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BACKGROUND 
 Estrogens, naturally or synthetically produced, 

are steroidal hormones 
 Regulate a wide range of important biological 

functions in humans and animals 
 All natural steroids are synthesized from 

Cholesterol 
 Steroid hormones interact with intracellular 

receptors, forming complexes that can increase or 
decrease transcription of specific genes 
 

 
  



CHOLESTEROL 

Cholesterol is required to build and maintain membranes; it modulates membrane 
fluidity over the range of physiological temperatures. The hydroxyl group on 
cholesterol interacts with the polar head groups of the membrane phospholipids, 
while the bulky steroid and the hydrocarbon chain are embedded in the membrane, 
alongside the nonpolar fatty-acid chain of the other lipids. Within the cell 
membrane, cholesterol also functions in intracellular transport, cell signaling, and 
nerve conduction. Within the cells, cholesterol is the precursor molecule to several 
biochemical pathways. Cholesterol is an important precursor molecule for the 
synthesis of vitamin D and steroid hormones, including cortisol and aldosterone, as 
well as progesterone, estrogens, and testosterone, and their derivatives. 



STEROIDS 
 Consist of 4-cycloalkane rings 

 3-cyclohexane (A,B,C) 
 1-cyclopentane (D) 

 Methyl groups at C-10, C-13, C-17 
 

 
 
 
 
 
 
 



NATURAL ESTROGENS 
 

 
 
 
 
 

Estrone (E1) 

 
 
 
 
 
 

Estradiol (E2) 
 
 
 
 
 
 

Estriol (E3) 

 
 
 
 
 
 

Testosterone 



SYNTHETIC ESTROGEN 

Ethinylestradiol (EE2) 



BIODEGRADATION 
 Process by which microbial organisms transform 

or alter (through metabolic or enzymatic action) 
the structure of chemicals introduced into the 
environment (US EPA, 2010) 
 

 However, biodegradation products can be more 
harmful than the parent substance (International 
Union of Pure and Applied Chemistry, 1993) 
 
 
 
 
 



THREE MAIN CATEGORIES OF PROCESSES 
THAT HAVE BEEN RESEARCHED 
1. Physical Processes 

 Sorption onto Activated sludge 
 Sorption onto adsorbent materials 
 Membrane filtration 

2. Advanced Oxidation Processes (AOP) 
 Photolysis 
 Heterogeneous photocatalysis 
 Strong oxidizers 
 Combination of UV and strong oxidizers 
 Sonolysis 

3. Biological Processes 
 Bacteria and Archaea (from AS and anaerobic sludge) 
 Microalgae 
 Enzymes 

 



REMOVAL OF ESTROGENS DURING 
BIOLOGICAL TREATMENT 
 Sorption to biosolids 

 Biosolids may be used for land application which may 
become a long-term source 
 

 Biodegradation by microorganisms 
 Transformed products may still possess estrogenicity 



WWTP ESTROGEN REMOVAL 
 E1: 19-94% 
 E2: 76-92% 
 EE2: 83-87%  
 (Ternes et al., 1999a; Johnson and Sumpter, 2001) 
For activated sludge plants  
 
 Estradiol Equivalents: 28% (Svenson et al.,2003) 
For Trickling Filters 
 
 Higher removal efficiencies for membrane bioreactor and fixed 

bed reactor systems in comparison to AS (Clara et al., 2005; Joss 
et al., 2004) 

 
 

 
 



VARIATION BETWEEN WWTPS 
 Differences in biological (fixed film or suspended) 

growth and other processes 
 Operating conditions 

 SRT and HRT 
 Geological locations of WWTPs 
 Influent concentrations of estrogens 
 Adsorption vs. biodegradation 











SUMMARY OF TABLE 
 Estrogen removal was not always complete due 

to variations mentioned 
 Microorganisms present in treatment plants can 

convert the excreted conjugates 
 Active conjugates 
 Inactive conjugates 



ACTIVE VS. INACTIVE  
1. Estrone-3-sulfate 
2. Beta-Estradiol-3-sulfate 
3. Estriol-3-sulfate 
4. Dehydroepiandrosteron

e-3-sulfate 
5. Estrone-3-glucuronide 
6. Beta-Estradiol-17-

glucuronide 
7. Beta-Estradiol-3-

glucuronide 
8. Estriol-3-glucuronide 
9. Estriol-16-glucuronide 
10. Dehydroepiandrosteron

e-3-glucoronide 
11. Androsterone-3-

glucuronide 
 
 
 
 
 

Inactive= conjugates of suplhuric and glucuronic acids 



NEGSWS 



CONCLUSIONS FROM NEGSWS STUDY 
 Increased percent of estrogen with enzyme 

addition to samples to measure inactive 
estrogens 

 Measuring only active estrogenic compounds may 
underestimate the amount of total potential 
estrogenic activity, especially in smaller plants 
serving fewer users in a smaller radius 

 Low spike of recovery may further underestimate 
estrogenic activity  



BACTERIA IN AS 
 Variable and mixed community of 

microorganisms (aerobic, anaerobic, and/or 
facultative) 

 Higher or lower number of bacteria that obtain 
energy from the conversion of ammonia nitrogen 
to nitrate nitrogen (nitrification) are also present 
in AS 



TWO WAYS MICROORGANISMS CAN TRANSFORM 
(DEGRADE) STEROIDAL HORMONES 

1. Metabolic (growth-linked)- utilization of 
steroidal hormones as energy and/or carbon 
source  
 

2. Co-metabolic (non-growth linked)- utilization of 
bacterial enzymes to “degrade” hormones; 
primary growth substrate is required for 
sustainable bacterial growth 

• Hydrolase- EC 3: formation of two products from a 
substrate by hydrolysis 

• Oxidase- EC 1: Catalyzes oxidation reactions; transfer of 
electrons from on substance to another 



PROPOSED E2 DEGRADATION  
i. Hydroxylation of ring A at C-4 
ii. Hydroxylation of saturated ring (B, C, or D 

ring) 
iii. Dehydration of ring D at C-17 
iv. Dehydrogenation of ring D at C-17 
 
 
 



E2 DEGRADATION PATHWAYS (AEROBIC) 



PROPOSED EE2 DEGRADATION 
a) A-ring C-2 hydroxylation and ring A cleavage by 

nitrifying activated sludge 
b) Conversion of 3-OH into 3-keto in A ring of EE2 

by algal culture 
c) B-ring C-6 hydroxylation by an algal culture 
d) D-ring C-17 conversion to keto 
e) Formation of EE2 conjugation by algal cultures 
 

 



EE2 DEGRADATION PATHWAYS  



DEGRADATION PATHWAYS 
 Similar to cholesterol degradation- oxidation of A-ring is 

thought to initiate- catabolic pathway with elimination of 
alkyl side chain (Wael et al., 2011) 

 Under aerobic conditions, the first step of E2 degradation is 
the oxidation of the C-17 alkyl ketone group to E1. 
Numerous enzymes can perform this step. The steps 
following are still controversial and there are two 
mechanisms currently in suspected (Wael et al., 2011).  

 Under anaerobic conditions steps still unclear. 
 It is not yet clear what pathways are responsible for the 

degradation of EE2. Although it is known that E2 is 
degrading to E1, this may not be the case for EE2 (Yu et 
al., 2007; Ribeiro et al., 2009) 



HALF-LIVES OF ESTROGENS IN WWTPS 



AEROBIC MICROORGANISMS 



AEROBIC CONT. 



AEROBIC CONT. 



ANAEROBIC MICROORGANISMS 



BACTERIA FOUND THAT DEGRADE 
ESTROGENS 

 2002- Novosphingobium tardaugens sp. nov., strain ARI-1T (Fujii 
et al., 2002; 2003) 
 E2 degrading activity- utilizes E2 as carbon source 
 E1 and E3 
 

 2004- Rhodococcus equi, strains Y50155, Y50156, and Y50157 
(Yoshimoto et al., 2004) 
 Thought E2 did not degrade to E1  
 E2 and E1 degraded completely 
 E3 thought to degrade 

 
 2004- Rhodococcus zopfii, strain Y50158 (Yoshimoto et al., 2004) 

 Hypothesized to degrade EE2 but was not sole carbon source 
 Degrades E2 completely 

 
 
 



BACTERIA CONT. 
 2006- Denitratisoma oestradiolicum, strain AcBE2-1              

(Fahrbach et al., 2006) 
 Degrades E2 with nitrate as the electron acceptor 
 

 2007- Aminobacter (strains KC6 and KC7), Brevundimonas (strain 
KC12), Escherichia (strain KC13), Flavobacterium (strain KC1), 
Microbacterium (strain KC5), Nocardioides (strain KC3), 
Rhodococcus (strain KC4), and Sphingomonas (strains KC8-KC11 
and KC14) (Yu et al., 2007). 
 Strains KC6-8 were only three capable of degrading E1 
 All 14 isolates converted E2 to E1, hypothesis of E1 as metabolite of E2 

degradation 
 E2 oxidized to E1 under aerobic conditions and slower degradation 

under anaerobic conditions 
 These isolates were of three Phyla: Proteobacteria, Actinobacteria, and 

Bacteroidetes 
 Degradation pathways begin to be explained 

 



BACTERIA CONT. 
 2007- Bacteria found in sediment, (Ke et al., 2007)  
 
 Under Aerobic Conditions 

 All isolates, Acinetobacter (LHJ1), Agromyces (LHJ3), and CYH, 
oxidize E2 to E1 

 Agromyces (strain LHJ3)- degrades E3 
 Strain CYH had a 95% similarity with Sphingomonas- degrades E1 
 

 Under Anaerobic Conditions 
 Strain CYH degrades E1 
 Agromyces (strain LHJ3)- degrades E2  
 E3 and EE2 were not degraded by isolates 

 
 
 

 



BACTERIA CONT. 
 EE2 was found to be metabolized by ammonium-oxidizing 

bacteria with suspected ammonium monoxygenase involvement 
(Muller et al., 2009; Vader et al., 2000)  
 In an enriched culture where EE2 was the sole carbon source  
 more evidence of E2 degradation to E1  
 Consortium of Novosphingobium tardaugens, Denitratisoma 

oestradiolicum, Rhodococcus zopfii, Rhodococcus equi, Achromobacter 
xyloxidans, Ralstonia and Brevundimonas 

 
 Novospingobium sp. (strain (JEM-1) was isolated (Hashimoto et 

al., 2011) is closely related to the strain ARI-1T , first isolated by 
Fujii et al., 2002, with 96.6% similarity 
 No additional information was provided on the abilities of JEM-1 to 

degrade EE2 so study seems unjustified 



So… 
 Complete degradation of EE2 by nitrifying 

AS(NAS) resulting in formation of hydrophilic 
compounds 

 E1, E2, EE2 all degraded by NAS 
 Involvement of ammonia monoxygenase (AMO) 

in biotransformation of EE2 supporting co-
metabolic degradation 

 Most likely due to heterotrophic bacteria 



CASE STUDY OF NOVOSPHINGOBIUM SP. 
STRAIN JEM-1 (HASHIMOTO ET AL., 2011) 
 Previous studies have no information on the abundance of 

isolates in AS of the contribution of isolates to estrogen 
removal in WWT processes 

 Isolated using an enrichment culture from WWTP 
 Able to degrade E2 and E1 from initial conc. of 10μg/L to 

below detection limit (0.5 ng/L) in less than 1 hr. 
 Strain JEM-1 is able to degrade EE2 
 JEM-1 investigated using rt-PCR and estrogen conc. using 

LC/MS/MS in two full-scale WWTP and a bench-scale bio-
augmentation experiment 
 

 



CASE STUDY OF ACTINOBACTERIA- 
RHODOCOCCUS EQUI (YOSHIMOTO ET AL., 
2004) 

 
 R. equi is a facultative, opportunistic pathogen that causes fatal 

pyogranulomatous bronchopneumonia in foals (as well as HIV patients) 
 

 Essential steps in catabolic pathway (encoded by following genes) are 
involved in the pathogenicity of R.equi 
 

 Genes important for methylhexahydroindanone propionate (HIP, 5OH-
HIP) degradation, as part of steroid catabolic pathway, are targets for 
development of live-attenuated vaccine against R.equi infections 
 

 Two genes within cholesterol catabolic gene cluster: ipdA and ipdB and 
mutant ipdAB encode heterodimeric CoA transferase important for growth 
on steroids and help with steroid catabolic pathway in degradation 
 

 ipdAB thought to remove intermediates by beta-oxidation during steroid 
degradation 
 

 Inactivation of ipdAB induced a substantial protective immunity 
 

 Study also found other gene involved in steroid ring degradation and may 
help to disrupt the immune homeostasis (fadE30) 

 
 



WHAT’S NEXT? Future Directions… 
 Degradation pathways need to be investigated further 
 
 EE2 degradation needs to be researched and more 

isolates need to be provided 
 
 Better understand metabolites involved in EE2, E2, 

and E1 degradation 
 
 Degradation under anaerobic and anoxic conditions 

 
 Studies with real world parameters…estrogen 

concentrations, longer SRTs, longer HRTs 



END 
 To next lecture 
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