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Abstract

Estrogens excreted by humans and animals are groups of endocrine disruptors, which degrade rapidly in soil and water as reported.
This review focuses on biodegradation of estrone (E1), 17p-estradiol (E2) and 17a-ethynylestradiol (EE2) in surface water, STPs
(sewage treatment plants), manure, soil and sediments, and illustrates possible pathways and mechanisms. In general, half-lives of
EE2 are much longer than E1 and E2, because an ethinyl group at one hydroxyl group containing C-atom makes the cleavage of
this ring rather difficult. Thus, EE2 has great estrogenic potential although the secreted amount is much smaller than that of E2 or
E1. Various kinds of bacteria and fungus, Cornybacterium spp., Nitrosomonas europaea etc., are reported to be capable of
degrading estrogens. Moreover, reports indicate that temperature, pH values etc. exert impacts on degradation to different extents.
The biodegradation in the sludge phase was assumed by researchers to follow a pseudo-first-order reaction, and the sequence of K-
values is E2>E1>>EE?2 for the same sludge. As for the pathways, it was found that E2 is oxidized to E1 by the first step. The half-
live of this step is about 4 to 12 hours in aerobic water and soil. However, this step cannot remarkably reduce the estrogenic
potential. Further degradation of E1 needs the cleavage of one ring. Therefore, half-lives and concentrations of E1 are much longer
and higher than those of E2. As a matter of fact, pathways of EE2 are still controversial, as several incompatible theories have been
proposed.

Key words: biodegradation, co-metabolism, endocrine disruption, estrogen

Received: July, 2013; Revised final: July, 2014; Accepted: July, 2014; Published in final edited form: April 2018

1. Introduction plants (STPs) and surface water (Desbrow et al., 1998;
Kuch and Ballschmiter, 2001; Preda et al., 2011;

Research about the occurrence and fate of Ternes et al., 1999a). Among the steroids, three

estrogenic compounds in wastewater emerged in the
mid-1990s (Anderson et al., 2003; Kumar et al., 2016;
Matsui et al., 2000; Ternes et al., 1999a). In general,
there are two Kkinds of estrogenic compounds,
endogenous estrogens and xenoestrogens
respectively. Human and animal waste-borne steroidal
hormones, also called natural steroidal estrogens,
belong to the group of endogenous steroidal
Endocrine-Disrupting Compounds (EDCs), which
have high estrogenic potency. These steroids have
been detected in the effluent of sewage treatment

sterols, the natural hormones 17p-estradiol (E2),
estrone (E1) and the synthetic hormone 17a-
ethynylestradiol (EE2), were isolated from the
effluents of domestic STPs and identified as a
dominating contributor to its estrogenic character
(Chen et al., 2016; Desbrow et al., 1998; Kdrner et al.,
2001; Onda et al., 2003; Routledge et al., 1998).
Research has been conducted to quantify human-
excreted estrogens in raw sewage and in treated
effluent. It is found that natural estrogen hormones
excreted by humans, e.g. 17a-estradiol, have levels as
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high as 5 mg/day for pregnant women. The estrogen
(particularly 17a-estradiol, estrone, and estriol)
concentrations in the effluent of a conventional
sewage treatment plant (STP) range from a few
nanograms per liter (ng/L) to several pg/L.

These micropollutants, which are at relatively
low levels compared with other pollutants, have
properties of EDCs which may modify diverse
physiological functions, e.g. reproduction and
development in different species including fish and
humans (Nakamura et al., 2014; Sumpter et al., 1998;
Zuo et al., 2013). Recent studies point out that
estrogens affect the gene expression in fish (Joseph et
al., 2014) and increase breast cancer risk in both
exposed mothers and their daughters if they are
exposed to synthetic estrogens during pregnancy
(Hilakivi et al., 2013).

With the measurements by the MELN cell line
in vitro test, the relative estrogenic activity for
different EDCs, with the E2 estrogenicity arbitrarily
fixed at 100, display values of 246 for EE2, 17.6 for
estriol (E3), 2.5 for E1 (Balaguer et al., 1999; Pillon et
al., 2005; Sarah and Guillermina, 2010). Such great
estrogenic activity found in hormones underlines their
possible negative impact on the natural environment.

Biodegradation has been reported the major
removal mechanism that affects the fate and transfer
of estrogenic compounds in the environment and
engineering systems (Johnson and Sumpter, 2001;
Writer et al., 2011). This article is mainly aimed to
review the recent findings with respect to
biodegradation pathways and mechanisms of
estrogens, e.g., E1, E2, E3, EE2, in different phases
and systems. Relevant background information, such
as structure, physicochemical properties, sources,
occurrences, and analytical techniques, is also briefly
discussed.

2. Synthesis, structure and properties of estrogens

The principal estrogens of environmental
concern are naturally occurring estrogens: estrone
(E1), estradiol (E2), and estriol (E3) (Sarah and
Guillermina, 2010), as well as a synthetic estrogen
ethinylestradiol (EE2), which is used in the
formulation of the contraceptive pill.

In general, estrogens dissolve poorly in water,
as evidenced by Lai et al. (2000), with solubility of
about 13 mg/L for the natural compounds, while EE2
display solubility of 4.8 mg/L, which is even lower.
The octanol - water partition (Kow) of the estrogens is
between 2.8 and 4.2 (Lai et al., 2000). Both the vapor
pressure and the volatility of these estrogens are
relatively low. The relative estrogenic activity of E2 is
around 100, while that of EE2 is as high as 246.

3. Estrogen sources and levels in the environment

Estrogens produced by human glands are
excreted within urine and faeces. The synthetic EE2 is
used in oral contraceptives world-wide (Williams and
Stancel, 1996). Liver of humans and animals is the
place where estrogens are enzymatically mediated and
conjugated with either sulphate or glucuronide esters
to the hydroxyl groups in the C3- and C7-position of
the basic steroid structure (Williams and Stancel,
1996). Conjugation boosts the water solubility, which
makes estrogens more mobile in the environment than
free hormones. Natural hormones excreted in faeces,
which occupies a very small proportion of effluent
hormones, are mainly in an unconjugated form. The
reason for the estrogens being unconjugated in faeces
is the capability of bacteria, e.g. E.coli, to produce the
enzyme pS-glucuronidase, which can hydrolyse
glucuronide conjugates back to their original form
(Legler 2001; Ternes et al., 1999a).

To our knowledge, high performance liquid
chromatography (HPLC) and gas chromatography-
mass spectrometer (GC-MS) are appropriate for the
determination of estrogens. Various preconcentration
methods have been established, as well as other
detection methods Zou et al. (2013) reported hollow-
fiber-supported liquid-phase microextraction using an
ionic liquid as the extractant for the preconcentration
of estrogens from water samples with HPLC
detection. Li et al. (2013a) optimized the solid-phase
extraction for determining estrone in sewage. In
addition, Owen and Keevil (2013) describe a sensitive
and rapid Liquid Chromatography-Mass Spectrometry
(LC-MS/MS) assay for the simultaneous measurement
of serum estradiol and estrone, which is similar to the
methods established by Szarka et al. (2013).

Table 1. Structure and properties of natural and synthetic steroidal estrogen hormones

Molecular Water Lo Vapor Relative
Compound Chemical structure weight solubility? K gb pressure estrogenic
(g/mol) (mg/L) ow (mmHg)° activity?
Estrone(E1) 270.4 13 3.43 2.3x1010 2.54
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H
H,C O, H
17p-estradiol(E2) 272.4 13 3.94 2.3x1010 100
HO
OH
H4C
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Estriol(E3) " [HL 288.4 13 2.81 6.7x10°15 17.6
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a - solubility in water at 20°C (Lai et al., 2000); b - octanol-water partition coefficient (Lai et al., 2000); ¢(Lai et al., 2000); ¢ (Pillon et al., 2005);

MELN in vitro test

Table 2. Daily values of E1, E2 and E3 in urine and faece excreted by women

Form Carriers El(ug) E2(ug) E3(ug) References
urine 8.00 3.00 4.80 Fotsis et al., 1980
unconjugated urine 7.00 2.40 4.60 Adlercreutz et al., 1986
faece 0.50 0.40 1.25 Adlercreutz et al., 1994

According to Williams and Stancel (1996), the
total daily excretion of natural estrogens ranges from
10 to 100 pg for women, 5 to 10 pg for women after
the menopause and 2 to 25 pg for men. Average
excretion values of unconjugated natural estrogens
and the synthetic EE2 were tested, as shown in Table
2. From Adlercreutz et al. (1986), women can excrete
7 ng of El, 2.4 ng of E2, and 4.6 pug of E3 of
unconjugated forms daily via urine. Approximately
0.4 ng E2, 1.25 pg of E3 and 0.5 pg E1 was excreted
in faeces per day (Adlercreutz et al., 1994). Fotsis et
al. (1980) reported a daily excretion in urine of
unconjugated forms as 3.0 pg of E2, 8.0 ug of E1 and
4.8 pg of E3. In addition, Johnson et al. (2000)
reported that male excreted 1.6 pg/day of E2, 3.9
pg/day of E1 and 1.5 pg/day of E3 in their urine. With
that, the amount of E2 is relatively lower than E1 and
E3. Additionally, the daily intake of EE2 ranges about
20-60 pg for contraception while approximately 10 pg
to control menopausal disorders. This means that
almost 30-90 percent of EE2 is excreted in urine and
feces (Johnson and Williams 2004; Sarah and
Guillermina, 2010; Webb et al., 2003).

As for animals, E1, E2, and E3 are the main
parts of natural estrogens excretion (Sarmah et al.,
2006). The daily excretion of estrogens changes with
animal species, sex, circadian rhythm, and
reproductive state (Lange et al., 2001). The wide
differences between species were evidenced by
radiotracer studies, which showed that cattle excreted
estrogens mostly in faeces (58%), whereas swine and
poultry excreted estrogens mostly in urine (96% and

69%, respectively) (Ainsworth et al., 1962; lvie et al.,
1986; Palme et al., 1996). However, the ratio
fluctuates during pregnancy (Hoffmann et al., 1997).
Since urine and feces are not usually disposed
separately in commercial animal production systems,
the route of excretion would not appear to be an
important environmental concern (Knight et al.,
1980).

Estrogenic steroids have been measured in both
STPs and surface water. In effluents of British STPs,
the concentration of E1 and E2 ranged from 1 ng/L to
almost 50-80 ng/L. The concentration of EE2 was
generally below the limit of detection but was
positively identified in three of the effluent samples at
concentrations ranging from 0.2 to 7.0 ng/L (Desbrow
et al., 1998). The concentrations reached 70 ng/L for
E1, 64 ng/L for E2, 18 ng/L for E3 and 42 ng/L for
EE2 in the effluents of sewage treatment plants (STPs)
in different countries (Ying et al., 2002). In German
river water, the concentrations reached 4.1 ng/L for
E1, 3.6 ng/L for E2, and 5.1 ng/L for EE2 (Kuch and
Ballschmiter, 2001). E2 reaches 27 ng/L in river
waters from Japan, Italy, Germany and the
Netherlands (Ying et al., 2002). Besides, E2
concentration measured in mantled karst aquifers in
northwest Arkansas ranged from 6 to 66 ng/L
(Peterson et al., 2000). In Lake Quinsigamond
(Massachusetts, USA), EE2 was detected at a
concentration up to 11.1 ng/L (Zuo et al., 2013). In
wastewater from five sewage treatment plants (STPs)
in Guangdong Province, China, E1 and E2 were
detected in all influent samples at concentrations of
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69.3-280 ng/L and 1.3-30 ng/L, respectively (Xu et
al., 2014).

4. Degradation efficiency in the environment and in
the engineered system

The biodegradation of unconjugated estrogens
has been studied in soil, water, and manure for several
years. It is obvious that biodegradation is not only an
important process to remove estrogens in raw sewages
of STPs, but also an enhancement to eliminate
estrogens in the environment, thus reducing their risk
via surface runoff and/or leaching. One key factor for
hydrocarbon degradation in polluted habitats is the
presence of an adequate electron acceptor (Berthe-
Corti and Nachtkamp, 2010).

However, natural environments such as wet
soils, swamps, fresh water, marine sediments and
aquifers, are places where oxygen is often limited.

4.1. Degradation in surface water

Lai et al. (2002) reported that common
freshwater algae (Chlorella vulgaris) were capable of
oxidizing 17p-estradiol to estrone. Jurgens et al.
(2002) observed similar degradation rates for E2 in
river water for a spiking concentration range of 20, 50
and 100 ng/L.

They suggested that even when insufficient E2
was present to stimulate the multiplication of bacteria,
E2 were still transformed. Degradation studies carried
out in waters from five English rivers indicate that E2
has a half-life of 3-27 days. E1 is the first degradation
product of E2 but no investigations of the subsequent
by-products has been conducted. The poorest
degradation rate was observed in the estuary river
water samples, where the high salt content might
inhibit microbial degradation. Jirgens et al. (2002)
reported that the half-lives of estradiol and estrone at
20°C ranged from 0.2 to 9 d and from 0.1 to 11 d,
respectively. Temperature may have a significant
impact on degradation efficiency. Shortest half-lives
from 4 to 5 hours were found for the degradation of E2
in summer at 20°C (cf. longest half-lives around 40
hours), while half-lives in winter and spring were 2.5
to 8.5 times higher than in summer (also tested at
20°C). Kuster et al. (2004) pointed out that EE2 (half-
life, 46 days) is more reluctant than E2 (half-life 4
days, e.g., in the River Thames). These half-life values
have possible reasons corresponding to ideal summer
temperatures. However, under winter conditions,
these compounds could be twice as persistent.
Explanation is that higher prior temperatures in
summer or higher nutrient concentrations due to less
dilution in summer, which means that microorganisms
exposed to the test system have higher initial activity.

EE2 was studied with a long half-life up to 17
days, which was much longer than E2. (Jirgens et al.,
2002). In other words, EE2 was more recalcitrant in
the water. According to de Mes et al. (2005), the
structure of EE2 is the critical factor of such
characteristic, as EE2 has an ethinyl group at position
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17 which hinders the oxidation at this C-atom. Hence,
EE2 exerts significant impact on the environment due
to its stability in spite of its low concentration.
Another way how EE2 can be degraded is by
photolysis. The half-life was estimated by Jurgens et
al. (2002) as 124 h for E2 and 126 h EE2, respectively
(at 12 hours sunshine per day). The photolysis is
slower than biodegradation, although EE2 removal
through photolysis may be more significant at places
where the sun is often shining. Contrary to this notion,
a case study conducted by Zuo et al. (2013) showed
that the photodegradation of EE2 was faster than
biodegradation in the lake surface water under
sunlight, with a half-life of less than 2 days in summer
sunny days, which means photodegradation may
represent a dominant removal mechanism for EE2 in
natural surface waters. In that study, under aerobic
conditions, a half-life of 108 days was estimated.
Under anaerobic conditions, microbial degradation in
the lake water was even slower. However, photolysis
of estrone generates estrogenic photoproducts with
higher activity than the parent compound (Souissi et
al., 2014).

4.2. Degradation in soils and sediments

Compared to the biodegradation by sewage
microbes, which is fast and complete, biodegradation
by soil microbes is rather slow and incomplete.
Sediments may serve as both a sink and a source of
more estrogenic compounds, as reported by Mashtare
et al. (2013).

Das et al. (2004) examined the sorption and
degradation of E2 during transport by column studies,
packed with surface soil, freshwater sediment and two
sands, utilizing model evaluation. Degradation-rate
coefficient (k) is in the range 0.0003-0.075/h for E2
and the rate for the only metabolite found (E1) was 1-
2 orders of magnitude larger.

Colucci et al. (2001la) studied the
mineralization of 24C-E2 in loam, sandy loam, and silt
loam soils from Canada. Only 11.5-17.1% of 1 mg/kg
14C-E2 was evolved as #CO; after 3 months of
incubation at 30°C. Similarly, the mineralization
efficiency of “C-E2 measured in terms of carbon
dioxide released did not exceed 10% in both loam and
silt soils with an initial concentration of 81.7pg/kg
after 96 h of incubation (Jacobsen et al., 2005).
Stumpe and Marschner (2007) reported that the
mineralization of 1 mg/kg **C-E2 in four agricultural
topsoils with different soil properties and different site
histories like wastewater irrigation and sewage sludge
application reached 5.1-7.4% during incubations at
20°C over three weeks. Apart from mineralization to
14C0O;, most of the applied estrogens were
incorporated into “bound” (i.e. non-extractable)
residues. It has been suggested that the non-
extractable residues were relatively nonbioavailable
(Colucci et al., 2001b), but characterization of the
unknown products is necessary. As expected, EE2 was
found more persistent than E2 in aerobic experiments
with river sediments (Jurgens et al., 2002). To the best
of our knowledge, no data are available for the
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mineralization of EE2 in soil though it is suggested
that the dissipation of EE2 in soil was in part
microbially mediated (Colucci and Topp, 2001).

Several factors may affect biodegradation of
steroid hormones in environment including
temperature, redox conditions, organic matter content
and soil moisture.

4.2.1. Temperature

In the loamy soils studied by Colucci et al.
(2001a) soil temperature was found to influence the
total mineralization of E2. Mineralization (61 days)
decreased with decreasing temperature, with
measured values being 14.7%, 14.1%, 10.9%, 6.0%,
and 3.6% at 37, 30, 19, 10, and 4°C, respectively. Not
surprisingly, the rates of degradation were slower at
reduced temperatures, presumably due to reduced
microbial activity.

4.2.2. Redox conditions

The former research suggests that redox
conditions (aerobic, anoxic, or anaerobic) are critical
factors for degradation of estrogens, as evidenced by
batch experiments in agricultural top soil (Fan et al.,
2007; Ying and Kaakana, 2005), river bed material
(Jurgens et al., 2002), marine sediment (Ying and
Kaakana, 2003) and aquifer material (Ying et al.,
2003). The total mineralization of estrogens is
generally higher under aerobic conditions than under
anoxic/anaerobic conditions. Half-lives for the natural
estrogens in aerobic sediment have been reported as
<1 day but can be longer in anaerobic sediments with
reports of up to 14 days for E1 (Jurgens et al., 2002).
In transport studies with repacked soil columns (Das
et al., 2004) and aerobic batch experiments with
agricultural topsoils (Ying and Kaakana, 2005), both
E2 and E1 dissipated in a similar manner.
Mineralization of E1 in particular was reported to be
highly affected by redox conditions (Fan et al., 2007;
Ying and Kaakana, 2005). Under aerobic conditions
E2 (applied as 2.5 mg/kg soil) was rapidly
biotransformed into E1 with a DTso (i.e., time to
dissipate 50% of the initial concentration) of 3 days,
and the generated E1 dissipated to an undetectable
level of 0.1 mg/kg within 3 days. Under anaerobic
conditions, however, E2 was transformed much more
slowly (DTso 20 days) and the generated E1 persisted
in the soil without further dissipation throughout the
70-day experiment (Ying and Kaakana, 2005).

Similar results are obtained by Czajka and
Londry (2006), whose tests were conducted under
strict anaerobic conditions including sulphate, nitrate
and iron reducing, and methanogenic conditions with
limited degradation of E2. The authors found even
slower degradation of E2 under nitrate reducing
conditions, while anaerobic degradation of EE2 was
not observed over a 3 year time period (Czajka and
Londry, 2006). Similar results indicated that
approximately 50% of E2 was degraded after 70 d
anaerobic incubation, while little or no degradation of
EE2 was observed under anaerobic conditions (Ying
and Kookana, 2003). Mashtare et al. (2013) reported

that under nitrate- and sulfate-reducing conditions,
degradation followed similar trends in half-lives, E2 <
EE2 < E1, with degradation much slower under
sulfate-reducing conditions. Fan et al. (2007) reported
that after 132 h of incubation, 6% of 375 pg/kg 1“C-E2
could be mineralized to *CO; in native soils under
aerobic conditions while there were no **CHy or other
4C-labeled volatile organic compounds detected
under anaerobic conditions. The growth of microbes
might be limited due to the lower level of electron
acceptor under anaerobic conditions thus reducing the
metabolism of these hormones. Considering that wet
soils, swamps, fresh water or marine sediments and
aquifers are frequently oxygen limited, sub-surface
soil environments where anaerobic conditions often
occur can be a potential source for steroid hormones.

4.2.3. Organic matter content

It is worth noting that neither low organic
content nor high organic content is favorable to the
degradation of estrogens. For instance, the half-lives
of E2 in a loam soil with 3.2% organic matter and a
silt loam soil with 2.9% organic matter were 61 and 72
h at room temperature (Jacobsen et al., 2005).
According to Herman and Mills (2003), addition of 1
mg/L dissolved organic carbon increased the
biotransformation of E2. The observed increase of
degradation could be attributed to an enhanced
microbial growth in the soils caused by the rise of
organic matter concentrations, since the estrogens
themselves as sole source of carbon and energy seem
too low in concentration to support extensive
microbial growth. In the case of carbon-deficient soils,
therefore, small quantity of additional organic matter
may enhance biodegradation of trace organic
contaminants.

Unfortunately, the simultaneous monitor of the
characteristics of microbial communities was often
ignored in such studies. On the other hand, Herman
and Mills (2003) also discovered that high
concentrations of readily available carbon sources
inhibited E2 degradation. This suggests that the
availability of higher concentration of readily
biodegradable organic carbon in water, as well as in
soil or sediment may negatively affect the degradation
of E2. This could be explained by that elevated levels
of organic content decreased the extractability and
bioavailability of estrogens, which have certainly a
tendency to partition into organic matter due to their
moderate lipophilicity. Nonetheless, this explanation
comes to existence based on the assumption of
degradation only proceeding in the liquid phase. In
fact, Das et al. (2004) did indicate that strong sorption
of E2 did not hinder degradation and they
hypothesized that E2 either can be degraded while
sorbed or rapidly desorbed from the solid phase and
then degraded in the liquid phase. Systematic research
addressing the impact of organic matter on
biodegradation of estrogens is highly recommended.
More importantly, it is necessary to distinguish the
difference between the effect of dissolved and
particulate organic matter.
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4.2.4. Soil moisture

With regard to soil moisture, its effect on
estrogen degradation parallels the effect of organic
matter content. That is, neither very low nor very high
soil moisture is beneficial to estrogen degradation.
Colucci et al. (2001a) indicated that the mineralization
of E2 increased from <1% to 20% after 73 d of
incubation when the moisture content of the sandy
loam soil was increased from air-dry to 15%.
However, when moisture content of the same soil was
increased to field capacity (24%), the amount of E2
mineralized decreased sharply to 8%. Note that soil
moistened to field capacity limits oxygen supply to
aerobic biodegradation. This suggests that the
persistence of steroid hormones is more likely in dried
sandy soil, moistened soil at field capacity or saturated
soils, which is mainly due to the fact that appropriate
moisture is indispensable to normal physiological
functioning of living microorganisms while water-
saturated condition limits oxygen supply to aerobic
biodegradation.

In addition, natural and synthetic steroids are
generally dispersed into the soil environment within a
complex matrix of solid and soluble organic
compounds due to the agricultural use of municipal
sewage sludge (biosolids) and animal manures as
fertilizer. These organic matrices, rich in nutrients,
organic matter, and microorganisms, will profoundly
change soil conditions following application, and
therefore could influence the degradation of estrogens.
A few studies have therefore been addressed about the
impacts of these matrices on the behavior of the
steroids in soils. Jacobsen et al. (2005) conducted
various laboratory studies to investigate the influence
of various organic matrices (e.g., swine manure slurry
and municipal biosolids) on the aerobic degradation of
E2 in three agricultural soils the same as that used
formerly by Colucci et al. (2001a). Their results
indicate that the municipal biosolids, and to a lesser
degree manure slurry accelerated the mineralization of
[\*C]-E2 detected after 96 h of incubation. These
results also indicate that microorganisms carried in
manure can convert E2 to E1, and that mineralization
of E2 requires a viable soil microbial population.
Lucas and Jones (2006) similarly reported that the
mineralization of E2 and E1 in the sheep manure
amended soils was generally higher than in the non-
amended soils. Additionally, in comparison to urine
amended soil, the rate of estrogens mineralization is
higher in cattle and sheep manure, which is also
significantly affected by the age of the manures. It is
well known that sorption of organic compounds
increases with the organic contents of the soil.

The addition of manure or biosolids may,
therefore, enhance the sorption of estrogens due to the
combination of elevated levels of organic carbon
content and higher adsorption surface area in soil.
However, strong sorption of parent compound and
transformation products was shown not to hinder
degradation, as the high rate of degradation could only
be reached if compounds were either degraded while
sorbed or rapidly desorbed from the solid phase and
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then degraded in the aqueous phase (Das et al., 2004).
Two possible hypotheses explain the elevated
degradation:  Firstly, the introduction of the
microorganisms inherent to organic matrices that are
both adapted to the chemical conditions and possess
the intrinsic capability for estrogen degradation; also,
the microbial activity in the soil is stimulated due to
the nutrient addition introduced by application of
organic matrices.

The former presumption seems to be more
rational (Das et al., 2004; Lucas and Jones, 2006). In
the case of agricultural sites with different long-term
treatment histories with wastewater and sewage
sludge, however, Stumpe and Marschner (2007)
reported that the long-term sewage sludge application
had no effect on E2 mineralization whereas long-term
wastewater irrigation significantly decreased E2
mineralization rate in soils compared to the
corresponding soil with freshwater irrigation. Further
work is needed to elucidate the discrepancy between
the long-term and short-term effect of organic
matrices application on the degradation of estrogens in
soils. As a whole, given the complex nature of real-
world situations where soil pH, redox conditions,
temperature, prevailing soil water conditions, wetting
and drying cycles, as well as the fact that the size and
type of bacterial populations can vary,
biodegradability of estrogens may likely to be
different in the field than what has been observed
under controlled conditions in the laboratory.

The degradation pathway, conversion of E2 to
E1l, and subsequent formation of non-extractable
residues was observed consistent with three kinds of
soils under all incubation conditions (Colucci et al.,
2001a). A miscible-displacement column experiment
indicated that E2 entered the soil column underwent
rapid transformation to form at least three metabolites,
E1, sporadic E3 and an unidentified high-polarity
compound (Casey et al., 2003). Results from batch
incubation experiment also indicated that E2 could be
transformed to an unidentified polar compound
through abiotic chemical processes in agriculture soil
(Fan et al., 2007). Unfortunately, all of these studies
failed to identify the unknown intermediate
degradation products.

The authors concluded that estrogens are
biodegradable in soils by ubiquitous microorganisms
that require no prior adaptation (Colucci et al., 2001b).
Stumpe and Marschner (2007) also indicated that two-
week pre-incubation of the soils with 0.1 mg/kg
unlabeled hormones or application of the hormones
within a wastewater matrix had only minor effects on
their mineralization.

While estrogens were studied to be
biodegraded in soil, little was known about the soil
microorganisms responsible for estrogen degradation.
The first attempts to identify the microorganisms
involved in estrogens biotic transformation, over 60
years ago, were based on culture-dependent
techniques (Turfitt et al., 1947).

In this study, the biodegradation of E1 was
examined using 355 different cultures of bacteria



Fate and biodegradation of estrogens in the environment and engineering systems — A review

isolated from five disparate soil types. No culturable
bacteria were found in loam, marl, or alkaline peat
soils that could metabolize E2. However, one
Proactinomyces spp. was isolated from an acid sand,
and two strains were found in arable soil that could use
E2 as a carbon source. E1 was degradable by one
species of Proactinomyces spp. in the arable soil, but
no degradation was observed with organisms from the
other four soils.

4.3. Comparison of degradation rates in the natural
system

Half-lives of each estrogens in different natural
systems vary. Research conducted by Moschet (2009)
and Xuan et al. (2008) suggested that half-lives of E1
and E2 in aerobic water are pretty close, while
degradation rate of E2 is significantly higher than that
of E1 in aerobic soil and sediment. Generally, EE2 is
harder to be degraded as compared to E2 and E1, as
the ethinyl group makes it more recalcitrant (Colucci
and Topp, 2001; Colucci et al., 2001b; Jirgens et al.,
2002; Ying and Kookana, 2003).

On the other hand, degradation rate under
anaerobic conditions is much lower than under aerobic
conditions or sometimes degradation cannot even
proceed, as evidenced by Ying and Kookana (2003)
and Czajka and Londry (2006). Degradation of E2 in
the anaerobic river sediment is much faster than that
in the lake sediment and anaerobic marine, may due to
that there was still a tiny amount of oxygen in the
anaerobic river sediment because it is difficult to
create a real anaerobic environment (Moschet, 2009).

4.4. Degradation in manure

Large estrogen loads associated with animal
feeding operations (AFQOs) arise not only from
steroidal treatments given to livestock to enhance
growth and fecundity, but also from the current trend
towards concentrating animals into small geographic
areas, magnifying waste related issues. Manure
disposal presents a potential source for surface and
groundwater contamination, consequently threatening
human health and imperiling wildlife communities.

Bacteria in animal manure are capable of
degrading estrogens. Soils amended with swine
manure facilitate the biodegradation of estrogens,
mainly due to the presence of fecal bacteria. Raman et
al. (2001, 2004) tested estrogen degradation in cattle
and swine manures. The authors found that the E2
concentration dropped sharply during the first 24 h of
incubation under aerobic conditions; while E1 was
accumulated and reached a peak concentration in 48 h.
The total estrogenic activity measured by yeast screen
decayed following first order kinetics, and the rate
constants increased with temperature from 0.03 day!
at 3°C to 0.12 day! at 5°C. The manure
microorganism Cornybacterium spp. was believed to
be responsible for the biodegradation of both E1 and
E2.The complete biodegradation of estrogen
compounds is largely dependent on the destruction of

the phenolic ring. The fungus group Paecilomyces
lilacinus was found to be capable of cleaving the
phenolic ring of biphenyl into five di- and
trihydroxylated metabolites and thus was believed to
have the capacity to degrade estrogen compounds as
well (Gesell et al., 2001). Fusarium proliferatum
isolated from a manure sample, could degrade EE2
with an initial concentration of 25 mg I (Shi et al.,
2002).

The impacts of pH values, temperature, the
presence of antibiotics, and incubation time on
degradation efficiency of estrogens in manure have
been observed in many studies. Shore et al. (1993)
incubated broiler litter for 1 week at different pH
values, with and without the addition of antibiotics
(penicillin/streptomycin), and found significant
reductions in estrogen concentrations at pH 5 and 7 but
no change at pH 1 or 12.

When antibiotics were added to the litter,
estrogens persisted. Similar results indicated that
estrogens may have slower dissipation rates in soil
particularly when manure is applied at high rates or
not mechanically mixed in the surface horizon (Rose
and Farenhorst, 2014). Tetracycline in manure
induced a lag phase of 40 to 50 days, and tetracycline
at 200 mg kg? remarkably decreased maximum
mineralization of E1 and E2 in manure. Schlenker et
al. (1998) studied the degradation of estrogens in cattle
feces by incubating manure samples for 12 weeks at
20-23°C. The median concentrations of total estrogens
extracted from the manure were unchanged for 9
weeks but were reduced by 80% after 12 weeks.
Schlenker et al. (1999b) tested E. coli and Clostridium
perfringens for their ability to degrade fecal estrone in
cattle manure. The E. coli had no effect on estrone
concentrations, but the C. perfringens reduced the
average concentration of estrone from ~16 ug L to
~11 ug L during the 48 h incubation. Schlenker et al.
(1999a) evaluated the influence of temperature on the
stability of estrogens in the feces of cattle. At 5°C, the
median concentrations of total estrogens extracted
from the manure fell below initial concentrations after
12 weeks of incubation. At 30 °C, however, estrogen
was almost completely eliminated from the samples
within 3 weeks. Similar studies of estrogen
degradation in dairy cattle manure were done by
Raman et al. (2001). Press cake samples were spiked
with 17p-estradiol and incubated at temperatures
ranging from 5 to 50°C. The effects of acidification on
estrogen transformation and degradation during
sample storage were also evaluated. At all
temperatures, estradiol  concentrations rapidly
declined during the first 24 h of incubation, and
estrone accumulated. Total estrogen removal rates
followed the pattern of estrone degradation, and these
data were fitted to a first-order decay model. Rate
constants increased from ~0.03 d* at 5°C to ~0.12 d'*
at 50°C. Acidification to pH 2 reduced rates of
estrogen transformations at both 5 °C and 30°C, but a
15% and 31% loss, respectively, of total estrogen was
still observed when samples were stored for 7 days.
The authors speculated that Cornybacterium spp. were
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partially responsible for the estrogen transformations
in their study (2001). Hakk et al. (2005) performed
incubation experiments under aerobic conditions to
assess the water extractability of E2 in chicken manure
compost with 60% moisture. They concluded that the
extractability of E2 decreased with time, and the first-
order degradation rate constant for E2 was 0.010 d %,
and the first-order degradation rate constant for E2
was 0.010 d%. Chun et al. (2005) suggested that the
presence of antibiotics significantly decreased
transformation of E2 to E1 upon recommendation that
any study evaluating the fate and transport of
estrogenic hormones in soil should include the effect
of agricultural antibiotics because antibiotics and
estrogenic  hormones were commonly excreted
together in environmental samples.

4.5. Degradation in biological wastewater treatment
systems

4.5.1. Field monitor data

Different studies around the world agree on the
aerobic degradation of estrogens underwent during
aerobic biological treatment units in municipal STPs.
Municipal STP is an important facility which
markedly reduces the concentrations of estrogens,
although its principal purposes are the removal of
organic substances even nitrogen and phosphorus
from wastewater, as well as the disinfection of the
treated wastewater. There is abundant documentation
about the overall removal efficiencies of estrogens, as
determined from influent and effluent concentrations
in actual STPs situated in Europe, North America,
Australia and Japan. It was proved to be efficient in
removing E2 and E3, but less effective in removing E1
and EE2 (Baronti et al., 2000), similar to the findings
by Shi et al. (2004a). Moreover, this conclusion was
confirmed by the experiment using two pilot-scale
STPs free from the problems such as fluctuations in
influent concentrations, cleavage of conjugated
hormones, rainfall events, which were inevitably
encountered when dealing with full-scale plants
(Esperanza et al., 2004). In anaerobic condition,
estrogens removals were in the range of 76-92% for
E1, 58-90% for E2, 43-63% for E3, and 62-88% for
EE2. In aerobic phase, removal of estrogens were
ranging from 79-96% for E1, 76-96% for E2, 36-64%
for E3, and 57-96% of EE2 (Ruchiraset and
Chinwetkitvanich, 2014). To our best knowledge,
among all of the published field monitor data all over
the world, the Wiesbaden STP, a common municipal
STP in German, with an activated sludge system for
nitrification and denitrification including sludge
recirculation, operated with a sludge retention time
(SRT) of 11-13 d, had the best removal rate not only
for E1 and E2, but also for EE2, which was more than
99%, 98% and 93% respectively (Andersen et al.,
2003).

With the attempt to evaluate the importance of
sorption and biodegradation, which are widely viewed
as two principal mechanisms for estrogen removal by
biological treatment, more detailed studies also have
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been conducted on the fate of estrogens in each
treatment step of specific STPs. A complete mass
balance of Wiesbaden STP based on concentration
profiles in both water and sludge showed that
biodegradation was the main pathway for estrogens
removal, which was responsible for above 80%
removal for both natural and synthetic estrogens,
whereas only approximately 5% of the estrogens
entered the plant were removed with excess sludge
(Andersen et al., 2003). Another study case of Danish
Lundtofte STP suggested that removal of estrogens
with excess sludge was less than 2% of the total
amounts of estrogens that entered the STP (Andersen
et al., 2005). However, in a sewage treatment plant in
Centre Eastern Tunisia using simple activated sludge
process, sorption onto sludge played a predominant
role in the removal of estrogens in warm season,
especially for E1 and E2 (69.5 and 66.3%,
respectively) (Belhaj et al., 2013). This conclusion
was evidenced by Xu et al. (2014), Zhang et al. (2014),
Zeng et al. (2013) and Ruchiraset and
Chinwetkitvanich (2014). So it is noteworthy that
sorption may affect the fate of estrogens in STPs
because estrogens are easily sorbed onto activated
sludge (Zeng et al., 2013).

4.5.2. Lab-scale batch tests of sludge culture
Aerobic degradation

To observe the biodegradation of estrogens
under different conditions, extensive research has
been performed with real activated sludge from
various STPs. The efficiency of a STP to degrade
estrogens is influenced by numerous parameters
including microbial activity, sludge retention time
(SRT) (Maeng et al., 2013), hydraulic retention time
(HRT), temperature, and rainfall, all of which vary
seasonally (Ternes, 1998). For example, SRT was
proved to be a suitable operational parameter to
remove estrogens in activated sludge system. Zeng et
al. (2013) investigated the effect of SRT on the
removal and fate of E2 and EE2 in an anaerobic—
anoxic—oxic activated (A%O) sludge system by lab-
scale experiments. Optimal SRT was 20 days for E2,
EE2 and nutrient removal. Mass balance calculation
suggested that 99% of influent E2 was degraded by the
activated sludge process, and 1% remained in excess
sludge; of influent EE2, 62.0%-80.1% was
biodegraded; 18.9%-34.7% was released in effluent;
and 0.88%-3.31% remained in excess sludge.
Different treatment systems may also affect microbial
activity and therefore, estrogenic composition of STP
effluents (Rodgers-Gray et al., 2000). The
conventional activated sludge (CAS) process has been
reported to have higher estrogen removal efficiency
than trickling filter (Chimchirian et al., 2007).
Furthermore, it appears that oxidation ditch (OD)
process is better than CAS process, while the
biological nitrogen removal process with high SRT
removes natural estrogens as effectively as the OD
plants (Hashimoto et al., 2007).

In batch experiments, Ternes et al. (1999b)
investigated the basic aerobic microbial reactions of
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estrogens in activated sludge taken from the old
Wiesbaden plant with only BOD removal.
Experiments were performed at 20°C with two starting
concentrations of 1 pg/L and 1 mg/L for E2. At both
spiking levels, E2 was almost quantitatively oxidized
to E1. It was also found that the removal of E2, as well
as the formation and elimination of E1 was accelerated
at the lower spiking level, under which condition
neither E2 nor E1 was to be found above the detection
limits after 5h. Layton et al. (2000) conducted a
similar study with estrogens using activated sludge
from four municipal STPs in Tennessee U.S.A. The
sludge from all of the municipal plants mineralized
70-80% of radio labelled *C-E2 to 1*C-CO; within 24
h. A recombinant yeast estrogen assay (YES assay)
also confirmed that biological estrogenic activity was
removed from the biosolid samples to below the
detection limit (1.56 nM) indicating no accumulation
of E1. In this study, **C EE2 was found to metabolize
much more slowly, even though 40% was mineralized
in 24 h. The degradation activity of E1 and E2 is seen
to be higher in the sludge from membrane bioreactor
(MBR) plant than that from conventional activity
sludge (CAS) plant by a factor of 2-3, which was
attributable to either higher age of the sludge (30 d vs
11 d) resulting higher accumulation of specialist-
degrading estrogens, or smaller sludge flocs size (80
vs 400 pm) with thinner boundary layer favoring the
passive-diffusion mass transfer (Joss et al., 2004).

Essandoh et al. (2012) studied the removal of
three potent EDCs including estrone (El), 17pB-
estradiol (E2), and 17a -ethinylestradiol (EE2) in a
wastewater using soil columns. E2 was the most easily
removed estrogen, while EE2 was the least removed.
Besides, novel bioreators are efficient in removal of
estrogens, such as membrane distillation bioreactor
(MDBR) which can be operated at thermophilic
conditions to facilitate the integration of biological
treatment with membrane distillation (Wijekoon et al.,
2014). In order to know the more exact behavior of
estrogens in actual sewage when in contact with
activated sludge, Suzuki and Maruyama (2006)
conducted an experiment using filtered sewage and
activated sludge that were both collected from STPs in
Japan. E2 and E1 simultaneously decreased
immediately after the beginning of the batch mixing.
E2 rapidly decomposed completely within 4-6h, while
E1 concentration remained constant at 2-5 ng/L
following the incipient rapid descent during a period
of 24h. The biodegradation in the sludge phase was
assumed by many researchers following a pseudo-
first-order reaction as given below (Eqg. 1):

dC /dt = K-TSS-C Q)

where K is the first-order biological degradation rate
constant, in L/(g of TSS-d); TSS is the mixed liquor
suspended solids, in g/L; and t is the time of
degradation in sludge, in day.

The integration of Eq. (1) will result in:

Ci =Co-exp(-K-TSS-t) 2

where Co is the initial concentration and C; is the
concentration at time t (days), in ng/L.

All the K-values obtained directly or
standardized from literature are summarized in Table
3. Despite that the K-values are markedly different,
some conclusions can be generalized as following.
Firstly, the sequence of K-values is E2>E1>>EE2 for
the same sludge. Secondly, much lower were the
initial estrogens concentrations; much higher K-values
would be obtained, which indicate the sludge activity
could be inhibited by high concentrations estrogens.
Fortunately, the estrogens concentrations of actual
sewage never exceed 200 ng/L according to all of the
published monitor data up to the present. It is expected
that estrogens could be biotransformed at relatively
high rates. However, these previous batch tests tended
to overestimate the true degradation rates, which could
be attributed to two reasons. On the one hand, the
experiments were carried out with the estrogens
solution lacking organic substrates that could
competitively inhibit the degradation of estrogens
(Joss et al., 2004). On the other hand, these aeration
experiments were likely to be consistently high in a
shaking flask, which may not always be the case
within an activated sludge aeration tank.

Moreover, the occurrence of nitrification in an
activated sludge system seems to have a positive effect
on the removal of hormones. For nitrification a longer
SRT is required because the autotrophic bacteria
involved grow very slow (de Mes et al., 2005).

It is noteworthy that heterotrophic populations,
which are likely to affect estrogen degradation, can be
influenced by the type of growth substrate. Ziels et al.
(2014) reported that kinetic rate coefficient (ky) values
for EE2 biodegradation ranged from 5.0 to 18.9 L/g
VSS/d at temperatures of 18°C to 24°C. EE2 k;, values
for aerobic biomass growth at low initial food to mass
ratio feeding conditions (F/Ms) were 1.4 to 2.2 times
greater than that from growth at high initial F/My,
which indicated that employing MBR processes (no
gravitational settling) with low-F/M; growth
conditions facilitated EE2 biodegradation. Similarly,
oxidation ditch (OD) processes, which can provide
low-F/M: substrate removal conditions, might
promote higher EE2 biodegradation kinetics, while
keeping acceptable sludge settling characteristics.

Tan et al. (2013) pointed out that further
enrichment under starvation conditions may enhance
E1l degradation capability via the growth and/or
stimulation of multiple substrate utilizers rather than
heterotrophs which are characterized by an r-strategist
growth regime, although initial growth of biomass
depends on the presence of sufficient organic carbon.
More research is needed to determine whether and
how estrogen degradation is affected by F/M;s
conditions.

Anoxic and anaerobic degradation

Anoxic is most commonly defined as the
absence of oxygen, while anaerobic indicates the
absence of a common electron acceptor such as nitrate,
sulfate or oxygen.
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Table 3. K-values obtained directly or standardized from literature

Initial concentration E2 El EE2 References

100 ng/L 8 Joss et al., 2004

500 ng/L 350 162 Joss et al., 2004
lpg/L 150 20 0 Ternes et al., 1999a
50ug/L 0.6 Vader et al., 2000
58ug/L 2.79 Layton et al., 2000
72ug/L 0.13 Layton et al., 2000

200pg/L 11.66 1.2 1.34 Shi et al., 2004a

1.0 mg/L 8.36 0.42 0.2 Shi et al., 2004a

20-25mg/L 0.22 0.16 0 Shi et al., 2004b

Matsui et al. (2000) is probably the first to
suggest that estrogen activity was mainly reduced
during the denitrification treatment step which was
also the first step of the activated sludge treatment by
performing a detailed profile of estrogen removal in a
Japanese STP using an immunoassay for E2 in
combination with the yeast estrogen screening (YES)
assay for measuring estrogen activity. Then Andersen
et al. (2003) further demonstrated that estrogens were
mainly degraded during denitrification based on
analysis of steroid estrogens in both water and sludge
in a south German STP by GC-MS-MS. Afterwards,
Joss et al. (2004) systematically investigated the
degradation of estrogens under different redox
conditions in batch experiments performed with same
activated sludge originating from either CAS or MBR.
The degradation rate of E1 and EE2 depended strongly
on redox conditions, while E2 exhibited high rates
anyway. For example, the K-value (L-gSS*-d*) of E1
degraded by CAS sludge was 10 under anaerobic
conditions, 30 under anoxic and 162 under aerobic
conditions (Joss et al., 2004). With regard to E2, the
K-value was 350 and 460 with CAS sludge under
aerobic and anoxic conditions respectively, while was
950 and 500 with MBR sludge under aerobic and
anaerobic conditions respectively. In contrast,
Dytczak et al. (2008) indicated that the conversion
from E2 to E1 was faster under aerobic than anoxic
conditions and removal of E1 was not observed over
the 3-7 hour incubation times. The influence of
oxidation-reduction conditions on E2 degradation
currently remains ambiguous. The exiting data
implied that EE2 was degraded under neither anoxic
nor anaerobic conditions (Czajka and Londry, 2006;
Dytczak et al., 2008; Joss et al., 2004).

A denitrifying bacterium was lately isolated
from activated sludge of a municipal wastewater
treatment plant using E2 as sole source of carbon and
energy (Fahrbach et al., 2006).

Estrone was converted to 17a-estradiol under
either nitrate-reducing condition (Dytczak et al., 2008)
or anaerobic condition (Czajka and Londry, 2006). In
some respects this could be considered as a
deactivation step, in that 17a-estradiol is less
biologically active than E2 (Hutchins et al., 2007).
However, it is not known to what extent 17a-estradiol
remains stable in anaerobic/anoxic conditions, and the
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potential therefore exists for reverse transformation
back to E1 and ultimately back to E2.

However, little research has been conducted on
the microbial degradation of estrogens under
anaerobic conditions. Overall anaerobic conditions
resulted in much slower conversion rates compared to
the same experiments under aerobic conditions. For
example, a half-life of 2.5 min for E1 under aerobic
conditions, was 1.66 h under anaerobic conditions. No
degradation of the three estrogens was found by Pakert
et al. (2003) in batch experiments using sludge from
anaerobic digester. Zhang et al. (2013) reported that
the degradation rate constant of estrogens decreased
with the original estrogen concentrations while
increased  with  the sludge  concentrations.
Additionally, E1 was accumulated in the process of E2
degradation. The degradation rate of E1 decreased by
a factor of between 3 and 5 in the transition from
aerobic (O, available in solution) to anoxic (nitrate
available but no molecular oxygen) as well as from
anoxic to anaerobic (Joss et al., 2004).

Bed sediment was used to examine the
potential for E2 to be degraded anaerobically at 20°C;
and was fairly rapidly converted to E1, almost
completely after an incubation of 2-days (Jurgens et
al., 2002). In batch experiments with activated sludge
supernatant under anaerobic conditions (purged with
nitrogen gas), after 7 days, 50% of the spiked amount
of E2 was converted into E1 and resulting in
accumulation of E1 due to no further degradation (Lee
and Liu, 2002).

EE2 tested under anaerobic conditions in river
water samples showed no degradation over 46 days
(Jirgens et al., 1999). Under strict anaerobic
conditions, E1 is expected to convert into E2, rather
than E2 is converted to E1 (Joss et al., 2004). So
somehow under anaerobic conditions there are still
electron acceptors available, like Fe** and various
organic oxidative compounds, responsible for the
conversion. Joss et al. (2004) also found the
conversion of EE2 in MBR sludge under anaerobic
conditions was nearly the same as that in the blank
experiment where no sludge was present.

On the whole, the microbial conversion rates of
estrogens  under  various  oxidation-reduction
conditions appeared to follow the order: aerobic >
anoxic > anaerobic.
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5. Metabolic pathways

5.1. Isolated organisms and enzymes involved in
estrogens degradation

Several reports dealing with isolating and
identifying microorganisms are involved in estrogens
degradation. For instance, Yu et al. (2005) indicated
that a frequent occurrence of E.coli, Pseudomonas
fluorescens  (gram  negative), and  Bacillus
thuringiensis (gram positive) strains were probably
responsible for the estrogen-degrading capacity in
activated sludge by using the method of terminal
restriction fragment length polymorphism (T-RFLP)
assay. The bacterial strains that are capable of
degrading estrogens are briefly summarized below in
Table 4. Astrain of the gram-negative, oval-shaped

aerobic  bacterium  genus  Novosphingobium
tardaugens sp. nov. isolated from activated sludge
decomposes E1, E2, E3, except for EE2. In addition,
this bacterium seemed to assimilate E2 as a preferred
carbon source and the degradation activity was not
accelerated by yeast extract or glucose (Fujii et al.,
2002; Fujii et al., 2003), which was similar to what
was observed in Rhodococcus zopfii (Yoshimoto et al.,
2004).

Although bioreactors at a wastewater treatment
plant were operated under eutrophic conditions, it was
suggested that these bacterial strains possibly degrade
estrogens selectively in such environment. Similarly,
two another gram-negative bacilus, Achromobacter
xylosoxidans and Ralstonia picketii, isolated from
membrane bioreactor (MBR), were able only to
degrade E1, E2, E3, but not EE2 (Weber et al., 2005).

Table 4. Microorganisms capable of biodegrading or metabolizing natural and synthetic estrogens

Resources Strains Generas Gram Stain El1 | E2 | E3 | EE2 References
Novosphingobium Novosphingobium negative 0 o o b Fujii et al., 2002,
tardaugens sp. nov. 2003
Rhodococcus zopfii Rhodococcus -¢ o o o o Yoshn;(;ngz etal.,
Rhodococcus equi Rhodococcus - o lo|o] o Yoshlgggz etal,
Villemur et al.,
EMS-1 Rhodococcus - o o o - 2013
JEM-1 Novosphingobium negative o | o o] o Hashlg}?ég etal.,
A)f;;%@;%:‘%tsr Achromobacter negative o o o X Weber et al., 2005
Ralstonia picketii Ralstonia negative 0 o o X Weber et al., 2005
E2Y1 Bacillus - o o -d - Jiang et al., 2010
E2Y2 Bacillus - X o - - Jiang et al., 2010
Sewage E2Y3 Bacillus - X o - - Jiang et al., 2010
treatment E2Y4 Bacillus - o o - - Jiang et al., 2010
plants E2Y5 Bacillus - X o - - Jiang et al., 2010
KC6 Aminobacter negative 0 o - - Yu et al., 2007
KC7 Aminobacter negative o o - - Yu et al., 2007
KC12 Brevundimonas negative X o - - Yu et al., 2007
KC13 Escherichia negative X o - - Yu et al., 2007
KC1 Flavobacterium negative X o - - Yu et al., 2007
KC2 Flavobacterium negative X o - - Yu et al., 2007
KC5 Microbacterium positive X o - - Yu et al.,2007
KC3 Nocardioides positive X o - - Yu et al., 2007
KC4 Rhodococcus positive X o - - Yu et al., 2007
. . Roh and Chu, 2010;
KC8 Sphingomonas negative o o - - Yu et al., 2007
KC9-11 Sphingomonas negative o - - Yu et al., 2007
KC14 Sphingomonas negative X o - - Yu et al., 2007
Nitrosomonas europaea Nitrosomonas negative o o o o Sh.' etal., 2004
Yietal., 2007
Soil samples EDS8 Sphingomonas negative o o - - Kurisu et al., 2010
from ED9 Sphingomonas negative o o - - Kurisu et al., 2010
agricultural ED7 Rhodococcus positive o o - - Kurisu et al., 2010
fields ED10 Rhodococcus positive o o - - Kurisu et al., 2010
CYH Sphingomonas negative 0 o X X Ke et al., 2007
Marine sand LHJ1 Acinetobacter nega_lt_ive X o X X Ke et al., 2007
and seawater LHJ3 Agr_omyces posm.ve X o o X Ke et al., 2007
S19-1 Buttiauxella negative - o - - Zhang et al., 2011
H5 Vibrio negative - o - - Sang et al., 2012
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Wastewater
treatment . .
facility of Sphlngog)é%tgrlum SP. Sphingobacterium negative o o o o Haiyan et al., 2007
contraceptive
factory
Fusarium proliferatum . .
strain HNS-1 Fusarium - - - - o Shi et al., 2002
Phyllobacterlum o-Proteobacteria negative o o o o Pauwels et al., 2008
myrsinacearum (BP1)

Manure of Ralstonia pickettii(BP2) B-Proteobacteria negative o o o o Pauwels et al., 2008
cowshed Pseqdomonas y-Proteobacteria negative o o o o Pauwels et al., 2008
compost aeruginosa(BP3)

Pseudomonas sp. (BP7) v-Proteobacteria negative o o o o Pauwels et al., 2008
Acinetobacter sp. (BP8) y-Proteobacteria negative o o o o Pauwels et al., 2008
Acme(tgg;i((:)t)er 5 y-Proteobacteria negative o o | o o | Pauwels etal., 2008

a: able to degrade the corresponding pollutant; b: disable to degrade the

undetected; d: undetected

More recently, fourteen phylogenetically

diverse E2-degrading bacteria, which widely
distributed among eight different  generas
Aminobacter, Brevundimonas, Escherichia,

Flavobacterium, Microbacterium,  Nocardioides,
Rhodococcus, and Sphingomonas of three Phyla:
Proteobacteria, Actinobacteria, and Bacteroidetes,
were successfully isolated from activated sludge of a
wastewater treatment plant (Yu et al., 2007).

So far, only a few strains, like Rhodococcus
zopfii and Rhodococcus equi, isolated from activated
sludge were found to degrade not only natural
estrogens but also the synthetic estrogen EE2
(Yoshimoto et al., 2004). The rare presence of EE2-
degrader in activated sludge can be applied to account
in part for the frequent observation of inefficient
removal in real-scale wastewater treatment plants and
slow mineralization in batch experiments upon EE2.
Larcher and Yargeau (2013) found that R.
rhodochrous was able to degrade EE2 with no
detectable EE2 after 48h, and that no additive or
synergistic effects were observed due to the
combination of the bacterial cultures with maximum
EE2 removals of 43% after 300h. The two
Rhodococcus strains degraded E2 and E1 by 99% or
more, as well as degraded E3 and EE2 by 80% or more
in 24h with an initial concentration of 100 mgL?
(Yoshimoto et al., 2004). In addition, Rhodococcus
zopfii, one of the two Rhodococcus strains, showed
particularly strong degrading activities, which
degraded E2 (100 mg/L, 10 ml) by 81% in 2 h, E1 at
the same concentration by 91% in 3 h, E3 by 96% in
4h, and EE2 by 70% in 6 h (Yoshimoto et al., 2004).
Rhodococcus sp. strains have been reported to degrade
cholesterol that possesses a steroidal skeleton and to
degrade aromatic compounds such as 2,4-
dinitrophenol, polychlorinated biphenyl (Maeda et al.,
1995; Yazdi et al, 2001; Yoon et al., 2000).
Achromobacter sp. and Ralstonia sp. are known to be
able to degrade some pollutants, especially phenolic
compounds (Bhushan et al., 2000; Shin et al., 2003).
Novosphingobium, which is one of the recently
proposed genera which were previously included in
the genus Sphingomonas (Takeuchi et al., 2001), is
also well known for including many species that can
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corresponding pollutant; c: unsuitable for Gram stain method or

assimilate biodegradation-resistant compounds such
as chlorophenol (Nohynek et al., 1996), fluorene,
biphenyl, dibenzothiophene (Frederickson et al.,
1995), benzoate, cresol, naphthalene and xylene
(Balkwill et al., 1997). Thus, it might be inferred that
the known strains being able to degrade compound
carrying phenolic group also could assimilate
estrogens. It has been proved by Haiyan et al. (2007)
that Sphingobacterium sp. JCR5 which grew on EE2
as sole source of carbon and energy could also degrade
E1l and E2.

Besides activated sludge, some estrogen-
degrading bacteria were also successfully isolated
from soil, manure and compost. The first attempts to
identify the microorganisms involved in estrogens
biotic transformation in soil, over 60 years ago, were
based on culture-dependent techniques (Turfitt et al.,
1947). In this study, the biodegradation of E1 was
examined using 355 different cultures of bacteria
isolated from five disparate soil types. No culturable
bacteria were found in loam, marl, or alkaline peat
soils that could metabolize E2. However, one
Proactinomyces spp. was isolated from an acid sand,
and two strains were found in arable soil that could use
E2 as a carbon source. E1 was degradable by one
species of Proactinomyces spp. in the arable soil, but
no degradation was observed with organisms from the
other four soils. Three estrogen-degrading bacteria,
LHJ1, LHJI3, and CYH, were isolated from
microcosms constructed with marine sand and
ultrafiltered (UF) secondary effluent (Ke et al., 2007).
All three isolates were not capable of degrading EE2.
Under aerobic condition, all three isolates oxidize E2
to E1, while only one of them, CYH, degraded E1, and
only LHJ3 degraded E3. Furthermore, under aerobic
condition, CYH was able to degrade E1 while LHJ3
was able to degrade E2.

Five species, ie. Phyllobacterium
myrsinacearum, Ralstonia pickettii, Pseudomonas
aeruginosa, Pseudomonas sp. and Acinetobacter sp.
isolated from compost were able to degrade E1, E2
and E3, while were not able to degrade EE2 except in
the presence of E2 (Pauwels et al., 2008).

Moreover, fungi were found to be able to
degrade estrogens as well. For example, an EE2-
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degrading fungus (Fusarium proliferatum) was
isolated from cowshed samples (Shi et al., 2002).
Ligninolytic fungi (LF) or their enzymes can be
actively used for decontamination because of their
ability to either polymerize the target pollutants or to
substantially decompose the original structure using
ligninolytic enzymes and cytochrome P-450
(Cajthaml, 2015). Likewise, white-rot fungi (WRF)
and their lignin modifying enzymes (LME) can
degrade various kinds of trace organic contaminants
(TrOC). Depending on the initial concentration of
TrOC, WREF species and associated LME, addition of
redox mediators can facilitate the removal of those
compounds (Yang et al., 2013). T. versicolor was also
able to degrade EE2 (Castellana and Loffredo, 2014).
Many studies were also performed in order to
determine the feasibility of applying fungal treatments
to the biodegradation of estrogens, as shown in Table
5. In light of the recent success in the isolation of
estrogen-degrading cultures from activated sludge and

different environmental compartments, natural
estrogen-degrading cultures are widespread in
environment and engineered systems. Natural

estrogens of human and animal origin are being
delivered into the environment over thousands of
years, especially due to growing population and more
intensive farming.

It is therefore not surprising that a large number
of bacteria have acquired pathways to make use of
these compounds as growth substrates. Certain
bacteria are able to grow on steroid hormones as the
sole source of carbon and energy by the expression of
a set of steroid-catabolizing enzymes. By contrast, so
far only a small number of EE2 degrading microbes
have been isolated. However, it remains uncertain
whether the different degradation abilities of estrogen-
degrading cultures toward estrogens contribute to the
wide range of estrogen removal observed by many
field studies.

Another important issue is to know whether
these isolated strains are still active in the case
estrogens at the environmentally relevant
concentration, due to the fact that estrogens were
generally found in natural environments in
nanograms-per-liter concentrations.

5.2. Degradation pathways of E1 and E2

Although bacteria are generally capable of
growing on either natural or synthetic estrogens as
sole source of carbon and energy, only a few metabolic
pathways have been proposed. Bolton et al. (1998)
suggested a metabolic pathway where E2 is oxidized
to E1 and then further oxidized to a more polar
semiquinone or quinone. Only a small fraction of E3
is found in effluent probably due to the three hydroxyl
groups in its structure, which makes it more
susceptible of surface reactions.

E1 might be one of the common key
intermediates involved in the degradation of EZ2,
which was confirmed by both laboratory studies
performed with either activated sludge or soil (Colucci
et al., 2001a; Jacobsen et al., 2005; Johnson et al.,
2001; Lee et al., 2002; Shi et al., 2013; Ternes et al.,
1999a; Weber et al., 2005; Yu et al., 2007) and field
monitor data (Baronti et al., 2000). In a pilot-scale
step-feed anoxic/oxic (A/O) wastewater treatment
system established by Shi et al. (2013), a linear
relationship between the concentrations of E1 and E2
in the water phase indicated the transformation
between E1 and E2. The equilibrium constant (K) for
the transformation between E1 and E2 was remarkably
higher in the anoxic zones (0.38-0.81) than in the
aerobic zones (0.08-0.24). The frequently observed
conversion of E2 to E1 is probably due to microbial
enzymatic activity of an NADH-dependent
hydroxysteroid dehydrogenase (Czajka and Londry,
2006). A miscible-displacement column experiment
indicated that E2 entered the soil column underwent
rapid transformation to form at least three metabolites,
E1, sporadic E3 and an unidentified high-polarity
compound (Casey et al., 2003). It is worth noting that,
E2 also can be biotransformed in some other pathways
not via E1. For instance, Degradation of E2 by neither
Rhodococcus zopfii (Yoshimoto et al., 2004) nor
commercial pure culture Nitrosomonas europaea (Shi
et al., 2004) occurred with increasing of E1
concentration. In another study, a new metabolite, a
steroid-D-ring lactone, was detected during the very
early stages of E2 degradation by sewage bacteria (Lee
and Liu, 2002).

Table 5. Fungal enzymes capable of biodegrading or metabolizing estrogens

. E3 EE2
Fungal Initial El removal | E2 removal
Treatment . removal removal References
enzymes concentration rates rates
rates rates
VP from B. 25 ma/L. 100% after 100% after _ 100% after Eibes et al.,
adusta = Mg 15 min 15 min 15 min 2011
Flask scale LAC from 100% after | 100% after 3 100% after 5 Lloret et al
M. 5 mg/L 24 h with h without - h without 2010 "
thermophila mediators mediators mediators
Stirred batch LAC from 100 ng/L 100% after 100% after 1 100% 100% after 1 | Auriol et al.,
reactor Trametes sp. 1h h after 1 h h 2007
with the
compound LAC from T. 100 na/L 100% after | 100% after 1 100% 100% after 1 | Auriol et al.,
spiked in versicolor g 1h h after 1 h h 2008
wastewater
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Furthermore, the scenario regarding the
conversion of E2 to E1 in soil remains both
controversial and elusive. Taking into consideration
the less effective removal of E1 in STPs (Johnson and
Sumpter, 2001) and batch experiments (Suzuki and
Maruyama, 2006) in comparison to E2, we can
postulate that the bacteria capable of transforming E2
directly to non-estrogenic compounds not via E1
either are not so prevailing in activated sludge as the
bacteria that are able to transform E2 to E1 but are not
able to further oxidize E1, or are inhibited by other
unknown factors in the mixed culture.

Neither autoclaving (Colucci et al., 2001) nor
oven-drying at 85°C for 24h (Casey et al., 2003) was
able to prevent the oxidation of E2 to E1 in soil. These
results suggest that either the enzyme responsible for
E2 transformation in soils is able to survive from
autoclaving and oven-drying process, or oxidation of
E2 to E1 can proceed abiotically. But they were
contradictive to a recent finding of Mashtare et al.
(2013), who reported that transformation of amended
hormones in autoclaved sediments was markedly
slower than in nonautoclaved sediments. This result
was consistent with a previous study which showed
that E2 was only oxidized to E1 via biological
processes (Fan et al., 2007).

The discrepancy could be attributed to the
difference of adopted experimental strategy. In
contrast to the research of Fan et al. (2007), where 500
mg HgCl. per kg soil was added to the autoclaved soil,
no inhibitor was used in the research of Colucci et al.
(2001a) and Casey et al. (2003), where the inadvertent
introduction of airborne microorganisms could not be
ruled out when periodically sampling. Although it is
not understood how the relative rates of biotic and
abiotic degradation rates influence the transform of E2
to E1, E1 was shown to degrade primarily through
microbial processes under aerobic conditions (Colucci
et al., 2001a). More studies further confirmed that
microbial processes play a key role in E2
mineralization under aerobic conditions supported by
the fact that no mineralization of E2 was observed in
sterile soils (Fan et al., 2007; Jacobsen et al., 2005).

With regard to E1 mineralization, two different
pathways have been thus far proposed. In the
mineralization study using **C-E2, which was labeled
on the C-4 carbon, Layton et al. (2000) demonstrated
that the conversion of E1 proceeded by a cleavage of
the A-ring based on the release of “C-CO,. The
possible metabolite resulted from A-ring cleavage was

CH,
o)
N H,C
COOH COOH
COOH

suggested by an earlier study (Coombe et al., 1966) as
showed in Fig. 1. Alternatively, Lee and Liu (2002)
indicated that E2 was oxidized from the cyclopentane
ring D at C17 into E1 during enzymatic degradation
and then further degraded into metabolite X1 and
finally to carbon dioxide through a tricarboxylic acid
(TCA) cycle due to the detection of lactone as an
intermediate. The pathway is given as Fig. 2.
Additionally, dehydration was firstly reported as a
mechanism of microbial estrogen degradation when
Nakai et al. (2011) studied the degradation pathways
of 17p-estradiol by Nitrosomonas europaea and
determined whether the degradation products of 17p-
estradiol had estrogenic activity. 1,3,5(10),16-
Estratetraen-3-ol  (estratetraenol) was  newly
recognized as a degradation intermediate produced by
dehydration of 17f-estradiol. Its degradation rate was
faster than that of 17p-estradiol. The yeast two-hybrid
assay proved that estratetraenol acted as a ligand for
the estrogen receptor; estratetraenol thus has potential
estrogenic activity.

5.3. Degradation pathways of EE2

Degradation pathways of the natural estrogens
as well as of EE2 are still controversial. In batch
experiments with nitrifying activated sludge, Vader et
al. (2000) found that EE2 was degraded completely
within 6 days and an unidentified hydrophilic
metabolite was produced and postulated that nitrifying
bacteria were responsible for the steroid
transformation by co-metabolism. Layton et al. (2000)
indicated that the cleavage of the A-ring was involved
in the mineralization of EE2 by conducting an
experiment with “C-EE2 labeled on the C-4 carbon.
Recently, three catabolic intermediates, including E1,
resulted from EE2 degradation, were identified during
a study carried out with Sphingobacterium sp. JCR5
isolated from activated sludge obtained from a
wastewater treatment plant of an oral contraceptives
producing factory. According to Haiyan et al. (2007),
in the first step EE2 is oxygenized to three main
catabolic intermediates, namely, E1, 2-hydroxy-2,4-
dienevaleric acid and 2-hydroxy-2,4-diene-1,6-dioic
acid. The second compound shares the analogous
route with a previously reported testosterone-
degrading bacterium and the latter is a metabolite with
a different cleavage position from the former. It is
conceivable that the degradation pathways vary from
microbe to microbe.

HOOC N

Fig. 1. Suggested intermediates as a result of ring cleavage of estrone (E1)
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ring cleavage

Tricarboxylic acid cycle

Fig. 2. A proposed route of ring cleavage of estone (E1)

However, that the degradation of EE2 is firstly
oxidized to E1 by the splitting of the ethinyl group
suggested by Haiyan et al. (2007) is not in agreement
with the study where two differently radiolabeled EE2
was applied continuously to a bench-scale membrane
bioreactor with adapted industrial activated sludge
(Cirja et al., 2007). A unique degradation product was
identically detected in two experiments performed
with the two differently radiolabeled EE2 labeled on
the C-4 and C-20 carbon, respectively.

The authors consequently believed that the
ethinyl group was not substituted due to no detection
of 1“C-labelled ethinyl. Nevertheless, in terms of the
downstream part of the whole degradation pathway,
the oxidization of ethinyl group could not be ruled out
due to that **CO, was produced in both experiments
using the different *C-EE2, though the percents of
mineralization were both less than 1% (Cirja et al.,
2007). Yi et al. (2007) suggested that ring A (aromatic
ring) of EE2 was the site of electrophilic initiating
reactions, including conjugation, hydroxylation and
cleavage; due to electron density associated with ring
A was significantly higher than that in other rings of
EE2 , which could be useful for further efforts to
elucidate biodegradation pathway of EE2. In contrast,
Haiyan et al. (2007) proposed that EE2 was initially
oxidized to E1, and that the pathway continued with
ring opening oxidation reactions on ring B, leaving
ring A initially intact based on the detected daughter
products in an isolation culture experiment. It can be
seen that the degradation pathway by co-metabolism
is different with that by isolated bacterium being able
to utilize EE2 as growth substrate. Future work must
identify daughter products to investigate the metabolic
details.

6. Cometabolic steroid degradation especially by
nitrifying microorganisms

Cometabolic transformations are reactions that
are catalyzed by existing microbial enzymes and that
yield no carbon or energy benefits to the transforming
cells. Therefore, a growth substrate must be available

at least periodically to grow new cells, provide an
energy source, and induce production of the
cometabolic enzymes. Cometabolism- in which an
organic compound is modified but not utilised for
growth - is another important biodegradation process
(Alexander, 1994), especially for micropollutants
including estrogens present in significantly low
concentration.

It is well documented that biodegradation of
estrogens is clearly stimulated in the presence of
nitrifying bacteria. Moreover, the enhancement was
most probably due to co-metabolic effects. Several
bacterial strains that produce monooxygenase
enzymes are known to aerobically cometabolise
organic compounds. Nitrosomonas europaea is a
ubiquitous  monooxygenase-producing  bacterium
catalyzing the oxidation of ammonium in soils, natural
waters and nitrifying activated sludge (Shi et al.,
2004b). It has often been demonstrated that
ammonium monooxygenase (AMO) in the cells of
Nitrosomonas europaea is capable of co-oxidising
many organic compounds. Vader et al. (2000) used
activated sludge in a laboratory reactor with
ammonium and hydrazine as the energy sources and
found approximately 28h half-life of EE2 by sludges
that nitrified. The sludges that failed to nitrify
significantly also failed to degrade EE2.

This result was afterwards supported by Shi et
al. (2004a), who found that using allylthiourea (ATU),
a chemical that inhibits the nitrification by blocking
the ammonium monooxygenase (AMO), resulted in a
decline of degradation rate for EE2 by about 80%,
while that for E1 and E2 remained the same.
Compared to the completely blocked in a culture of
pure-strain Nitrosomonas europaea inhibited by ATU,
the degradation of EE2 only slowed down in a mixed
culture of nitrifiers and heterotrophs inhibited by
ATU, which suggested that there were also other
bacteria being able to convert EE2 in activated sludge
(Shi et al., 2004a). It was demonstrated that the
cometabolic degradation of E1, E2 and EE2 was the
primary approach of their removal in nitrifying
activated sludge and the activity of ammonia-
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oxidizing bacteria dominating their degradation (Ren,
et al., 2007). Although AMO may be inhibited by
acetylene (Bollmann and Conrad, 1997; Teissier and
Torre, 2002), the ethynyl group contained in EE2 did
not appear to inhibit AMO activity (Yi et al., 2007).
This conclusion was afterwards supported by Khunjar
etal. (2011), who evaluated the biological fate of EE2
with flow through reactors containing an ammonia
oxidizing bacterial (AOB) culture, two enriched
heterotrophic cultures lack of nitrifier activity, and
nitrifying activated sludge (NAS) cultures. It was
found that EE2 removal slowed remarkably after
AOBs were inhibited. It was worth noting that AOBs
biotransformed EE2 five times faster than
heterotrophs. Moreover, The cometabolic activity of
AMO responsible for EE2 degradation is linearly
correlated with ammonia oxidizing rate that usually
regulated by initial ammonia concentration,
temperature (Vader et al., 2000; Yi et al., 2006; Yi et
al., 2007). Interestingly, Forrez et al. (2009) found that
the elimination of EE2 was not affected by the absence
of ammonium in the feed, suggesting that ammonia
oxidizing bacteria (AOB) were able to maintain their
population density and their activity, even after
several months of starvation. Not only was AMO, but
also other nonspecific monooxygenase enzymes were
probably contributing to the degradation of estrogens.
For instance, although the all 14 strains isolated by Yu
et al. (2007) were capable of converting E2 to E1, only
three of them (two strains of Aminobacter and one
strain of Sphingomonas, all three strains belong to
Alphaproteobacteria) showed the ability to degrade
E1, which unexceptionally exhibited nonspecific
monooxygenase activity rather than nonspecific
dioxygenase activity.

Nonspecific monooxygenases are known to be
responsible for metabolic and/or cometabolic
reactions of a wide range of organics (Leahy et al.,
2003; McCarty, 1997), including EE2 (Shi et al.,
2004a). It is likely that nonspecific monooxygenase
enzymes were responsible for estrogen degradation. It
should be noted that the one strain of Sphingomonas
mentioned above is unique with the ability to utilize
E2 as a sole carbon source for growth. In other words,
only one consortium of the fourteen isolates degraded
E2 by growth linked metabolic reaction, while the
other 13 isolates might via co-metabolic reaction.
Afterwards, Roh (2009) found that Sphingomonas
strain KC8 exhibited nonspecific monooxygenase
activity but not dioxygenase activity via the results of
enzymatic characterization. Nonspecific
monooxygenase enzymes may be responsible for
estrogen degradation by strain KC8, which supports
the conclusion before.

Tran et al. (2013) suggested that cometabolism
of EOCs (emerging trace organic contaminants),
which includes estrogens, is widely noted in
autotrophic microbes, such as autotrophic ammonia
oxidizers via the non-specific enzymes, e.g. AMO. It
is due to the fact that the autotrophic oxidizers utilize
inorganic carbon and ammonia as the sole carbon and
energy sources for their growth and induce AMO and
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cofactors as well. However, heterotrophic microbes
can get involved in both cometabolism and/or
metabolism depending on both the concentration of
EOCs in the environment and their toxicity to the
microbes.

Interestingly, a particular  co-metabolic
transformation process was recently reported
occurring between natural and synthetic estrogens
(Pauwels et al., 2008). With the intention of isolating
EE2-degrading microorganisms from compost,
Pauwels and co-workers (Pauwels et al., 2008) not
only successfully isolated six strains, but also
discovered that all six isolates were only able to co-
metabolize EE2 in the presence of E2 or E1, possibly
even E3, while fail to metabolize EE2 as the sole
carbon sources. In the co-metabolism experiment
using E2 and EE2 as coexistent substrate, It was
observed that EE2 remained constant until the
depletion of E2, and was subsequently degraded as
soon as the E1 began to decrease, which early
accumulated as a temporary intermediate. The authors
speculated that certain enzyme, produced by the
isolate, involved in degradation of E1 was perhaps
responsible  for the degradation of EE2
simultaneously. Apparently, more focused research is
highly desired, due to the ubiquitous coexistence of
E2, E1 and EE2 in urine, activated sludge, soil and
compost, etc.

7. Conclusion and outlook

Generally, the sequence of degradation
efficiency is E2 > E1>>EE2. Although E2 is fast
degraded to E1, this does not reduce the estrogenic
potential remarkably. E1 is quite persistent in the
environment, while EE2 is even more recalcitrant
because it contains an ethinyl group at the same C-
atom. According to research by far, most important
degradation process is the degradation by
microorganisms. Cornybacterium spp., Nitrosomonas
europaea etc. are proved to be able to degrade
estrogens. Moreover, the degradation rates can be
influenced by temperature, pH values, redox
conditions, etc. In general, better results can be gained
at relatively higher temperatures. Bacteria that can
degrade steroid hormones metabolically under
denitrifying conditions could be isolated. It is however
not certain if these bacteria have a big influence in
removing estrogens, or if other bacteria in the
denitrifying tank is in favor of the degradation.

Although research has been done to determine
removal rates of estrogens, their degradation pathways
are still dubious. The oxidation from E2 to E1, also
called the first step, is widely accepted. Nevertheless,
it is still unclear at which ring the cleavage initially
occurs and which enzymes are involved in the
estrogens degradation pathway. Further studies are
required to determine this pathway. Moreover,
pathways of EE2 are still controversial, as several
incompatible theories have been proposed.

Lastly, before being put into practical
application, the ability of the organisms to degrade
estrogens needs to be enhanced. As the ambient
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concentrations of estrogens in wastewater are much
lower than the concentrations used in published
studies, further studies are needed to address the
prevalence of the isolates in biological treatment
processes as well as to determine the significance of
the isolates in estrogen removal. Quite a few aspects,
including the ability to utilize other available organics
and other estrogenic compounds in wastewater, the
pathways, enzymes, and Kkinetics of estrogen
degradation, have to be investigated in order to fully
capitalize the degradation ability of these strains for
potentiating estrogen degradation.
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