lirie the represents the second reach (ie TRWRF). The
glucocorticoids detected were Triamcinolone acetodée (TCA), Prednisolone (PNL), Methylprednisolone (MPL), Hydrocortisone (HCT), Fluticasone propionate(H'P),
Fluocinolone acetonide(FCA), Cortisone (COR), Cloliasol propionate (CBP), and Betamethasone (BET). ®se concentrations were then concerted to cDexEQdzal

on Jia et al. (2016) and expressed as the black tas line. The black solid line is the DexEQ colleet from the GR bioassay.
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3.4.3 Glucocorticoid Mass Balance

DexEQ and cDexEQ concentrations for all samplepegsented in Fig. 3 (full and
dashed line, respectively), and specifically fa&r WRF outfalls at km 0.0 and 7.6 (SCR-01 and
SCR-04, respectively) in Figure . Overall, the nghgcocorticoids identified and quantified in
the WRF effluent (ANWRF and TRWRF) had a summedxttig which was in good agreement
with the DexEQ obtained from the bioassay datacatihg a successful mass balance. The
cDexEQ concentrations were slightly higher thanRlezEQ concentrations for all WRF outlet
samples, except for the February and May resuksat.6. This has also been documented and
respectively attributed to the presence of antageiiMacikova et al., 2014); however, the anti-
GR bioassay results for May and February samples ineow detection limit (<5 ng/L MIfEQ),
suggesting that this was not the case here. IniaddcDexEQ also showed the same trend of
higher concentrations in the winter months compé#watiose collected during the summer.
Analytical detection of individual glucocorticoimpounds is capable of predicting
bioanalytical response in complex mixtures sucteakimed water (Schriks et al., 2010; Jia et
al., 2016). The present study provides another plaof a successful mass balance of
glucocorticoid receptor activity in an environmdragstem. The sum of TCA, FCA, CBP, and
FTP contributions to cDexEQ in WRF effluents acdsuor 99.5% to 99.8%, similar to those

reported by Jia et al. (2016) of 97.7% to 99.8%doondary effluents.
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469 3.2 AhR activity in the Santa Cruz River
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Figure 5), and every sample was above the EBTQ& Qg/ L for environmental waters.
In addition, these values were one to two ordersagnitude above the drinking water guideline
value of 0.03 ng/L set for TCDD. The amount of TGBis comparable to what was found by
Dagnino et al. (2010), who reported 2.1+1.1 ng/LDBEQ after a lagoon-based water treatment
facility (WTF). The overall trend of TCDDEQ for tf&®CR in this study showed the highest
concentrations at the outfalls, with decreasingceatrations downstream. Reach 1 showed a
23% to 53% reduction in concentration with the gtioe of the December sampling event (4%
reduction). However, there was no flow at km 6.€RS03) on that date. Reach 2 showed 11 to
74% downstream concentration reduction (0.0032an@L/km). Possible causes of the
downstream concentration reduction include photoatiggion and sediment sorption and
deposition. Kim & O’Keefe (2000) reported that dizxand dioxin-like compounds can
photodegrade in sunlight with half-lives on theeardf several hours to a day. The SCR water
flows down the channel from the ANWRF (SCR-01)ddew days before infiltration (Quanrud
et al. 2004), which is a sufficient amount of tifoe photodegradation to occur. Dagnino et al.
(2010) showed that AhR response was highest inemasér suspended particles compared to
the dissolved phase, making suspended particlexre-lkely source of environmental
contamination. Therefore, the affinity of AhR agsisito organic matter may lead to deposition
in the sediments, which should be assessed a®atjbsink in the SCR. The presence of AhR
activity in the aqueous phase could be influengetibding to dissolved organic carbon (DOC)

or the presence of more-polar, dioxin-like compau(@agnino et al. 2010).
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Figure 5. AhR activity (expressed as TCDDeQ, ng/Lin the SCR. The dashed red line EBT(Env) at 0.05 fig TCDDEQ is
the lowest effect-based trigger (EBT) value proposeby van der Oost et al. (2017)for environmental wiars, while the full
orange line Guideline (DW) at 0.03 ng/L TCDDEQ iste guideline value proposed by the USEPA (1998) fGiCDD in

drinking water.

3.3 Estrogenic Activity

(Anti)-Estrogenic activity was only measured in M2314 and Feb 2015. Estrogenic
activity was generally low, with <1 ng/L EEQ in WRIfluents and the river samples. Only the
two most up-stream samples in May 2014 were ($Yiphbove the lowest EBT of 0.1 ng/L EEQ
proposed by JaroSova et al. (2014), and all oti@ptes were below (Figure ). A small decrease
of 0.011 ng/L/km EEQ was apparent in Reach 1, lreriet was no attenuation of the low activity

in Reach 2. The Feb 2015 samples were 2-25x htgherthe May 2014 samples, but the
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activity decreased rapidly by 75-79% in both rikesches (a reduction of 0.07 to 0.13 ng/L/km
EEQ) (Figure ). Antagonism (anti-ER activity) wast detected in any of the samples (gdgsL
TMXEQ), except in SCR-01 and SCR-02 which were Wgahktagonistic, just above the assay

detection limit at ug/L TMXEQ.
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Figure 6. Estrogenic activity (expressed as EEQ, fig in the SCR. The dashed red line EBT(Env) at 0.hg/L EEQ is the
lowest effect-based trigger (EBT) value proposed byaroSova et al. (2014) for environmental waters, kile the full red

line EBT(DW) at 1.8 ng/L EEQ is the ER-GeneBLAzer BT proposed by Escher et al. (2015) for drinking weer.

The estrogenic activity detected in the currendgtix0.005 — 0.8 ng/L EEQ) is
comparable to concentrations previously reportetipaadicted for wastewater-receiving surface
waters elsewhere (Anderson et al., 2012; Scott,&2@il4; Van Der Linden et al., 2008).
Estrogenic activity in wastewater-receiving surfaegers is most likely driven by low ng/L

concentrations of natural and synthetic hormonesigtch et al., 2010), near or below their
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typical chemical analysis method detection limitle ng/L. The natural hormones (such as
17p-estradiol and estrone) are usually efficiently oged during wastewater treatment with
removal ranging from 74.8 to >99%, but can stélguently be detected in wastewater effluents
as high as 80 ng/L (reviewed in Luo et al., 20NBtural hormones; however, degrade rapidly in
rivers due to microbial activity and photodegradiatvith average half-lives of 1-2 d in UK

rivers (Jurgens et al., 2002). The EEQ concentiatand trends detected in the river in the Feb
2015 sampling would be typical of an input of natwestrogens such as estradiol and estrone,
with a moderately high EEQ and a rapid decreasleamiver. On the other hand, the synthetic
hormone 1d@-ethinylestradiol, the active ingredient of thetbicontrol pill, is only moderately
removed by conventional wastewater treatment (rapnfyjom 43.8 to >99%, reviewed in Luo et
al., 2014), is comparatively more persistent irfesze water of 10-17d (Jurgens et al., 2002), and
is one of the most potent estrogenic compoundsibothvitro test systems and whole animals
(Leusch et al., 2009). Trace concentrations eféthinylestradiol remaining in the treated
wastewater would therefore persist in the riversimme time and the response in May 2014
sampling (and the baseline values in the Feb 281t§pical of such a background

contamination (Scott et al., 2014). The estrogantwity detected here was always below the
drinking water EBT of 1.8 ng/L (Escher et al., 2Da&d was below the environmental EBT of
0.1-0.4 ng/L EEQ for long-term exposure (JaroSdw.e2014) in May 2014, but above it in the
Feb 2015 samples. Interestingly, while most offlb 2015 samples were above the long-term
exposure EBT, they were at the bottom end of thelaiv for short-term exposure (EBT ranging
from 0.5-2.0 ng/L EEQ; JaroSova et al., 2014)). €idering the large difference between the two

sampling events, further monitoring is necessaetermine if the higher values detected in
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Feb 2015 are uncommon (in which case the risktodgsnic endocrine disruption may be

minimal) or representative of the typical concetidras in this river system.

3.4 Toxicity to Bacteria

As with estrogenic activity, basal toxicity was ymheasured in May 2014 and Feb 2015.
The SCR samples were not particularly toxic to &aat(Figure )., and the T&dorer values
(0.1 - 0.3) were comparable to those reportedofioer surface water samples around the world
(Macova et al., 2011; Escher et al., 2014; Leus@h. £2014). All samples were well below the
trigger value of 1.0 Tld,o, which represents an undiluted water sample cgud#o toxicity in
the assay. This indicates that although these S&Rrwamples may contain complex mixtures
of TOrCs, the concentrations were generally lonclmmpounds that are highly toxic to bacteria
and water samples required SPE-concentration thupgea detectable toxic effect.

In the May 2014 samples, toxic unit values weratietly constant across all sites
(TUic20rer between 0.1 and 0.2). The toxic unit values offiak 2015 samples were generally
higher than the May 2014 samples, and effluent fileensecond WRF (at km 7.6) increased the
basal toxicity of the water slightly, to 0.25 tkbrery With a lag increase further downstream (at
the 9.7 km site) to 0.28 toxic units. However, tityi did decrease rapidly after that, returning to
baseline values within 10 km downstream of the s@d&RF. The higher basal toxicity in Feb
2015 compared to May 2014 was consistent with AFIR and GR results, indicating higher
overall toxicity in the SCR during the latter samglperiod. Similarly, the lag increase in basal
toxicity downstream of the second WRF was also feskfor AhR (Dec 2014 and Jun 2015)

and ER at both sampling times.
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4.0 Conclusions

Glucocorticoid, estrogen, and aryl hydrocarbon pemeactivity (GR, ER and AhR) have
been detected in the wastewater effluent-dominidedof the SCR, often above available
environmental effect-based trigger values. Ovetiadl,activity decreased downstream from the
WRFs, with up to 89%, 74%. 74%, and 43% removah $eethe GR, AhR, ER, and bacteria
toxicity, respectively. These activities seem tarifeienced by seasonal variations. Chemical
analysis of known glucocorticoid compounds was alksdormed, detecting 9 out of 28
glucocorticoids analyzed, with triamcinolone acéden(1.4 to 38 ng/L) found at the highest
concentration. When converting the chemical anglglaia to cDexEQ, a successful mass
balance was demonstrated with the DexEQ obtaired the bioassay data, and interlaboratory
comparison of bioassay result showed good agreeedween laboratories, thus demonstrating
the ability and reliability of bioassays to accetgtmonitor water quality. Further research is
needed to identify whether these agonists are degyaaturally in the environment (photolysis
or biodegradation) or if they are bioaccumulating/ar depositing in other environmental sinks.
In addition, since some known agonists tend tagmgphilic compounds, addition research is
needed that investigates the suspended solidsegimdents of the SCR. As water sources are
becoming increasingly influenced by anthropogenimpounds, the occurrence of these receptor
agonists and other TOrCs in the environment is mamb to monitor; therefore, additional
research is necessary to better understand thecirthzd these compounds pose to the aquatic

environment and to humans through indirect potedalise.
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Highlights:

* Invitro bioactivity in an effluent-dominated river measured quarterly for one year
e Bioactivity was attenuated with distance from effluent discharge without dilution
e Triamicinolone acetonide most abundant glucocorticoid pharmaceutical detected
e Biological activity exceeded effects-based trigger values for environmental effects



