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Abstract The natural estrogen 17 -estradiol (E2) is
a major endocrine disruptor, with adverse effects on
wildlife and humans. The aim of this study was to
isolate microorganisms able to effectively remove E2
from wastewater. Accordingly, five E2-degrading
strains of bacteria were isolated from activated sludge
collected from a wastewater treatment plant. Based on
their 16S RNA gene sequences, these five strains
belonged to the genus Bacillus. All five isolates were
capable of converting E2 to estrone (El), greatly
reducing total estrogenic activities in wastewater
during E2 biodegradation. However, only two strains
(strain E2Y1 and E2Y4) were able to further transform
E1, whereas it accumulated in the culture medium of
the other isolates. Among all isolates, strain E2Y4,
with 100% of the 1,400 bp 16S RNA gene matched
that of B. subtilis CICC10075, exhibited the highest E2
and E1 degradation capacities, degrading 1 mg E2/1
completely within 4 days and further transforming
40% of the metabolite E1. Furthermore, the E2
degradation rates of strain E2Y4 increased with
increasing initial concentrations of the steroid, with a
high degradation capacity maintained even at initial
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concentrations up to 50 mg/l. These results demon-
strate the potential significance of strain E2Y4 in
biological remediation applications.
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Introduction

Endocrine disrupting compounds (EDCs), including
estrogens, have received worldwide attention due to
their negative effects on the endocrine systems of
animals and humans (Falconer et al. 2006; Liu et al.
2009). The prominent EDCs of interest can be
separated into two main groups, estrogens and alkyl
phenols. The former can be subdivided into natural
(including estrone, 17f-estradiol, and estriol; E1, E2,
and E3, respectively) and synthetic (17x-ethynylest-
radiol, or EE2) estrogens, both of which have been
reported to be the main sources of estrogen activity in
treated wastewater (Sole et al. 2000; Johnson and
Williams 2004). Estrogens are excreted daily in urine
and feces by wildlife, humans, and animals and thus
accumulate in domestic sewage. However, they are
only partially removed during domestic wastewater
treatment such that they are continuously discharged
into receiving bodies (Ternes et al. 1999; Kolodiej
et al. 2003). Maximum measured levels of E2 are
150 ng/l in domestic wastewater (Vethaak et al. 2002)
and 64 ng/l in domestic wastewater treatment plant
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effluent (Ternes et al. 1999). E2, the most impor-
tant contributor, can cause reproductive disorders in
aquatic organisms at concentrations ranging from 0.1
to 1 ng/l (Purdom et al. 1994). Hence, the removal of
E2 from wastewater is a problem that very urgently
needs to be solved.

Several studies characterized the estrogen degrada-
tion potential of various isolated bacterial strains. As
early as in 1991, Ojanotko-Harri et al. (1991) tested the
ability of oral isolates of Streptococcus mutans, Strep-
tococcus sanguis, Bacillus cereus and Candida albi-
cans to metabolize E2 by thin-layer chromatography
using 4-'*C-E2 as the substrate, and found that all test
microorganisms could metabolize E2, and E1 was the
main metabolic product, except for B. cereus. Recently,
in studies examining estrogen removal via biodegra-
dation during wastewater treatment (Andersen et al.
2003; Joss et al. 2004), microorganisms capable of E2
transformation have been identified. Fujii et al. (2002)
isolated the E2-degrading bacterium (Novosphingobi-
um tardaugens) and found that no toxic products were
accumulated in the culture medium during the biodeg-
radation process, as determined by gas chromatogra-
phy-mass spectrometry (GC/MS) and 'H nuclear
magnetic resonance analysis. Yoshimoto et al. (2004)
isolated four strains of Rhodococcus, which each
biodegraded 100 mg/l E2 into substances without
estrogen activity with human-breast-cancer-derived
MVLN cells measurement. In addition, 14 phyloge-
netically diverse E2-degrading bacteria, distributed
among eight different genera (Aminobacter, Brevundi-
monas, Escherichia, Flavobacterium, Microbacterium,
Nocardioides, Rhodococcus, and Sphingomonas) and
three phyla (Proteobacteria, Actinobacteria, and Bac-
teroidetes), were isolated by Yu et al. (2007).

In the present study, five 17f-estradiol-degrading
Bacillus spp. strains were isolated from activated sludge
obtained from a wastewater treatment plant associated
with a steroid-contraceptives manufacturing factory.
Furthermore, the E2- and El- degrading abilities of
these Bacillus spp. strains were characterized.

Materials and methods
Chemicals

E2 (>99% pure) and E1 (>99% pure) were obtained
from Sigma-Aldrich. A mixed working solution
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containing these two compounds at a concentration
of 10 mg/l was prepared by diluting the individual
solutions of 1,000 mg/l in methanol. An internal
standard, 17f-estradiol-d4, purchased from Cam-
bridge Isotope Laboratories (USA), was used for
quantification purposes. All the organic solvents used,
including methanol, ethyl acetate, acetone, and hex-
ane, also purchased from Sigma-Aldrich, were of
distilled-in-glass grade. BSTFA containing 1% tri-
methylchlorosilane (TMCS) was supplied by Sigma—
Aldrich. The other chemicals and purification materi-
als were obtained from Pharmacia Fine Chemicals.

Enrichment culture of 17f-estradiol-degrading
strains

Activated sludge, collected from the wastewater
treatment plant of a factory producing oral contra-
ceptives, located in Zhejiang, China, was used as an
inoculum. Enrichment culture was performed in a
rotary shaker (150 rpm) at 28°C, with the inoculant,
consisting of 15 ml of seed sludge, added to sterile
medium (50 ml in 250-ml conical flasks) containing
E2. The inoculum was grown by successive batch
cycles, and the E2 concentration in each batch cycle
was increased stepwise from 0.1 to 1 mg/l. In the
first cycle, complete degradation of E2 occurred
within 5 days. Hence, a batch cycle of the enrich-
ment culture was defined as having a duration of
5 days.

Modified Dominic and Graham’s (MDG) culture
medium (Yoshimoto et al. 2004) was used for
bacterial enrichment and cultivation. The pH of the
MDG medium was adjusted to 7.0. Acetone-free
MDG-estrogen medium was prepared as follows: a
defined amount of estrogen stock solution was added
to the MDG medium, which was then heated to 80°C
(the boiling point of acetone is 59°C), purged with air
at a flow rate of 120 ml/min for 30 min to remove the
acetone, and then cooled to room temperature before
use.

Isolation of 17f-estradiol-degrading strains

Enrichment cultures were obtained over a period of
5 months, after which 1 ml of the culture was
removed and serial 10-fold dilutions were prepared
in physiological saline. Samples of 0.1 ml containing
the 10'-10° dilutions were plated on MDG agar
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plates containing 1 mg E2/l. The plates were incu-
bated at 28°C for 5 days. After numerous streakings,
morphologically distinct colonies were selected and
tested for their ability to degrade E2.

The strains thus obtained were inoculated into
10 ml of MDG medium containing 50 or 0 mg E2/1
and shake-incubated. Cultures in which the turbidity
(absorbance at 620 nm) increased were selected,
while strains that grew in the absence (0 mg E2/1)
of estrogen were omitted. The selected strains were
then tested for their ability to degrade E2 and E1.

Strain identification

The strains were identified based on their 16S RNA
gene sequences. DNA of these five isolates was
extracted using a 3S DNA Isolation Kit for Environ-
mental Samples V2.2 (Shanghai Biocolor BioScience
& Technology company, China) according to man-
ufacturer’s instructions. The 16S RNA gene was
amplified using the forward primer BSF8/20 (5'-AG
AGTTTGATCCTGGCTCAG-3') and the reverse
primer BSR1541/20 (5'-AAGGAGGTGATCCAGC
CGCA-3') (Xia et al. 2005) in a thermal cycler (Bio-
rad, USA) under the following conditions: 94°C for
4 min, 35 cycles of 60 s at 94°C,60 s at 59°C, 90 s at
72°C, and a final step of 10 min at 72°C, 10 min at
4°C. The PCR products were extracted and purified
from the agarose gel using the High-Pure PCR
product purification kit (Bio-Rad, USA). The ampli-
fied fragment was sequenced by Gene core Biotech
Corp. (Shanghai, China). The Blast procedure was
used to search sequence homology.

Estrogen degradation tests

The first degradation experiment was conducted to
examine whether isolates were capable of: (1) degrading
E2 and El and (2) converting E2 to non-estrogenic
compounds. E2 and El1 were used as the target
compounds. The tests were carried out in a series of
250-ml vials containing 50 ml of MDG medium
containing 1 mg E2 or E1/1. All isolates were pregrown
for 24 h in R2A medium containing 1 mg E2/1 before
they were harvested by centrifugation for experimental
use. The harvested cells were washed with 10 mM
phosphate buffered saline and then resuspended in
acetone-free MDG-estrogen growth medium to an
optical density (ODgq) of 1. A predetermined volume

of culture was added to obtain an ODgg of 0.1. The vials
were then incubated on a rotary shaker at 150 rpm at
30°C. Culture samples removed over time were ana-
lyzed for E2 or El concentrations by GC/MS analysis
and for estrogenic activities by yeast estrogenic screen-
ing (YES) assays during the E2 degradation process. All
degradation tests were performed in duplicate.

The aim of the second degradation experiment was
to examine the degradation kinetics of the selected
strain, identified based on its ability to degrade both
E2 and El, by varying the initial E2 concentration
from 0.5 to 50 mg/l. The bacterial strain was pre-
treated as above and then diluted to yield an optical
density (ODgqp) of around 0.1. The culture vials were
incubated on a rotary shaker at 150 rpm at 30°C for a
period of 7 days, and the concentration of E2
examined at defined intervals during the incubation.

Estrogen analysis

Bacterial cells were separated from the culture medium
by centrifugation at 5,000 g. Estrogens in the super-
natant were extracted with methylene chloride, deriv-
atized, and then analyzed by GC/MS (Zhang et al.
2006). Briefly, the extracted liquid samples were
spiked with 17 -estradiol-d2 and then derivatized with
pyridine and BSTFA. The derivatized samples were
injected into a Hewlett-Packard (HP) 6,890 gas
chromatograph equipped with a HP 5-MS column
(30 m x 0.25 mmi.d.; 0.25-pm film thickness) and an
HP 5,975 mass selective detector (MSD) system.
Helium carrier gas was maintained at a constant flow
rate of 1.0 ml/min in GC. MS was operated in full-scan
or selected ion monitoring mode with positive ioniza-
tion by electron impact. The inlet and MS transfer line
temperatures were maintained at 280°C; the ion source
temperature was 250°C. Two microliters of the sample
was injected in splitless mode. To separate the
compounds, the following GC column temperature
program was used: 100°C for 1 min, increase to 200°C
via a ramp of 10°C/min and to 300°C via a ramp of
3°C/min, and maintenance at 300°C for 10 min.

Determination of estrogenic activity using
a recombinant yeast assay

The decrease in estrogenic activities during E2

degradation by the test strain was measured using a
yeast two-hybrid system obtained from the Research
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Center for Eco-Environmental Sciences, Chinese Acad-
emy of Science. Measurements were made according to
a previously described method (Gaido et al. 1997; Ma
et al. 2005; Li et al. 2008).

Yeast strains were grown overnight at 30°C with
vigorous shaking at 130 rpm. Each test chemical was
serially diluted in dimethyl sulfoxide (DMSO). Five
microliters of the serially diluted test sample was
combined with 995 pl of medium containing 5 x 10°
yeast cells/ml, resulting in a test culture. Two
hundred microliters of each test culture was trans-
ferred into a well in a 96-well plate, which was
subsequently incubated at 30°C with vigorous orbital
shaking (800 rpm) for 2 h. The cell density of the
culture was measured at a wavelength of 600 nm.

A 50-pl test culture was transferred to a new 96-
well plate and 120 pl of Z-buffer (16.1 g/l Na,H-
PO4-7H,0; 5.5 g/l NaH,PO4-H,0; 0.75 g/l KCI;
0.246 g/l MgS0,4-7H,0) and 20 pl chloroform were
added; the samples were then carefully mixed (vortex
25 s). The enzymatic reaction was initiated by the
addition of 40 pl of o-nitrophenyl-f-p-galactopyran-
oside (13.3 mmol/l, dissolved in Z-buffer) and the
samples incubated at 30°C for 60 min. Following
termination of the reactions by the addition of 100 pl
Na,COj3; (1 mol/l), the samples were centrifuged at
12,000 g for 15 min, 200 pl of supernatant was
transferred into a new 96-well plate, and the absor-
bance at 420 nm was determined. f-galactosidase
activities were calculated according to the method of
Ma et al. (2005) and expressed as the estrogenic
activities of the E2 degradation solution produced by
the isolates.

Results

Isolation and identification of E2-degrading
bacteria

Five 17f-estradiol-degrading strains, designated
E2Y1-E2Y5, were successfully isolated from the
activated sludge by the direct isolation method. The
16S RNA gene sequences of these five strains were
determined to identify the bacterial species. The
16S RNA gene sequences (about 1,400 bp) of E2Y1,
E2Y2, E2Y3, E2Y4 and E2Y5 were identical to
that of Bacillus GJ24, Bacillus amyloliquefaciens
BCRC 11601, Bacillus AH-E-1, Bacillus subtilis
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E2Y2
B.amylonquefaciens BCRC 11601[EF433406]

B. pumilus JK-SX001[GQ169785]
E2Y3

B. AH-E-1[AY485275]

E2Y5

3818 cerensDS[GQL49481]

E2Y1
981 B.GI24[FJ654441]
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Fig. 1 Phylogenetic tree showing the relationship of 16S RNA
gene sequences within E2Y1,E2Y2, E2Y3, E2Y4, E2Y5 and
closely related Bacillus sp. The tree was constructed by
neighbor-joining analysis based on 16S RNA gene sequences.
Bootstrap confidence values obtained on 100 resamplings are
given at the branch points. The bar indicates a genetic distance
of 0.05

CICC10075, and Bacillus cereus DS at similarity of
>98%, respectively. Figure 1 shows the phylogenetic
tree constructed by the neighbor-joining method for
these five strains and closely related Bacillus spp.

E2-degrading capacity of the isolated strains

The E2-degrading capacities of the five E2-degrading
strains were examined in 8-day cultures incubated in
shake flasks containing E2 at an initial concentration
of 1 mg/l. Residual E2 concentrations and El
production were examined as well. Based on the
extent of E2 degradation as well as the production of
El and its further transformation, two degradation
patterns (A and B) were identified and are described
in the following.

Degradation pattern A

Isolates in this group were able to degrade both E2
and E1 within 8 days (Fig. 2). In strain E2Y4, El
increased rapidly during E2 degradation, accumulat-
ing to 0.70 mg/l before declining. As E2 was
degraded completely, E1 began to decline as well,
with only 0.27 mg residual E1/1 detected after 8 days.
In strain E2Y 1, the degradation pattern was the same.
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However, compared with the 0.43 mg E1/1 degraded
by strain E2Y4, only 0.22 mg E1/1 (declining from
0.37 to 0.15 mg/l) was degraded. Based on these
results, strains E2Y4 and E2Y1 produced El as a
metabolite during E2 transformation and both strains
were able to degrade EI.

Degradation pattern B

Unlike the isolates behaving according to degradation
pattern A, isolates in this group were capable of
degrading E2 but not E1 within 8 days (Fig. 3). The
transformation of E2 to E1 occurred within 4 (strain
E2Y2), 5 (strain E2Y3), and 6 (strain E3YS5) days.
However, as the concentrations of E2 decreased, the
concentration of E1 increased such that it accumulated
over the 8-day test period, reaching approximately
0.46, 0.67, and 0.33 mg E1/1 following degradation by
strain E2Y2, E2Y3, and E2YS5, respectively.

E1 degradation by the isolated strains

The ability of the isolated strains to degrade E1 was
further examined through E1 degradation tests. Fig-
ure 4 shows time (9-day)-dependent variations in E1
concentration during batch-experiment cultivation,
with an initial concentration of 1 mg E1/1. The El-
degrading capacities of the five isolated strains were
consistent with the results obtained in the above-
described 8-day E2 degradation tests. More than 40

Fig. 3 Degradation of 1 mg/l E2 and conversion of E2 to E1l
by strain E2Y?2, E2Y3 and E2Y5 during 8 days. Solid squares
(E2) and open triangles (E1). The bars indicate the range of
duplicate experiment

—0— Strain E2Y1
—O— Strain E2Y2

E1 concentration (mg/l)

04F —A— Strain E2Y3
—— Strain E2Y4
—<+— Strain E2Y5
02
00 1 1 1 1
0 2 4 6 8 10

Fig. 4 Degradation of 1 mg/L El by five isolated strains
within 9 days. The bars indicate the range of duplicate
experiments

and 20% of the E1 was degraded by strains E2Y4 and
E2Y1, respectively, within 9 days. By contrast, no El
was degraded by strains E2Y2, E2Y3, and E2YS5.

Estrogenic activity of the E2 degraded
by the isolated strains

An important aspect in evaluating bacterial degrada-
tion abilities was to determine whether the isolated
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Fig. 5 Estrogenic activities remaining in E2 degrading culture
solutions with the isolated strains. The estrogenic activities
were expressed as the f-galactosidase activities. The bars
indicate the range of duplicate experiments

strains transformed the estrogens to non-estrogenic
compounds, resulting in the complete removal of
estrogenic activity. Figure 5 shows the estrogenic
activities remaining after the degradation of 1 mg
E2/1 by culture solutions of the five isolated strains
after 1, 6, and 15 days. The five strains decreased
the estrogenic activities in the culture solution to
1/15 ~ 1/10 on day 1 and to 1/36 ~ 1/18 on day 15,
as expressed as a fraction of the initial activity. Since
the estrogenic activity of E1 is about 38-50% of that
of E2, according to YES assays (Johnson and
Sumpter 2001; Aerni et al. 2004), the transformation
by the isolates of E2 to E1 has the potential to reduce
the estrogen activity of the test solution. Furthermore,
the decrease in estrogenic activities obtained with
strains E2Y4 and E2Y1 was most likely due to their
ability to degrade both E2 and El.

Degradation kinetics of strain E2Y4

The above results indicated that strain E2Y4 rapidly
degraded E2 and E1 into non-estrogenic compounds.
Therefore, this strain was selected to examine E2
degradation kinetics. The degradation rates for strain
E2Y4 in the exponential growth phase were measured
at E2 concentrations of 0.5-50 mg/l (Fig. 6). E2
degradation by strain E2Y4 was achieved at concen-
trations up to 50 mg/l. The relationship between the
different initial substrate concentrations and the
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Fig. 6 Dependence of the initial transformation rate (V) by
strain E2Y4 as a function of substrate concentration (S)

initial transformation rates was therefore determined
to be linear (R* > 0.99).

Discussion

In this study, five bacterial strains were isolated from
activated sludge based on their ability to effectively
degrade E2. All five strains were shown to belong to
the genus Bacillus, and none were similar to previ-
ously reported estrogen-degrading strains also isolated
from activated sludge: one strain of Novosphingobium
(Fujii et al. 2002), one strain of Achromobacter, one
strain of Ralstonia (Weber et al. 2005), and four strains
of Rhodococcus (Yoshimoto et al. 2004), and 14
phylogenetically diverse E2-degrading bacteria (Am-
inobacter, Brevundimonas, Flavobacterium, Nocar-
dioides, and Sphingomonas) (Yu et al. 2007). In two
other studies, high concentrations of E2 (0.1% w/v and
3 mg/l) were used for enrichment and isolation;
likewise, a high E2 concentration (1 mg/l) was chosen
in our study. The five strains thus obtained were able to
degrade E2 completely in far higher concentrations
than those were present either in the influent or in the
treated wastewater of the wastewater treatment plant.
Further studies are required to determine if these
isolates will degrade E2 at environmentally relevant
concentrations.

The results of the present study are consistent with
previous reports that E2 is highly susceptible to
biodegradation, with the transformation to E1 as the
first step (Yoshimoto et al. 2004; Yu et al. 2007;
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Pauwels et al. 2008). In this study, all five isolated
strains converted E2 to E1 under toxic conditions. E1
was degraded by only two strains (strains E2Y1 and
E2Y4), whereas it accumulated in cultures of the
other three strains. The transformation of E2 and El
can be explained by the mechanisms proposed by Yu
et al. (2007). The ability to oxidize the secondary
alcohol on the C17 position of E2 to a ketone might
be a common feature among these five isolates.
Furthermore, the degradation of E1, which was the
major metabolite of E2 biodegradation, might be the
rate-limiting step for the conversion of E2 to non-
estrogenic metabolites or end products. These mech-
anisms were supported by many field studies involv-
ing wastewater treatment (Johnson and Sumpter
2001, Baronti et al. 2000), in which good removal
of E2 was obtained whereas E1 removal was not
satisfactory. Since El still has relatively high estro-
genic potency, its removal from wastewater is
important in order to achieve an overall reduction
in total estrogenic activity (Aerni et al. 2004). The
two strains, especially strain E2Y4, exhibited high
E2- and El-degrading capacities and thus hold great
promise for conditions requiring the complete min-
eralization of estrogen.

According to the analysis of genetic specificity,
strain E2Y4 belongs to B. subtilis. This strain rapidly
(<4 days) degraded 1 mg E2/1 with a 100% ratio.
Although the degradation ability of strain E2Y4 was
less than that of Sphingomonas sp. (Yu et al. 2007), its
E2 degradation rates increased with increasing initial
concentrations, and still showed a high E2 degradation
capacity at initial E2 concentrations of up to 50 mg/I.
Moreover, the practical significance of strain E2Y4
lies in its ability to achieve maximum E1 degradation
rates of 40%. Quan et al. (2005) reported that a B.
subtilis strain isolated from soil rapidly degraded di-2-
ethylhexyl phthalate (DEHP, an EDC). Hence, it may
be that B. subtilis species possess an enzyme system to
degrade EDCs and thus to eliminate these compounds
as pollutants. Studies examining the ability of B.
subtilis strains to degrade other estrogenic compounds
in wastewater, the pathways and enzymes by which
they do so, and the degradation kinetics of estrogen
degradation are needed before strain E2Y4 and similar
strains can be fully exploited.
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