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Abstract
Environmental endocrine-disrupting compounds (EDCs) are 
a growing concern as studies reveal their persistence and 
detrimental effects on wildlife. Microorganisms are known 
to affect the transformation of steroid EDCs; however, the 
diversity of estrogen-degrading microorganisms and the range 
of transformations they mediate remain relatively little studied. 
In mesocosms, low concentrations of added estrone (E1) and 
17b-estradiol (E2) were removed by indigenous microorganisms 
from Las Vegas Wash water within 2 wk. Three bacterial isolates, 
Rhizobium sp. strain LVW-9, Sphingopyxis sp. strain LVW-12, and 
Pseudomonas sp. strain LVW-PC, were enriched from Las Vegas 
Wash water on E1 and E2 and used for EDC transformation 
studies. In the presence of alternative carbon sources, LVW-9 
and LVW-12 catalyzed near-stoichiometric reduction of E1 to 
E2 but subsequently reoxidized E2 back to E1; whereas LVW-
PC minimally reduced E1 to E2 but effectively oxidized E2 to E1 
after a 20-d lag. In the absence of alternative carbon sources, 
LVW-12 and LVW-PC oxidized E2 to E1. This report documents 
the rapid and sometimes reversible microbial transformation 
of E1 and E2 and the slow degradation of 17a-ethinylestradiol 
in urban stream water and extends the list of known estrogen-
transforming bacteria to the genera Rhizobium and Sphingopyxis. 
These results suggest that discharge of steroid estrogens via 
wastewater could be reduced through tighter control of redox 
conditions and may assist in future risk assessments detailing the 
environmental fate of estrogens through evidence that microbial 
estrogen transformations may be affected by environmental 
conditions or growth status.
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Environmental endocrine-disrupting compounds 
(EDCs) are a growing concern as studies reveal their per-
sistence and detrimental effects on wildlife. Endocrine-

disrupting chemicals are defined as “exogenous chemical 
substances or mixtures that alter the structure or function(s) of 
the endocrine system and cause adverse effects at the level of the 
organism, its progeny, populations, or subpopulations” (Crisp et 
al., 1998). Although a wide variety of anthropogenic compounds 
are estrogenic, some of the most potent are the steroid hormones 
estrone (E1), 17b-estradiol (E2), and 17a-ethinylestradiol 
(EE2) (Routledge and Sumpter, 1996), with predicted no-effect 
concentrations for fish of only 6, 2, and 0.1 ng L-1, respectively 
(Caldwell et al., 2012). Although individual studies and alterna-
tive methods targeting different organisms yield different effec-
tive concentrations, EE2 is generally considered tens of times 
more potent than E2, which in turn is generally reported as 
approximately two to three times more potent than E1 (Thorpe 
et al., 2003; Van den Belt et al., 2004).

Steroid hormones are excreted through human waste, and 
although 90% or more may be removed during wastewater treat-
ment ( Joss et al., 2004), residuals make their way into waterways 
through wastewater effluent, posing potential risks to wildlife 
downstream (Routledge et al., 1998). To assess the fate of the 
remaining steroid hormones in wastewater entering the envi-
ronment, more detailed knowledge of the types of organisms 
that transform these compounds, the conversions they perform, 
and the environmental conditions (redox, carbon sources, etc.) 
required for these processes to work is needed. If microorgan-
isms that are effective in transforming steroid hormones can be 
isolated, they may be useful to engineer treatment processes.

A number of studies have investigated estrogen biodegra-
dation by mixed cultures of microorganisms in sewage sludge 
and natural aquatic ecosystems under both aerobic ( Jürgens et 
al., 2002; Lee and Liu 2002; Weber et al., 2005; Yi and Harper, 
2007) and anaerobic (Czajka and Londry, 2006) conditions. In 
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most of these studies, E2 is oxidized to E1, followed by degrada-
tion of E1 to estriol and then to nonsteroidal products (Casey 
et al., 2003; Das et al., 2004; Lee and Liu, 2002). 17a-ethi-
nylestradiol is generally more refractory but is degraded by a 
combination of biological activity (Zhang et al., 2016) and pho-
todegradation ( Jürgens et al., 2002). The reversible interconver-
sion of E2 and E1 is known to occur under anaerobic conditions, 
although EE2 biodegradation has only been observed under 
iron-reducing conditions (Ivanov et al., 2010). Two recent stud-
ies of systems treating manure waste streams, for example, have 
reported the near-stoichiometric reductive transformation of E1 
to E2, followed by complete reoxidation of E2 to E1 (Prater et 
al., 2015; Zheng et al., 2012). One of these studies showed that 
the reduction of E1 to E2 was sensitive to oxygen (Prater et al., 
2015). Other studies have shown that the loss of E2 can be asso-
ciated with an accumulation of E1 (Lee and Liu, 2002; Ying and 
Kookana, 2003) or that E1 can be reduced back to E2, with the 
steady-state concentration of E2 being dependent on the domi-
nant electron-accepting reaction (Czajka and Londry, 2006). 
Thus, the tendency of estrogens to reversibly shift between redox 
states rather than undergo complete degradation suggests that 
they would accumulate in anoxic environments.

A diversity of bacteria is known to transform estrogens, 
including members of the phyla Proteobacteria, Bacteroidetes, 
Firmicutes, and Actinobacteria (reviewed in Yu et al. [2013] 
and Zhang et al. [2016]). Many of these microorganisms can co-
metabolically oxidize E2 to E1, and some can degrade estrogens 
to small, nontoxic products, by using estrogens as sole carbon 
sources and electron donors for heterotrophic growth, with 
examples including Novosphingobium strain ARI-1 (Fujii et 
al., 2002), Sphingomonas sp. KC8 (Yu et al., 2007), and several 
Rhodococcus strains (Yoshimoto et al., 2004). However, very few 
microorganisms have been shown to reduce E1 to E2. One study 
described the reversible reduction of E1 to E2 by pure cultures 
identified as Alcaligenes fecalis, Pseudomonas aeruginosa, and 
Staphylococcus aureus and suggested that these activities are likely 
to be responsible for the high concentration of reduced estrogens 
in feces from humans and other animals ( Järvenpää et al., 1980); 
however, few details were provided, such as the source or iden-
tity of the strains, the details of the cultivation conditions, the 
concentration of estrogens used, or whether the transformations 
were coupled with growth. In a more recent study, Isabelle et al. 
(2011) showed that Methylobacterium strain MI6.1R, isolated 
from an activated sludge bioreactor, is capable of the reduction 
of E1 to E2 under aerobic conditions.

In this study, we examined the role of microorganisms in 
estrogen transformations in water collected from the Las Vegas 
Wash in Nevada. The Las Vegas Wash is a tributary that enters the 
Boulder Basin of Lake Mead through Las Vegas Bay and is pri-
marily supplied by tertiary-treated wastewater from four plants 
(Benotti et al., 2010; Rosen et al., 2006). Significant amounts of 
organic contaminants also enter the Las Vegas Wash through his-
toric industrial land uses adjacent to the wash and through urban 
runoff (Bevans et al., 1996; Boyd and Furlong, 2002; Covay and 
Leiker, 1998; Rosen et al., 2006, 2010; Rosen and Van Metre, 
2010). Various EDCs have been found in the Las Vegas Wash 
and Las Vegas Bay, including E2, which has been detected at con-
centrations as high as 2.7 ng L-1 (Snyder et al., 1999). Toxicity 
tests of water collected in Las Vegas Bay where wastewater and 

urban runoff enters Lake Mead show the estimated estrogenic-
ity was fivefold to ninefold greater at depths of 3.0 and 4.7 m as 
compared with surface water, which correlates with the greater 
occurrence of many synthetic organic chemicals related to waste-
water effluents and urban runoff at these depths and indicates 
that wastewater and urban runoff is the likely cause of this tox-
icity (Alvarez et al., 2012). Carp and largemouth bass collected 
from the Las Vegas Wash and Las Vegas Bay have been found to 
contain high concentrations of synthetic organic chemicals and 
biomarkers of endocrine disruption, such as vitellogenin, an egg 
yolk precursor (Bevans et al., 1996; Goodbred et al., 2007, 2015; 
Patiño et al., 2003, 2015). Understanding contaminant fate and 
transport is important, particularly in arid regions such as the 
American Southwest, as population growth and climate change 
pit an ever-increasing demand for water against dwindling sup-
plies. As a result, these communities are engaging in beneficial 
water reuse practices, thus raising the stakes for strategies to 
remediate EDCs and other wastewater-derived pollutants. Here 
we show that a microcosm containing Las Vegas Wash water 
was capable of rapid degradation of E1 and E2 and slow degra-
dation of EE2. Three representative microbial isolates obtained 
from the Las Vegas Wash, identified as members of the genera 
Rhizobium, Sphingopyxis, and Pseudomonas, were shown to cat-
alyze the reversible co-metabolic reduction of E1 to E2. These 
findings may be useful in developing methods for the effective 
treatment of wastewater before it enters the environment or may 
allow an assessment of natural attenuation and/or degradation 
occurring downstream of effluent outfalls.

Materials and Methods
Sample Collection, Microcosm Experiment,  
and Microbial Isolation

Water samples were collected in sterile containers from the Las 
Vegas Wash (36.092° N, 114.969° W), transported to the labora-
tory on ice, and used to create a microcosm to examine estrogen 
degradation. The microcosm consisted of 18.9 L (5 gallons) of 
Las Vegas Wash water, which was gently stirred in a glass biore-
actor in the dark at room temperature. An aqueous stock solu-
tion containing estrone (99% pure), 17b-estradiol (98% pure), 
and 17a-ethinylestradiol (98% pure) (Sigma-Aldrich, Inc.) was 
prepared by adding neat compounds to deionized water rather 
than a solvent such as methanol. This was done to avoid intro-
ducing an alternative carbon and potential energy source for the 
microbes. Because the stock solution was a mixture of several 
compounds, the entire stock did not completely dissolve before 
the microcosm was spiked, resulting in lower-than-expected ini-
tial concentrations. Initial measured concentrations for E1, E2, 
and EE2 in the microcosm were 22.1, 60, and 148 ng L-1 (0.08, 
0.22, and 0.5 nM), respectively. Water samples (1 L) were asepti-
cally collected and analyzed to measure attenuation of E1, E2, 
and EE2 at 0, 1, 2, 4, 7, 14, 29, 56, and 120 d.

Fresh Las Vegas Wash samples were serially diluted into 
16-mm slip-cap culture tubes containing M1 mineral medium 
(Myers and Nealson, 1988) supplemented with E1, E2, and 
EE2 (2000 mg mL-1) as the sole sources of carbon and energy 
for growth (1:10 dilution of sample to media) and incubated 
at room temperature in the dark. The most dilute enrichments 
showing visible turbidity were subsequently used as sources for 
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microbial isolation by streaking onto the same medium solidi-
fied with 1.5% (w/v) high-purity agar, followed by incubation 
in the dark at room temperature. For the solid medium, 100× 
stock solutions of E1, E2, and EE2 in methanol were incorpo-
rated by spreading with a sterile glass rod onto agar plates con-
taining M1 minimal medium lacking any other added carbon 
source (for a final concentration of 10 mg L-1 each of E1, E2, 
and EE2). To minimize the possibility that the added methanol 
might serve as a potential carbon and energy source for micro-
organisms, methanol was allowed to evaporate from plates in a 
laminar flow hood overnight, leaving only the steroid estrogens 
behind. Colonies with distinct morphologies were subjected to 
three rounds of streak plate isolations. Culture purity was veri-
fied through microscopic observation and sequencing of the 16S 
rRNA gene.

16S rRNA Gene Polymerase Chain Reaction, Sequencing, 
and Microbial Identification

DNA was extracted from cell pellets using the MoBio 
Ultraclean soil kit (MoBio), and 16S rRNA genes were ampli-
fied by PCR using primers 9bF (Eder et al., 1999) and 1512uR 
(Eder et al., 2001) and sequenced using Sanger technology as 
previously described (Costa et al., 2009). Reads were trimmed 
to remove bases with quality scores of less than 20, and sequence 
contigs were assembled using Sequencher V4.9 (Gene Codes). 
The near full-length 16S rRNA gene sequences were used as 
queries to the NCBI 16S rRNA gene sequence database using 
BLASTN and to EZTaxon (Kim et al., 2012).

Microbial Growth and Estrogen Degradation 
Characteristics

The capacity for growth on, and degradation of, EDCs was 
assessed in the defined medium using two different culture 
conditions. In the first condition, a mixture of E1, E2, and 
EE2 (2000 mg mL-1 each) was provided as the sole carbon and 
energy source. In the second condition, the same medium was 
used with, in addition to the estrogens, an equimolar mixture of 
simple organics (2.5 mM each of sodium formate, sodium lac-
tate, sodium acetate, and d-glucose). These organic compounds 
were chosen to represent organics that are common in natural 
systems as products of biomass depolymerization (glucose) and 
fermentation (organic acids) and are used as electron donors for 
a wide variety of microorganisms. For both culture conditions, 
the inoculum consisted of a 1:50 dilution of early stationary-
phase cultures, which were grown in M1 liquid with the equi-
molar mixture of EDCs and simple organics, centrifuged, rinsed 
twice, and resuspended in fresh M1 without amendments. All 
experiments were run in triplicate.

In the microcosm experiment, steroid analysis used solid-
phase extraction followed by LC-MS/MS (Vanderford et al., 
2003). Water samples were spiked with isotopically labeled stan-
dards and extracted using Oasis HLB cartridges (Waters Corp.) 

using an Autotrace automated solid-phase extraction system 
(Zymark Corp.). Cartridges were preconditioned with 5 mL 
each of dichloromethane, tert-butyl methyl ether, methanol, and 
reagent water. Water samples were filtered through the cartridges 
at 15 mL min-1, rinsed with 5 mL reagent water, and dried with 
nitrogen gas for 60 min. Samples were eluted with methanol, 
evaporated to 250 mL, and stored at -20°C until analysis. The 
LC-MS/MS was performed using an Agilent G1312A binary 
pump with a binary mobile phase of 0.1% formic acid in water 
and 100% methanol at a flow rate of 0.7 mL min-1 and an injec-
tion volume of 10 mL followed by an Applied Biosystems API 
4000 triple quadrupole mass spectrometer, using multiple reac-
tion monitoring with electrospray ionization in positive and 
negative modes.

For the growth experiment, estrogen concentrations were 
determined by extraction of culture broth with acetonitrile 
(1:1 v/v) and filtration using 0.2-mm polytetrafluoroethylene 
filters. Extracts were quantified using high-performance liquid 
chromatography (Agilent 1200 Series) with an Agilent Zorbax 
ODS C18 column (4.6 mm ID × 250 mm; particle size, 5 mm; 
pore size, 70 Å) and a UV detector (200 nm). The mobile phase 
was acetonitrile/water (45/55, v/v), with a flow rate of 600 mL 
min-1, column temperature of 35°C, and an injection volume of 
100 mL. Microbial growth was assessed by using the FASTEST 
Total Viable Organisms Kit by Flow cytometry (MicroPro, 
Becton Dickinson).

Nucleotide Accession Numbers
Near full-length 16S rRNA gene sequences have been depos-

ited in GenBank with the accession numbers KU291420, 
KU291421, and KU291422.

Results
Estrogen Transformations: Microcosm Study

A microcosm was established from the Las Vegas Wash by 
adding low concentrations of the estrogens E1, E2, and EE2 
(Table 1) to Las Vegas Wash water (Fig. 1). In this experiment, 
E2 was rapidly removed without lag, reaching the detection 
limit within 1 wk. The concentration of E1 increased transiently, 
consistent with the commonly observed pattern of oxidation 
of E2 to E1 under aerobic conditions, but then was completely 
removed within 2 wk. The concentration of EE2 decreased 
slowly and steadily over the course of the incubation, such that 
roughly one-third of the original 150 ng mL-1 remained at the 
end of the 120-d incubation period. Half-lives for E1, E2, and 
EE2 were calculated as 27, 2.9, and 150 d, respectively.

Estrogen Transformations by Pure Cultures
A number of putative estrogen-degrading bacteria were iso-

lated from the Las Vegas Wash based on their apparent ability 
to grow on agar plates with estrogens as sole carbon and energy 
sources. However, subsequent screening failed to confirm 

Table 1. 16S rRNA gene identity to closest cultivated relatives.

Organism Closest cultivated relative % Identity Accession no.
Rhizobium sp. LVW-9 Rhizobium radiobacter ATCC 19358T 99.7% KU291420
Sphingopyxis sp. LVW-12 Sphingopyxis alaskensis RB2256T 99.1% KU291421
Pseudomonas sp. LVW-PC Pseudomonas taiwanensis BCRC 17751T 99.8% KU291422
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estrogen degradation by many of the pure cultures. We speculate 
that these potential nontarget microorganisms may have main-
tained slow growth by using impurities in agar or residual metha-
nol used in our estrogen stock solutions as carbon and energy 
sources. Regardless, three isolates from this collection, desig-
nated LVW-9, LVW-12, and LVW-PC, were confirmed to trans-
form estrogens. These three isolates were identified as strains of 
Rhizobium (LVW-9), Sphingopyxis (LVW-12), and Pseudomonas 
(LVW-PC) based on analysis of near-complete 16S rRNA gene 
sequences (Table 1).

In pure culture experiments, all three strains co-metabolically 
catalyzed the near-stoichiometric reduction of relatively high 
concentrations of E1 to E2 in the presence of simple organics 
(2.5 mM each of sodium formate, sodium lactate, sodium ace-
tate, and d-glucose) and later reoxidized E2 to E1. However, 
these degradation patterns differed in several details (Fig. 2a–c). 
Strain LVW-9 reduced approximately half of the 2000 mg mL-1 of 
E1 to E2 slowly over a 10-d period, during which time minimal 
growth was observed. Then, between 10 and 20 d of incubation, 
two-thirds of the E2 was reoxidized back to E1, concomitant 
with a marked increase in cell density (i.e., from ~1.0 × 108 to 1.0 
× 109 cells mL-1). Under the same conditions, strain LVW-12 
grew without lag to a cell density of ~6.0 × 108 cells mL-1 and 
reduced a similar amount of E1 to E2 within 5 d of incubation. 
However, longer incubation led to the near-complete reoxida-
tion of E2 to E1 during stationary and death phases of growth. In 
contrast, strain LVW-PC reduced E1 to E2 only slightly during 
growth on simple organics over a 20-d time period, during which 
cell counts reached ~6.0 × 108 cells mL-1, followed by a slow 
decline in cell numbers and oxidation of E2 to E1.

In all three cultures, EE2 was not significantly transformed, 
and all estrogens were stable in parallel abiotic incubations. 
Although there was no evidence that any of the strains degraded 
estrogens to smaller compounds or for the coupling of estro-
gen transformation to growth, strains LVW-12 and LVW-PC 
were both able to oxidize E2 to E1 during incubation under 

nongrowing conditions without supplemental organics; in 
contrast, strain LVW-9 did not transform any estrogens in the 
absence of co-metabolic substrates (Fig. 2d–f ).

Discussion
This study resulted in the characterization of estrogen 

transformation by environmental isolates of two genera not 
previously known to transform estrogens, Rhizobium and 
Sphingopyxis, both belonging to the class Alphaproteobacteria 
in the phylum Proteobacteria. Various members of the class 
Alphaproteobacteria are well known for their abilities to degrade 
estrogens (reviewed in Yu et al. [2013] and Zhang et al. [2016]); 
however, these two genera have never previously been impli-
cated in estrogen transformations. Rhizobium is a member of 
the family Rhizobiaceae, which includes known estrogen-trans-
forming bacteria in the genera Aminobacter (Yu et al., 2007) and 
Phyllobacterium (Pauwels et al., 2008). Members of these genera 
are able to couple degradation of E1 and E2 to nonsteroidal 
products and growth, but neither is known to reduce E1 to E2, 
as was shown here for Rhizobium. Sphingopyxis is a member of 
the family Sphingomonadaceae, which includes estrogen-trans-
forming bacteria in the genera Sphingomonas (Ke et al., 2007; 
Kurisu et al., 2010; Yu et al., 2007) and Novosphingobium (Fujii 
et al., 2002; Hashimoto et al., 2010). These strains carry out a 
variety of transformations of E1, E2, estriol, and EE2, but none 
is known to reduce E1 to E2. Thus, the current study expands the 
list of Alphaproteobacteria genera known to transform estrogen 
and adds to the known estrogen transformation repertoire of this 
group.

The genus Pseudomonas has previously been observed to par-
ticipate in estrogen transformations in a variety of capacities. 
Järvenpää et al. (1980) described the reversible reduction of E1 
to E2 in P. aeruginosa cultures over 35 yr ago. An isolate of P. 
aeruginosa isolated from activated sludge has also been described 
as being capable of growth on E2 as a sole carbon and energy 
source (Zeng et al., 2009). Finally, several Pseudomonas putida 
isolates have been shown to participate in EE2 degradation indi-
rectly through the production of reactive Mn oxides (Sabirova 
et al., 2008).

The physiological basis for the reversible reduction–oxidation 
of estrogens observed here is not currently understood and could 
be a basis for further study. In this study, a range of strain-specific 
estrogen-transforming behaviors was documented. Strain LVW-9 
was observed to transform estrogens only in the presence of co-
metabolic substrates. Even with co-metabolic substrates, E1 was 
only reduced to E2 slowly and with a long lag phase, after which 
E2 was reoxidized during and possibly after exponential growth. 
In contrast, LVW-12 and LVW-PC transformed estrogens under 
the tested conditions both with and without co-metabolic sub-
strates. In the presence of co-metabolic substrates, LVW-12 
rapidly reduced E1 to E2 during exponential growth phase and 
stationary phase. However, prolonged incubation resulted in the 
reoxidation of E2 to E1. A similar pattern was observed in LVW-
PC; however, the reduction of E1 was minimal in the presence 
of the co-metabolites. LVW-12 and LVW-PC were also able to 
oxidize E2 to E1 during nongrowth conditions in the absence of 
a carbon source. For these two strains, we speculate that estro-
gen oxidation–reduction activities are controlled by oxygen 

Fig. 1. Transformation of estrogens by a Las Vegas Wash microcosm. 
A mixture of estrone, 17b-estradiol, and 17a-ethinylestradiol was 
added (22.1, 60, and 148 ng L−1, respectively) to 18.9 L of Las Vegas 
Wash water. The microcosm was gently stirred in the dark at room 
temperature and periodically sampled for estrogens by LC-MS-MS 
analysis. (See Supplemental Table S1 for data used in this figure.)
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concentration or redox status, as has been observed for bioreac-
tor studies with swine manure (Prater et al., 2015). In our study, 
because these cultures were only shaken slowly, we suspect that 
rapid growth on organic acids and glucose likely led to suboxic 
or hypoxic conditions, which may have favored the transfer of 
electrons to E1 as a mechanism to establish redox homeostasis. 

In any case, redox reactions involving estrogens are important for 
the fate of estrogens in wastewater streams and other environ-
ments. The reduction of E1 to E2 observed here may be signifi-
cant to understanding the environmental dynamics of estrogen 
transformations because E2 is much more estrogenic than E1 
(Thorpe et al., 2003), but it is also degraded more quickly in the 

Fig. 2. Transformations of estrogens by pure cultures. Co-metabolic estrogen transformation experiments containing estrone, 17b-estradiol, and 
17a-ethinylestradiol (2000 mg L−1 each) and an equimolar mixture of simple organics (formate, lactate, acetate, and glucose, 2.5 mM each) with 
strain (a) LVW-9, (b) LVW-12, and (c) LVW-PC. Similar estrogen transformation experiments without co-metabolic substrates with strain (d) LVW-9, 
(e) LVW-12, and (f) LVW-PC. (See Supplemental Table S2 for data used in this figure.)
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environment than E1. Conversely, because E1 tends to be pres-
ent at higher concentrations than E2 in at least some environ-
ments (Furuichi et al., 2004; Salste et al., 2007), E1 may be the 
more impactful of the two. The results presented here may rep-
resent a first step toward optimization of treatment processes for 
the elimination of estrogens from waste streams through redox 
manipulation and the assessment of risks posed by these com-
pounds in receiving waters.

Conclusions
This study is the first to describe estrogen transformations 

in the genera Rhizobium and Sphingopyxis and adds to a body 
of literature on estrogen transformations by Pseudomonas spe-
cies. The transformations that these (and likely other) micro-
organisms perform on estrogens are affected by the presence 
of co-metabolic substrates, which is possibly an indirect effect 
of the redox status of the medium. Continued study of the 
microbial transformation of EDCs is increasingly important to 
reduce or eliminate estrogen from effluent wastewater that is 
directed toward natural wetlands, rivers, or lakes. This is par-
ticularly important in arid regions where there is increasing 
societal pressure on water resources and increasing water reuse 
and a limited supply of natural freshwater where effluent can 
be directed.

Acknowledgments
This research was supported by the USGS (contract no. 6300-653-6108) 
through a grant from the Southern Nevada Public Land Management 
Act and the Water Resources Institute Program. The authors thank the 
Southern Nevada Water Authority for partial salary support for S.M.B., 
and for technical advice and use of their analytical equipment during this 
study. Additional support for S.M.B. was provided by the DRI Division 
of Earth and Ecosystems Sciences Graduate Student Support Program. 
The authors thank the staff of the Lake Mead National Recreation Area 
for logistical assistance with sample acquisition.

References
Alvarez, D.A., M.R. Rosen, S.D. Perkins, W.L. Cranor, V.L. Schroeder, and T.L. 

Jones-Lepp. 2012. Bottom sediment as a source of organic contaminants 
in Lake Mead, Nevada, USA. Chemosphere 88:605–611. doi:10.1016/j.
chemosphere.2012.03.040

Benotti, M.J., B.D. Stanford, and S.A. Snyder. 2010. Impact of drought on waste-
water contaminants in an urban water supply. J. Environ. Qual. 39:1196–
1200. doi:10.2134/jeq2009.0072

Bevans, H.E., S.L. Goodbred, J.F. Miesner, S.A. Watkins, T.S. Gross, N.D. 
Denslow, and T. Schoeb. 1996. Synthetic organic compounds and carp en-
docrinology and histology in Las Vegas Wash and Las Vegas and Callville 
Bays of Lake Mead, Nevada, 1992 and 1995. Water-Resources Investiga-
tions Rep. 96-4266. USGS, Reston, VA.

Boyd, R.A., and E.T. Furlong. 2002. Human-health pharmaceutical compounds 
in Lake Mead, Nevada and Arizona, and Las Vegas Wash, Nevada, October 
2000–August 2001. Open-file Rep. 02-385. USGS, Reston, VA.

Caldwell, D.J., F. Mastrocco, P.D. Anderson, R. Länge, and J.P. Sumpter. 2012. 
Predicted‐no‐effect concentrations for the steroid estrogens estrone, 
17b‐estradiol, estriol, and 17a‐ethinylestradiol. Environ. Toxicol. Chem. 
31:1396–1406. doi:10.1002/etc.1825

Casey, F.X.M., G.L. Larsen, H. Hakk, and J. Šimunek. 2003. Fate and transport 
of 17 b-estradiolin soil-water systems. Environ. Sci. Technol. 37:2400–
2409. doi:10.1021/es026153z

Costa, K., J. Navarro, E. Shock, C. Zhang, D. Soukup, and B.P. Hedlund. 2009. 
Microbiology and geochemistry of Great Boiling and Mud Hot Springs in 
the United States Great Basin. Extremophiles 13:447–459. doi:10.1007/
s00792-009-0230-x

Covay, K.J., and T.J. Leiker. 1998. Synthetic organic compounds in water and 
bottom sediment from streams, detention basins, and sewage-treatment 
plant outfalls in Las Vegas Valley, Nevada, 1997. Open-file Rep. 98-633. 
USGS, Reston, VA.

Crisp, T.M., E.D. Clegg, R.L. Cooper, W.P. Wood, D.G. Anderson, K.P. Baetcke, 
J.L. Hoffmann,  M.S. Morrow, D.J. Rodier, J.E. Schaeffer, L.W. Touart, 
M.G. Zeeman, and Y.M. Patel. 1998. Environmental endocrine disruption: 
An effects assessment and analysis. Environ. Health Perspect. 106(Suppl. 
1):11–56.

Czajka, C.P., and K.L. Londry. 2006. Anaerobic biotransformation of estrogens. 
Sci. Total Environ. 367:932–941. doi:10.1016/j.scitotenv.2006.01.021

Das, B.S., L.S. Lee, P.S.C. Rao, and R.P. Hultgren. 2004. Sorption and degrada-
tion of steroid hormones in soils during transport: Column studies and 
model evaluation. Environ. Sci. Technol. 38:1460–1470. doi:10.1021/
es034898e

Eder, W., W. Ludwig, and R. Huber. 1999. Novel 16S rRNA gene sequences re-
trieved from highly saline brine sediments of Kebrit Deep, Red Sea. Arch. 
Microbiol. 172:213–218. doi:10.1007/s002030050762

Eder, W., L.L. Jahnke, M. Schmidt, and R. Huber. 2001. Microbial diversity of 
the brine-seawater interface of the Kebrit Deep, Red Sea, studied via 16S 
rRNA gene sequences and cultivation methods. Appl. Environ. Microbiol. 
67:3077–3085. doi:10.1128/AEM.67.7.3077-3085.2001

Fujii, K., S. Kikuchi, M. Satomi, N. Ushio-Sata, and N. Morita. 2002. Degrada-
tion of 17b-estradiol by a Gram-negative bacterium isolated from activated 
sludge in a sewage treatment plant in Tokyo. Japan. Appl. Environ. Micro-
biol. 68:2057–2060. doi:10.1128/AEM.68.4.2057-2060.2002

Furuichi, T., K. Kannan, J.P. Giesy, and S. Masunaga. 2004. Contribution of known 
endocrine disrupting substances to the estrogenic activity in Tama River wa-
ter samples from Japan using instrumental analysis and in vitro reporter gene 
assay. Water Res. 38:4491–4501. doi:10.1016/j.watres.2004.08.007

Goodbred, S.L., T.J. Leiker, R. Patiño, J.A. Jenkins, N.D. Denslow, E. Orsak, and 
M.R. Rosen. 2007. Organic chemical concentrations and reproductive 
biomarkers in common carp (Cyprinus carpio) collected from two areas in 
Lake Mead, Nevada, May 1999–May 2000. USGS Data Series 286. USGS, 
Reston, VA.

Goodbred, S.L., R. Patiño, L. Torres, K.R. Echols, J.A. Jenkins, M.R. Rosen, and 
E. Orsak. 2015. Are endocrine and reproductive biomarkers altered in 
contaminant-exposed wild male largemouth bass (Micropterus salmoides) 
of Lake Mead, Nevada/Arizona, USA? Gen. Comp. Endocrinol. 219:125–
135. doi:10.1016/j.ygcen.2015.02.015

Hashimoto, T., K. Onda, T. Morita, B.S. Luxmy, K. Tada, A. Miya, and T. 
Murakami. 2010. Contribution of the estrogen-degrading bacterium 
Novosphingobium sp. strain JEM-1 to estrogen removal in wastewa-
ter treatment. J. Environ. Eng. 136:890–896. doi:10.1061/(ASCE)
EE.1943-7870.0000218

Isabelle, M., R. Villemur, P. Juteau, and F. Lépine. 2011. Isolation of estrogen-de-
grading bacteria from an activated sludge bioreactor treating swine waste, 
including a strain that converts estrone to estrogen. Can. J. Microbiol. 
57:559–568. doi:10.1139/w11-051

Ivanov, V., J.J.W. Lim, O. Stabnikova, and K.Y.H. Gin. 2010. Biodegradation of 
estrogens by facultative anaerobic iron-reducing bacteria. Process Biochem. 
45:284–287. doi:10.1016/j.procbio.2009.09.017

Järvenpää, P., T. Kosunen, T. Fotsis, and H. Adlercreutz. 1980. In vi-
tro metabolism of estrogens by isolated intestinal microorganisms 
and by human fecal microflora. J. Steroid Biochem. 13:345–349. 
doi:10.1016/0022-4731(80)90014-X

Joss, A., H. Andersen, T. Ternes, P.R. Richle, and H. Siegrist. 2004. Removal of 
estrogens in municipal wastewater treatment under aerobic and anaerobic 
conditions: Consequences for plant optimization. Environ. Sci. Technol. 
38:3047–3055. doi:10.1021/es0351488

Jürgens, M.D., K.I.E. Holthaus, A.C. Johnson, J.J.L. Smith, M. Hetheridge, 
and R.J. Williams. 2002. The potential for estradiol and ethinylestra-
diol degradation in English rivers. Environ. Toxicol. Chem. 21:480–488. 
doi:10.1002/etc.5620210302

Ke, J.X., W.Q. Zhuang, K.Y.H. Gin, M. Reinhard, L.T. Hoon, and J.H. Tay. 2007. 
Characterization of estrogen-degrading bacteria isolated from an artificial 
sandy aquifer with ultrafiltered secondary effluent as the medium. Appl. 
Microbiol. Biotechnol. 75:1163–1171. doi:10.1007/s00253-007-0923-y

Kim, O.S., Y.J. Cho, K. Lee, S.H. Yoon, M. Kim, H. Na, S.C. Park, Y.S. Jeon, 
J.H. Lee, H. Yi, S. Won, and J. Chun. 2012. Introducing EzTaxon: A pro-
karyotic 16S rRNA gene sequence database with phylotypes that represent 
uncultured species. Int. J. Syst. Evol. Microbiol. 62:716–721. doi:10.1099/
ijs.0.038075-0

Kurisu, F., M. Ogura, S. Saito, A. Yamazoe, and O. Yagi. 2010. Degradation of 
natural estrogen and identification of the metabolites produced by soil iso-
lates of Rhodococcus sp. and Sphingomonas sp. J. Biosci. Bioeng. 109:576–
582. doi:10.1016/j.jbiosc.2009.11.006

Lee, H.B., and D. Liu. 2002. Degradation of 17b-estradiol and its me-
tabolites by sewage bacteria. Water Air Soil Pollut. 134:351–368. 
doi:10.1023/A:1014117329403

http://dx.doi.org/10.1016/j.chemosphere.2012.03.040
http://dx.doi.org/10.1016/j.chemosphere.2012.03.040
http://dx.doi.org/10.2134/jeq2009.0072
http://dx.doi.org/10.1002/etc.1825
http://dx.doi.org/10.1021/es026153z
http://dx.doi.org/10.1007/s00792-009-0230-x
http://dx.doi.org/10.1007/s00792-009-0230-x
http://dx.doi.org/10.1016/j.scitotenv.2006.01.021
http://dx.doi.org/10.1021/es034898e
http://dx.doi.org/10.1021/es034898e
http://dx.doi.org/10.1007/s002030050762
http://dx.doi.org/10.1128/AEM.67.7.3077-3085.2001
http://dx.doi.org/10.1128/AEM.68.4.2057-2060.2002
http://dx.doi.org/10.1016/j.watres.2004.08.007
http://dx.doi.org/10.1016/j.ygcen.2015.02.015
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000218
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000218
http://dx.doi.org/10.1139/w11-051
http://dx.doi.org/10.1016/j.procbio.2009.09.017
http://dx.doi.org/10.1016/0022-4731(80)90014-X
http://dx.doi.org/10.1021/es0351488
http://dx.doi.org/10.1002/etc.5620210302
http://dx.doi.org/10.1007/s00253-007-0923-y
http://dx.doi.org/10.1099/ijs.0.038075-0
http://dx.doi.org/10.1099/ijs.0.038075-0
http://dx.doi.org/10.1016/j.jbiosc.2009.11.006
http://dx.doi.org/10.1023/A:1014117329403


Journal of Environmental Quality 287

Myers, C.R., and K.H. Nealson. 1988. Bacterial manganese reduction and 
growth with manganese oxide as the sole electron-acceptor. Science 
240:1319–1321. doi:10.1126/science.240.4857.1319

Patiño, R., S.L. Goodbred, R. Draugelis-Dale, C.E. Barry, J.S. Foott, M.R. Wain-
scott, T.S. Gross, and K.J. Covay. 2003. Morphometric and histopatho-
logical parameters of gonadal development in adult common carp from 
contaminated and reference sites in Lake Mead, Nevada. J. Aquat. Anim. 
Health 15:55–68. doi:10.1577/1548-8667(2003)015<0055:MAHPOG
>2.0.CO;2

Patiño, R., M.M. VanLandeghem, E. Orsak, J.A. Jenkins, S.L. Goodbred, K.R. 
Echols, M.R. Rosen, and L. Torres. 2015. Novel associations between 
contaminant body burdens and reproductive condition of male Common 
Carp along multiple gradients of contaminant exposure in Lake Mead 
National Recreation Area, USA. Gen. Comp. Endocrinol. 219:112–124. 
doi:10.1016/j.ygcen.2014.12.013

Pauwels, B., K. Wille, H. Noppe, H. De Brabander, T. Van de Wiele, T.W. Vers-
traete, and N. Boon. 2008. 17a-ethinylestradiol cometabolism by bacteria 
degrading estrone, 17b-estradiol and estriol. Biodegradation 19:683–693. 
doi:10.1007/s10532-007-9173-z

Prater, J.R., R. Horton, and M.L. Thompson. 2015. Reduction of estrone to 
17 b-estradiol in the presence of swine manure colloids. Chemosphere 
119:642–645. doi:10.1016/j.chemosphere.2014.07.072

Rosen, M.R., S.L. Goodbred, R. Patiño, T.J. Leiker, and E. Orsak. 2006. Inves-
tigations of the effects of synthetic chemicals on the endocrine system of 
common carp in Lake Mead, Nevada and Arizona, USGS Fact Sheet 2006-
3131. USGS, Reston, VA. http://pubs.usgs.gov/fs/2006/3131/ (accessed 
9 May 2016).

Rosen, M.R., and P.C. Van Metre. 2010. Assessment of multiple sources of an-
thropogenic and natural chemical inputs to a morphologically complex 
basin, Lake Mead, USA. Palaeogeogr. Palaeoclimatol. Palaeoecol. 294:30–
43. doi:10.1016/j.palaeo.2009.03.017

Rosen, M.R., D.A. Alvarez, S.L. Goodbred, T.J. Leiker, and R. Patiño. 2010. 
Sources and distribution of organic compounds using passive samplers in 
Lake Mead National Recreation Area, Nevada and Arizona, and their im-
plications for potential effects on aquatic biota. J. Environ. Qual. 39:1161–
1172. doi:10.2134/jeq2009.0095

Routledge, E.J., and J.P. Sumpter. 1996. Estrogenic activity of surfactants and some 
of their degradation products assessed using a recombinant yeast screen. 
Environ. Toxicol. Chem. 15:241–248. doi:10.1002/etc.5620150303

Routledge, E.J., D. Sheahan, C. Desbrow, G.C. Brighty, M. Waldock, and J.P. 
Sumpter. 1998. Identification of estrogenic chemicals in STW effluent: 2. 
In vivo responses in trout and roach. Environ. Sci. Technol. 32:1559–1565. 
doi:10.1021/es970796a

Sabirova, J.S., L.F.F. Cloetens, L. Vanhaecke, I. Forrez, W. Verstraete, and 
N. Boon. 2008. Manganese-oxidizing bacteria mediate the degra-
dation of 17a-ethinylestradiol. Microb. Biotechnol. 1:507–512. 
doi:10.1111/j.1751-7915.2008.00051.x

Salste, L., P. Leskinen, M. Virta, and L. Kronberg. 2007. Determination of es-
trogens and estrogenic activity in wastewater effluent by chemical analy-
sis and the bioluminescent yeast assay. Sci. Total Environ. 378:343–351. 
doi:10.1016/j.scitotenv.2007.02.030

Snyder, S.A., T.L. Keith, D.A. Verbrugge, E.M. Snyder, T.S. Gross, K. Kannan, 
and J.P. Giesy. 1999. Analytical methods for detection of selected estrogen-
ic compounds in aqueous mixtures. Environ. Sci. Technol. 33:2814–2820. 
doi:10.1021/es981294f

Thorpe, K.L., R.I. Cummings, T.H. Hutchinson, M. Scholze, G. Brighty, J.P. 
Sumpter, and C.R. Tyler. 2003. Relative potencies and combination ef-
fects of steroidal estrogens in fish. Environ. Sci. Technol. 37:1142–1149. 
doi:10.1021/es0201348

Van den Belt, K., P. Berckmans, C. Vangenechten, R. Verheyen, and H. Witters. 
2004. Comparative study on the in vitro/in vivo estrogenic potencies of 
17b-estradiol, estrone, 17a-ethynylestradiol and nonylphenol. Aquat. 
Toxicol. 66:183–195. doi:10.1016/j.aquatox.2003.09.004

Vanderford, B.J., R.A. Pearson, D.J. Rexing, and S.A. Snyder. 2003. Analysis of 
endocrine disruptors, pharmaceuticals, and personal care products in wa-
ter using liquid chromatography/tandem mass spectrometry. Anal. Chem. 
75:6265–6274. doi:10.1021/ac034210g

Weber, S., P. Leuschner, P. Kämpfer, W. Dott, and J. Hollender. 2005. Degrada-
tion of estradiol and ethinyl estradiol by activated sludge and by a defined 
mixed culture. Appl. Microbiol. Biotechnol. 67:106–112. doi:10.1007/
s00253-004-1693-4

Yi, T., and W.F. Harper. 2007. The link between nitrification and biotransfor-
mation of 17a-ethinylestradiol. Environ. Sci. Technol. 41:4311–4316. 
doi:10.1021/es070102q

Ying, G.-G., and R.S. Kookana. 2003. Degradation of five selected endocrine dis-
rupting chemicals in seawater and marine sediment. Environ. Sci. Technol. 
37:1256–1260. doi:10.1021/es0262232

Yoshimoto, T., F. Nagai, J. Fujimoto, K. Watanabe, H. Mizukoshi, T. Makino, 
K. Kimura, H. Saino, H. Sawada, and H. Omura. 2004. Degradation of 
estrogens by Rhodococcus zopfii and Rhodococcus equi isolates from acti-
vated sludge in wastewater treatment plants. Appl. Environ. Microbiol. 
70:5283–5289. doi:10.1128/AEM.70.9.5283-5289.2004

Yu, C.-P., H. Roh, and K.H. Chu. 2007. 17b-Estradiol-degrading bacteria isolat-
ed from activated sludge. Environ. Sci. Technol. 41:486–492. doi:10.1021/
es060923f

Yu, C.P., R.A. Deeb, and K.H. Chu. 2013. Microbial degradation of steroidal estro-
gens. Chemosphere 91:1225–1235. doi:10.1016/j.chemosphere.2013.01.112

Zhang, C., Y. Li, C. Wang, L. Niu, and W. Cai. 2016. Occurrence of endocrine 
disrupting compounds in aqueous environment and their bacterial degra-
dation: A review. Crit. Rev. Environ. Sci. Technol. 46:1–59. doi:10.1080/
10643389.2015.1061881

Zeng, Q., Y.M. Li, G.W. Gu, J.M. Zhao, C.J. Zhang, and J.F. Luan. 2009. Sorp-
tion and biodegradation of 17b-estradiol by acclimated aerobic activated 
sludge and isolation of the bacterial strain. Environ. Eng. Sci. 26:783–790. 
doi:10.1089/ees.2008.0116

Zheng, W., X. Li, S.R. Yates, and S.A. Bradford. 2012. Anaerobic transformation 
kinetics and mechanism of steroid estrogenic hormones in dairy lagoon 
water. Environ. Sci. Technol. 46:5471–5478. doi:10.1021/es301551h

http://dx.doi.org/10.1126/science.240.4857.1319
http://dx.doi.org/10.1577/1548-8667(2003)015%3c0055:MAHPOG%3e2.0.CO;2
http://dx.doi.org/10.1577/1548-8667(2003)015%3c0055:MAHPOG%3e2.0.CO;2
http://dx.doi.org/10.1016/j.ygcen.2014.12.013
http://dx.doi.org/10.1007/s10532-007-9173-z
http://dx.doi.org/10.1016/j.chemosphere.2014.07.072
http://pubs.usgs.gov/fs/2006/3131/
http://dx.doi.org/10.1016/j.palaeo.2009.03.017
http://dx.doi.org/10.2134/jeq2009.0095
http://dx.doi.org/10.1002/etc.5620150303
http://dx.doi.org/10.1021/es970796a
http://dx.doi.org/10.1111/j.1751-7915.2008.00051.x
http://dx.doi.org/10.1016/j.scitotenv.2007.02.030
http://dx.doi.org/10.1021/es981294f
http://dx.doi.org/10.1021/es0201348
http://dx.doi.org/10.1016/j.aquatox.2003.09.004
http://dx.doi.org/10.1021/ac034210g
http://dx.doi.org/10.1007/s00253-004-1693-4
http://dx.doi.org/10.1007/s00253-004-1693-4
http://dx.doi.org/10.1021/es070102q
http://dx.doi.org/10.1021/es0262232
http://dx.doi.org/10.1128/AEM.70.9.5283-5289.2004
http://dx.doi.org/10.1021/es060923f
http://dx.doi.org/10.1021/es060923f
http://dx.doi.org/10.1016/j.chemosphere.2013.01.112
http://dx.doi.org/10.1080/10643389.2015.1061881
http://dx.doi.org/10.1080/10643389.2015.1061881
http://dx.doi.org/10.1089/ees.2008.0116
http://dx.doi.org/10.1021/es301551h

