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Highlights 

 • Isolation of an estrogen-degrading actinobacterium Rhodococcus sp. strain B50 and 

establishment of a strain B50 genetic manipulation system. 

 • Strain B50 exhibits a two-fold estrogen degradation rate of that of estrogen-degrading alpha-

proteobacteria under the same cultivation conditions. 

 • Functional characterization of two oxygenase genes, oecB and oecC, involved in estrogenic A-

ring cleavage in actinobacteria. 

• Identification of two extracellular estrogenic metabolites, PEA and HIP, in the estrone-fed 

strain B50 cultures. 

• Detection of actinobacterial oecC sequences as well as PEA and HIP in the estrone-spiked 

urban estuarine sediments. 
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Abstract 

Steroidal estrogens are often accumulated in urban estuarine sediments worldwide at microgram 

per gram levels. These aromatic steroids have been classified as endocrine disruptors with an EC50 

at sub-nanomolar concentrations and classified as Group 1 carcinogens by the World Health 

Organization. Microbial degradation is a naturally occurring mechanism that mineralizes estrogens 

in the biosphere; however, the corresponding genes in estrogen-degrading actinobacteria remain 

unidentified. In this study, we identified a gene cluster encoding several putative estrogen-

degrading genes in actinobacterium Rhodococcus sp. strain B50. Among them, the oecB and oecC 

genes involved in estrogenic A-ring cleavage were identified through gene-disruption experiments. 

We also detected the accumulation of two extracellular estrogenic metabolites, including 

pyridinestrone acid (PEA) and 3aα-H-4α(3'-propanoate)-7aβ-methylhexahydro-1,5-indanedione 

(HIP), in the estrone-fed strain B50 cultures. Since actinobacterial oecC and proteobacterial oecC 

shared less than 40% sequence identity, oecC could serve as a specific biomarker to differentiate 

the contribution of actinobacteria and proteobacteria in environmental estrogen degradation. 

Therefore, oecC and the extracellular metabolites PEA and HIP were used as biomarkers to 

investigate estrogen biodegradation in an urban estuarine sediment. Interestingly, our data 

suggested that actinobacteria, rather than alpha-proteobacteria function in sewage treatment plants, 

are actively degrading estrogens in the urban estuarine sediment. 

  

Keywords: actinobacteria, biodegradation, biomarkers, estrogen biodegradation, oxygenases, 

Rhodococcus, steroid hormones, estuary bioremediation.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.10.07.329094doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.07.329094
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

1. Introduction 

Estrogens are steroid hormones that regulate the development of the reproductive system and 

secondary sex characteristics of vertebrates. Natural estrogens include estrone (E1), 17β-estradiol 

(E2), and estriol (E3). The synthesis and secretion of estrogens exclusively occur in animals, 

especially in vertebrates (Matsumoto et al., 1997; Tarrant et al., 2003). In the animal liver, 

estrogens undergo structural modifications (e.g., glucuronidation), and are converted into more 

soluble metabolites to be excreted through urine and feces (Harvey and Farrier, 2011). While 

required by animals, chronic exposure to trace estrogens at sub-nanomolar levels can disrupt the 

endocrine system and sexual development in animals (Belfroid et al., 1999; Baronti et al., 2000; 

Huang and Sedlak, 2001; Kolodziej et al., 2003; Lee et al., 2006). For example, an E2 

concentration of 54 ng/L caused severe abnormal development among eelpout embryos (Morthorst 

et al., 2014). Similarly, the EC50 of E2 causing infertility of fathead minnows (Pimephales 

promelas) was 120 ng/L (Kramer et al., 1998). In addition to being endocrine disruptors, estrogens 

have been classified as Group 1 carcinogens by the World Health Organization (IARC 

Monographs-Classifications). 

Estrogen pollution has become a global concern and challenge due to the increased human 

population and mounting demand for livestock products. Livestock manure (Hanselman et al., 

2003) and municipal sewage-derived fertilizers (Hamid and Eskicioglu, 2012; Lorenzen et al., 

2004) have been a major source of environmental estrogens. Natural estrogens have been 

considered the most significant contributor to the endocrine-disrupting activity of the swine 

manure (Noguera-Oviedo and Aga, 2016). However, anaerobic digestion did not alter total 

estrogen concentrations in livestock manure (Noguera-Oviedo and Aga, 2016), and the estrogens 

could be released to aquatic ecosystems via rainfall and leaching (Hanselman et al., 2003; 
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Kolodziej et al., 2004). Although estrogens could be photodegraded in surface water ecosystems 

with a degradation half-live ranging from days to weeks (Jurgens et al., 2002; Lin and Reinhard, 

2005), photodegradation is hardly occurred in the light-limited environments such as aquatic 

sediments. As a result, estrogens are often accumulated in urban estuarine sediments downstream 

to industrialized areas due to their low solubility in water (e.g., 1.5 mg per liter for estradiol) 

(Shareef et al., 2006) and chemical recalcitrance (Griffith et al., 2016; Wise et al., 2011).  

Mineralization of natural estrogens is only accomplished by microorganisms (Thayanukul et 

al., 2010; Chen et al., 2017 and 2018; Wang et al., 2020; Chiang et al., 2020). Complete estrogen 

mineralization by bacteria was first described by Coombe et al. (1966) in actinobacterium 

Nocardia sp. strain E110. Additionally, Rhodococcus isolates (e.g., R. equi and R. zopfii) 

(Yoshimoto et al., 2004; Kurisu et al., 2010), Novosphingobium tardaugens NBRC 16725 (Fujii 

et al., 2002), and Sphingomonas spp. (Ke et al., 2007; Yu et al., 2007) were also capable of 

mineralizing estrogens. According to current literature, several putative estrogen biodegradation 

pathways have been proposed (Yu et al., 2013), suggesting that different bacterial taxa likely adopt 

different degradation strategies to degrade estrogens. Recently, the aerobic 4,5-seco pathway for 

estrogen degradation and the corresponding enzymes in proteobacteria have been studied in some 

detail (Chen et al., 2017; Wu et al., 2019). However, since common commercial genome-editing 

techniques are not applicable in these estrogen-degrading alpha-proteobacteria, the function of 

these enzyme genes remains to be validated. Moreover, homologous genes in the 4,5-seco pathway 

are not found in the genomes of the estrogen-degrading actinobacteria based on sequence 

homology.  

In this study, we used actinobacterium Rhodococcus sp. strain B50 isolated from the soil as 

the model microorganism to study actinobacterial estrogen degradation due to its outstanding 
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efficiency in estrogen degradation and its compatibility with common genetic manipulation 

techniques: (i) forming independent colonies on agar-based solid media; (ii) incorporating 

commercial vectors via electroporation, and (iii) sensitivity to commercial antibiotics (e.g., 

chloramphenicol). We applied an integrated approach including genomics, metabolomics, and 

gene disruption experiments to elucidate the estrogen degradation pathway in actinobacteria. 

Subsequently, we used the extracellular metabolites and the degradation gene oecC as biomarkers 

to investigate estrogen biodegradation in urban estuarine sediment.  

  

2.  Materials and Methods 

2.1. Isolation and characterization of Rhodococcus sp. strain B50 

2.1.1        Enrichment and isolation of strain B50. 

Soil samples were collected from Dr. Hayashi’s garden in Kodaira, Tokyo, Japan in 2004. 

To enrich the estrogen-degrading actinobacteria, the soil samples (2 g) were incubated in a rich 

growth medium (100 mL in a 0.5-L flask) containing (NH4)2HPO4 (0.12 g), KCl (0.25 g), Bacto 

yeast extract (0.02 g), E1 (0.2 g), and soil extract (20 mL). Medium pH was adjusted to 7.1 with 

HCl before autoclaving. To prepare the soil extract, soil (500 g) was suspended in double-distilled 

water (ddH2O) (2.4 L) and the soil suspension was autoclaved. After that, the autoclaved soil 

suspension was centrifuged at 1,000 × g for 10 min and the resulting supernatant was defined as 

the soil extract. The bacterial cultures were incubated at 28°C with continuous shaking (150 rpm) 

in the dark (to avoid the growth of phototrophs) for 14 days. The E1-spiked enrichment cultures 

were diluted (10-4-fold) and spread on E1-coated agar plates containing (NH4)2HPO4 (0.12 g), KCl 

(0.25 g), Bacto yeast extract (0.02 g), and soil extract (20 mL). E1 was dissolved in methanol (10 
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mg/L) and was spread onto the surface of each agar plate; the plates were placed in laminar flow 

for 2 days at room temperature to remove methanol before inoculation. The plates were then 

incubated at 28°C for an additional 10 days. Bacterial colonies with a clear zone (in which E1 was 

exhausted) were selected and streaked on agar plates to obtain single colonies. After a three-day 

incubation at 28°C, single colonies with a clear zone were further selected and incubated with E1 

(1 mM) as the sole carbon and electron donor in a chemically defined mineral medium. The basal 

medium used for the isolation and routine cultivation of strain B50 contained NH4Cl (2.0 g/L), 

KH2PO4 (0.67 g/L), and K2HPO4 (3.95 g/L). After autoclaving, this basal medium was 

supplemented with MgSO4 (2 mM), CaCl2 (0.7 mM), filtered vitamin mixture (1,000 x; the stock 

solution contained cyanocobalamin (50 mg), pantothenic acid (50 mg), riboflavin (50 mg), 

pyridoxamine (10 mg), biotin (20 mg), folic acid (20 mg), nicotinic acid (25 mg), nicotine amide 

(25 mg), α-lipoic acid (50 mg), p-aminobenzoic acid (50 mg), and thiamine (50 mg) per liter), 

ethylenediaminetetraacetic acid (EDTA)-chelated trace elements (1,000 x) (Rabus and Widdel, 

1995), and sodium selenite (4 μg/L). Dimethyl sulfoxide (DMSO)-dissolved E1 (stock 

concentration = 125 mM) was added to the mineral medium to a final concentration of 1 mM E1. 

The 16S rRNA gene sequence was amplified from the total genomic DNA extracted from the 

bacterial culture using universal primers 27F and 1492R, and the taxonomy of strain B50 was 

determined using the Nucleotide Basic Local Alignment Search Tool (BLASTn) from the National 

Center for Biotechnology Information (NCBI). 

2.1.2. Aerobic incubation of strain B50 with sex steroids 

The wild-type and the gene-disrupted mutants of strain B50 were used in the resting cell 

biotransformation assays. Bacteria were first aerobically grown in Luria-Bertani (LB) broth (40 

mL in a 200-mL Erlenmeyer flask) containing E1 (50 μM) as an inducer at 28˚C with continuous 
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shaking (150 rpm). Cells were collected through centrifugation (8,000 × g, 20 min, 15°C) at the 

exponential growth phase with an optical density at 600 nm (OD600) of 0.5 (optical path, 1 cm), 

followed by removal of the supernatant. The cell pellet was resuspended in a chemically defined 

mineral medium as mentioned above. The cell suspension (OD600 = 1; 10 mL) was incubated with 

E1 or other sex steroids (100 mg/L) and was aerobically incubated at 28°C with continuous shaking 

(150 rpm) and were sampled (1mL) hourly. The resulting samples were extracted twice using equal 

volumes of ethyl acetate. The ethyl acetate fractions were evaporated, and the pellets containing 

estrogen metabolites were stored at -20°C until further analysis. 

2.1.3. Extracellular production of PEA and HIP 

The preparation of the resting cell assays of strain B50 was the same as described above. The 

cell suspensions (OD600 = 1; 10 mL) were fed with E1 (2-fold serial dilution; from 40 to 1.25 

mg/mL) and then aerobically incubated at 28°C with shaking (150 rpm). The cell suspensions were 

sampled (1 mL) after 24 hours of aerobic incubation with E1. Cells were separated from the growth 

medium through centrifugation (10,000 × g, 10 min) followed by isolation of the supernatant, and 

the cell pellet was discarded. To facilitate the extraction of PEA and HIP, the samples were 

acidified using 30 μL of 6N HCl. The resulting samples were extracted twice using ethyl acetate 

(1 mL), and the extracted estrogen metabolites were stored at -20°C until further analysis. 

2.2. oecB and oecC disruption in strain B50 

The disruption of oecB and oecC in strain B50 were performed using homologous 

recombination by a pK18-CmR-pheS** plasmid (Fig. 3A). First, gene-specific DNA fragments, 

including the 900 base pair flanking region and the 100 base pair coding sequence, of the target 

genes were cloned through Platinum polymerase (Thermo Fisher Scientific) and purified with 
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GenepHlowTM Gel/PCR kit (Geneaid). The up-stream, down-stream, and plasmid backbone 

fragments were assembled via an In-Fusion®  HD Cloning Kit (TAKARA Bio; Kusatsu, Shiga, 

Japan) to generate the plasmid (oecB- or oecC-pK18-CmR-pheS**). This plasmid was 

electroporated into E. coli strain S17-1 using a Gene Pulser XcellTM (Bio-Rad, CA, USA) with the 

conditions of 2.5kV, 25μF, and 200Ω. The transformed E. coli strain S17-1 was co-incubated with 

wild-type Rhodococcus sp. strain B50 at 30°C overnight for horizontal gene transfer through 

conjugation. Successfully transformed colonies of Rhodococcus sp. strain B50 were selected with 

nalidixic acid and chloramphenicol. The insertion of the chloramphenicol-resistant gene into the 

strain B50 genome was confirmed using the plasmid-specific primer pairs 5′- 

TTCATCATGCCGTTTGTGAT- 3′ (Pk18-cmpheS-F) and 5′- ATCGTCAGACCCTTGTCCAC- 

3′ (Pk18-cmpheS-R). The genotypes of the oecB- and oecC-disrupted mutants were further 

examined using the gene-specific primer pairs [5′- AGGTCGATGTCCTCGACACCGAGG-3′ 

(oecB-3k-F) and 5′- CGCATCCTCAGTCACCTCGGCG- 3′ (oecB-3k-R)] and [′’- 

AACCATGATCTTCACCATCG- 3′ (oecC-3k-F) and 5′- TCAGTAGCCGTGCACGAG- 3′ 

(oecC-3k-R)], respectively. 

2.3.       Environmental estrogen biodegradation 

2.3.1. Sampling site and estuarine sediment sample collection 

Approximately six million people reside in the basin of the Tamsui River, Taipei, Taiwan. 

The Tamsui River estuary receives sewage discharge and waste effluent from the Taipei 

metropolitan area (Kao et al., 2013). This includes effluent from the Dihua Sewage Treatment 

Plant, which contains estrogens (approximately 1 ng/L) (Chen et al., 2018). Our sampling site, 

Guandu (25°6′59.56″N, 121°27′46.99″E), with a salinity of 5–22 parts per thousand (ppt) (Kao et 
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al., 2013; Shih et al., 2017), is located in the upper estuary where the Keelung River meets the 

main channel of the Tamsui River, and the sewage discharge and seawater intrusion are mixed in 

Guandu (Kao et al., 2013). In the current study, four sediment cores were collected from Guandu. 

The sediment samples were collected using polyvinyl chloride corers (7.5-cm diameter). During 

low tide on May 20, 2019, the corers were pressed down approximately 30 cm into the sediments 

and sealed with a rubber stopper immediately after collection. Estuarine water samples (20 L) were 

collected from Guandu on the same day. The sediment and estuarine water samples were carried 

to the laboratory within 1 hour after sampling and were processed immediately. 

2.3.2. Spiking the estuarine sediments with E1 

Each sediment core was fractionated into three sections: a subsurface layer (0–5 cm depth), 

a middle layer (6–10 cm depth), and a bottom layer (11–15 cm depth). Vertical sectioning of the 

sediment cores was based on the vertical distributions of chemicals and bacteria in the Guandu 

sediments (Shih et al., 2017). The subsurface layer sediment (1 g) was added to 100-mL 

Erlenmeyer flasks containing river water (9 mL). The microcosms (10 mL) were then spiked with 

[3,4C-13C]E1 (10 μg/mL) and incubated in the dark at 30°C with stirring (150 rpm). Estrogen 

metabolites in the microcosms were sampled every two days (0–10 days) and were detected using 

ultra-performance liquid chromatography–atmospheric pressure chemical ionization–high 

resolution mass spectrometry (UPLC−APCI−HRMS). The microcosms were also sampled (1 mL) 

every hour (0–8 hours) and stored at −80°C before the RNA extraction. Estrogen metabolites in 

the samples were detected using UPLC−APCI−HRMS. The functional oecC genes in the 

microcosm samples were analyzed through PCR-based functional assays as described below. 

2.3.3.   RNA isolation and cDNA preparation 
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Total RNA was extracted from the E1-spiked estuarine sediment sample using the 

RNeasy®  PowerSoil®  total RNA kit (Qiagen, Hilden, Germany). The crude total RNA was further 

purified using Turbo DNA-free Kit (Thermo Fisher Scientific) to remove DNA. The DNA-free 

total RNA was reverse-transcribed to cDNA using the SuperScript®  IV First-Strand Synthesis 

System (Thermo Fisher Scientific) with random hexamer primers (Thermo Fisher Scientific).  

2.3.4.      Amplification of oecC genes from the estuarine sediment samples using 

degenerate primers 

Multiple alignments of oecC genes from estrogen-degrading actinobacteria or alpha-

proteobacteria were conducted with Geneious®  11.1.5 (Biomatters; Auckland, New Zealand). 

Degenerate primer pairs were designed according to the conserved regions of actinobacteria 

(forward: 5′- CGYGGCATCGGATACATCGG- 3′; reverse: 5′- 

ACMGGGTCGCAKCCGATCTC- 3′) or alpha-proteobacteria (forward: 5′-

CDGYYTGGGCTATSTSGG- 3′; reverse: 5′- ATCGCGYCSCASCCRATYTC- 3′) respectively. 

The oecC fragments were amplified with PCR with a program of 95°C for 1 min, followed by 30 

cycles at 95°C for 30 s, 64°C for 30 s, 72°C for 60 s, and finally 72°C for 5 min. Amplified oecC 

sequences were cloned into E. coli DH5α-derived ECOSTM 101 competent cells (Yeastern Biotech; 

Taipei, Taiwan) using the yT&A Cloning Kit (Yeastern Biotech; Taipei, Taiwan). The oecC 

fragments (approximately 800 bp) were sequenced on an ABI 3730xI DNA Analyzer (Applied 

Biosystems; Waltham, MA, USA) with the BigDye Terminator kit according to the manufacturer’s 

instructions by the DNA Sequencing Core Facility at Academia Sinica. 

      Other materials and methods for general chemical analyses and molecular biological 

manipulation are described in Supplemental Materials and Methods. 
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3.   Results 

3.1. Isolation and characterization of the estrogen-degrading Rhodococcus sp. strain B50 

Strain B50 was isolated from a garden soil sample in Tokyo, Japan. The E1-degrading 

actinobacterium was highly enriched by repeating 10-8 dilution transfers. The highly enriched 

culture was then spread on an agar-based solid medium. Subsequently, independent colonies were 

selected for incubation in a chemically defined mineral medium containing E1 (270 mg/L) as the 

sole carbon source and electron donor to confirm their capability to degrade estrogens. We isolated 

four estrogen-degrading Rhodococcus spp. strains, including strain B50, from the soil samples (see 

Fig. S1 for the morphology of bacterial cells and colonies of strain B50). Among them, strain B50 

is inherently sensitive to various antibiotics including ampicillin, kanamycin, and chloramphenicol 

(Table S1), as opposed to the other three strains. Thus, strain B50 was selected as the model 

microorganism to study actinobacterial estrogen biodegradation for its convenience in antibiotics-

based genetic manipulation. All of the Rhodococcus spp. isolates are resistant to the quinolone 

antibiotic nalidixic acid, which enables plasmid transfer from E. coli (nalidixic acid-sensitive) 

through conjugation and allows the selective growth of Rhodococcus strains. Next, we 

characterized the substrate spectra of strain B50. Strain B50 can utilize E1, E2, E3, testosterone, 

or cholesterol as the sole carbon source and electron donor (Fig. S2). The doubling time of strain 

B50 which grows on E1, testosterone, and cholesterol ranges from 3⎼4, 6⎼8, and 12⎼14 hours, 

respectively. 

   3.2. Identification of estrogen metabolites 

The growth experiments suggested that strain B50 can mineralize estrogens. To characterize the 

estrogen degradation pathway in strain B50, strain 50 resting cells (~109 cells/mL) were 
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aerobically incubated with E1 (10 mg/L), sampled hourly, extracted using ethyl acetate, and the 

metabolite profile was analyzed through UPLC–APCI–HRMS. The metabolite profile analysis 

revealed at least four E1-derived metabolites, including PEA and HIP in the established 4,5-seco 

pathway (Table S2). The retention time of the detected metabolites in the UPLC and their HRMS 

behaviors were identical to those of the corresponding authentic standards (Fig. 1B and Table S2), 

suggesting that strain B50 adopts the 4,5-seco pathway to degrade estrogens. Moreover, we 

observed the accumulation of both PEA and HIP in the supernatants of strain B50 cultures in a 

dose-dependent manner depending on added E1 (Fig. 1C). 

3.3. Identification of the estrogen-degrading genes via comparative genomic analysis 

Metabolite profile analysis suggested that strain B50 degrades estrogens via the 4,5-seco pathway 

established in proteobacteria. However, the homologous genes involved in the proteobacterial 4,5-

seco pathway were not annotated in the strain B50 genome, likely due to distant phylogeny 

between proteobacteria and actinobacteria. Therefore, we compared the strain B50 genome to the 

genomes of the reported estrogen-degrading actinobacteria in the database. Through the 

comparative genomic analysis, we identified a putative estrogen-degrading gene cluster 

(GMFMDNLD _05329 to 05349; Dataset S1) on a circular genetic element (i.e., megaplasmid; 

GMFMDNLD 3)  of strain B50, which is also present in the genome of estrogen-degrading 

Rhodococcus sp. strain DSSKP-R-001 (Zhao et al., 2018), but not in other Rhodococcus members 

incapable of degrading estrogen. Moreover, the two homologous estrogen-degrading gene clusters 

are both located on their megaplasmids (Fig. 2; Dataset S1). Among them, the gene cluster of 

strain B50 is surrounded by a transcriptional regulator and a transposase gene (GMFMDNLD 

_05329 and 05330). In the putative estrogen-degrading gene cluster, GMFMDNLD _05338 

encodes a putative meta-cleavage enzyme, which likely functions as the 4-hydroxyestrone 4,5-
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dioxygenase (OecC; Chen et al., 2017). Moreover, GMFMDNLD_05336 encodes a member of 

the cytochrome P450 protein family and thus likely functions as an oxygen-dependent estrone 4-

hydroxylase (OecB). The nucleotide sequences of 16S rRNA, and the oecB and oecC genes of 

strain B50 are shown in Appendix S1, S2, and S3, respectively. 

3.4. Functional validation of actinobacterial oecB and oecC in estrogenic A-ring 

degradation 

Next, we aimed to confirm the function of the putative oxygenase genes oecB and oecC involved 

in actinobacterial estrogen degradation. Thus, we disrupted the putative oecB 

(GMFMDNLD_05336) and oecC (GMFMDNLD_05338) in strain B50 using site-directed 

mutagenesis (insertion of a chloramphenicol-resistance gene (CmR) and pheS** cassette). The 

plasmid was transferred from E. coli (nalidixic acid-sensitive) to strain B50 (nalidixic acid-

resistant) through conjugation. Then, the oecB- and oecC-disrupted strain B50 mutants were 

selected and maintained on LB agar containing two antibiotics: chloramphenicol (25 μg/mL) and 

nalidixic acid (12.5 μg/mL). PCR with primers flanking the oecB and the CmR genes confirmed 

successful insertion of the chloramphenicol-resistance cassette into the oecB gene in the mutated 

strain (Fig. 3B). The oecB-disrupted mutant can utilize testosterone but not E1 (Fig. 3Ci), while 

the wild-type strain B50 apparently degraded testosterone and E1 within 4 hours. Moreover, we 

did not observe any estrogenic metabolites [e.g., 4-hydroxyestrone, the meta-cleavage product 

(MCP), PEA, or HIP] in the oecB-disrupted strain B50 mutant incubated with E1, suggesting that 

oecB is involved in the transformation of E1 into 4-hydroxyestrone (Fig. S3). Applying the same 

gene-disruption approach (insertion of the CmR and pheS** cassette), we obtained an oecC-

disrupted strain B50 mutant (Fig. 3B). Similarly, the oecC-disrupted mutant can only utilize 

testosterone but failed to utilize E1 (Fig. 3Cii). Moreover, we observed 4-hydroxyestrone 
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accumulation but no downstream products in the oecC-disrupted strain B50 mutant cultures 

incubated with E1 (Fig. S3), revealing that oecC is involved in estrogenic A-ring cleavage. 

3.5.       Alignment of the oecC genes from actinobacteria and proteobacteria 

Our data suggest that both proteobacteria and actinobacteria adopt the meta-cleavage dioxygenase 

OecC to cleave the A-ring of natural estrogens. The phylogenetic tree shows that oecC orthologs 

from all known estrogen-degrading bacteria in the database form a distinct lineage (Fig. S4), 

separated from the hsaC and tesB, which are involved in androgenic A-ring cleavage in bacteria 

(Fig. S5). Proteobacteria-specific oecC primers have been designed and examined in our previous 

study (Chen et al., 2018). In the present study, we aimed to design specific primers for 

actinobacterial oecC. The phylogenetic divergence of oecC sequences between actinobacteria and 

proteobacteria allows the design of taxa-specific primers for environmental studies (Fig. 4A). The 

designed actinobacterial primers were validated using chromosomal DNA of the three other 

estrogen-degrading Rhodococcus spp. strains isolated as mentioned in 3.1. To test primer 

specificity, gDNA from an estrogen-degrading proteobacterium Sphingomonas sp. strain KC8 and 

from a testosterone-degrading actinobacterium Gordonia cholesterolivorans incapable of 

degrading estrogens were used as negative controls. PCR products with an expected size of 

approximately 800 base pairs were only amplified from gDNA of the estrogen-degrading 

Rhodococcus spp. but not from gDNA of G. cholesterolivorans or strain KC8 (Fig. 4B), suggesting 

that the degenerate oecC primer is highly specific to actinobacterial oecC and cannot be used to 

amplify the androgenic meta-cleavage dioxygenase gene hsaC and proteobacterial oecC. 

3.6.       The metabolite profile and oecC-based functional analyses reveals actinobacteria as 

active estrogen degraders in urban estuarine sediment 
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Subsequently, the actinobacterial and proteobacterial oecC degenerate primers were used to study 

estrogen biodegradation in the urban estuarine sediment of the Tamsui River, a river passing 

through the Taipei metropolitan area in Taiwan. [3,4C-13C]E1 (100 μg/g sediment) was spiked into 

the urban estuarine sediment samples. Metabolite profile analysis revealed time-dependent PEA 

and HIP accumulation in the supernatants of the sediment samples, suggesting the occurrence of 

estrogen degradation in the sediment samples (Fig. 5). Moreover, a higher concentration of HIP 

(2 μg/g sediment) was produced by sediment microbiota after 8 days of incubation with [3,4C-

13C]E1, compared to that of PEA (0.2 μg/g sediment).  

Total RNA was extracted and purified from the [3,4C-13C]E1-spiked sediment samples 

hourly. Reverse transcribed cDNA was used as the template for the oecC degenerate primers in 

the PCR-based assays. After an eight-hour incubation with [3,4C-13C]E1, we detected the oecC 

amplicons in the PCR experiment using the actinobacterial oecC primers but not in the experiment 

using the proteobacterial oecC primers (Fig. 6A). Next, the actinobacterial oecC amplicons were 

cloned into E. coli strain DH5α. Ten clones (sediment cDNA #1–10) were randomly selected for 

sequencing (Appendix S4). Notably, all of the ten oecC amplicon sequences obtained from the 

[3,4C-13C]E1-spiked sediment samples were highly similar to that of strain B50 oecC (Fig. 6B) 

but were distant from the proteobacterial oecC sequences. Altogether, our functional assays 

suggest that actinobacteria, rather than proteobacteria functioning in the wastewater treatment 

plants, are responsible for estrogen biodegradation in urban estuarine sediment. 

   

4.            Discussion 

4.1. A shared estrogen degradation pathway in both actinobacteria and proteobacteria 
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In the present study, the identification of the estrogenic metabolites PEA and HIP, along with the 

identification of degradation genes oecB and oecC, in strain B50 reveals that actinobacteria also 

adopt the 4,5-seco pathway to degrade natural estrogens. Actinobacteria such as Mycobacterium 

spp. and Rhodococcus spp. use the flavin-dependent monooxygenase hsaAB, with hsaA and hsaB 

as the oxygenase and reductase subunit, respectively, to add a hydroxyl group to the C-4 of the 

androgenic metabolite 3-hydroxy-9,10-seconandrost-1,3,5(10)-triene-9,17-dione (3-HSA) (Fig. 

S5) (Dresen et al., 2010; Bergstrand et al., 2016; Holert et al., 2018). Therefore, in a previous study 

using the Sphingomonas sp. strain KC8 as the model organism (Chen et al., 2017), we speculated 

that a similar hsaA-type gene might be responsible for the transformation of E1 into 4-

hydroxyestrone in strain KC8. In the present study, we demonstrated that the functionally 

confirmed oecB of strain B50 is a heme-dependent cytochrome P450-type monooxygenase gene 

but not a flavin-dependent hsaA-type monooxygenase gene. Surprisingly, a highly similar gene is 

also present in the Sphingomonas sp. strain KC8 as well as other estrogen-degrading proteobacteria. 

Thus, our data suggest that both proteobacteria and actinobacteria use the cytochrome P450-type 

monooxygenase, but not the putative flavin-dependent monooxygenase, to transform E1 into 4-

hydroxyestrone. The degradation rate of strain B50 (approximately 4.5 mg E1/h) is almost two 

times faster than that of alpha-proteobacterium Sphingomonas sp. strain KC8 (approximately 2.5 

mg E1/h) (Chen et al., 2017) under similar cultivation conditions, suggesting that actinobacteria 

are more efficient in estrogen degradation. 

    4.2. Identification of the specific gene cluster for aerobic degradation of estrogenic A/B-

rings 

In the strain B50 genome, we identified a gene cluster responsible for estrogen degradation. The 

disruption of the oxygenase genes oecB and oecC in this gene cluster apparently aborted estrogen 
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degradation by strain B50, indicating direct involvement of oecB and oecC in the activation and 

cleavage of the estrogenic A-ring. The oecB is a typical cytochrome P450 monooxygenase which 

requires O2 and NADPH as the co-substrate and reductant, respectively. Only a minor amount of 

the expected metabolite 4-hydroxyestrone was produced from E1 in the bacterial cultures of the 

oecC mutant, likely related to the shortage of NADPH regeneration in strain B50 cells as E1 cannot 

be oxidized by the oecC-disrupted mutant to generate reducing equivalents. However, the function 

of the other genes in this gene cluster remains to be investigated through gene-disruption 

experiments and phenotype analysis. For example, after the estrogenic A-ring cleavage, the meta-

cleavage product should be further degraded by the gene products in this gene cluster, such as the 

putative CoA-ligase and two sets of β-oxidation enzymes. Moreover, this gene cluster is located 

in the megaplasmid of strain B50 and is surrounded by transposon elements and transposases. In 

parallel,  a highly similar gene cluster (C7H75_25375~_25425) is also present in a plasmid (plas2; 

95,132 bp) of the estrogen-degrading Rhodococcus sp. strain DSSKP-R-001 (Zhao et al., 2018). 

The coincidence raises speculation that the estrogen-degrading capacity in the environment may 

be conferred among actinobacteria via horizontal gene transfer. This gene cluster may thus be used 

as a biomarker to identify actinobacteria capable of estrogen degradation. Therefore, one may 

assess the estrogen degradation potential of various actinobacterial strains in different 

environments by probing this gene cluster in the metagenomic and/or metatranscriptomic data. 

4.3. The extracellular metabolites PEA and HIP are competent biomarkers for assessing 

the occurrence and fate of estrogen in environmental samples 

A highlight in this study is the detection of two extracellular metabolites (i.e., PEA and HIP) in 

strain B50 cultures with added E1. Bacteria depend on HIP-CoA ligase (FadD3) to activate HIP, 

enabling further degradation of the estrogenic C/D-rings (Crowe et al., 2018; Wu et al., 2019). 
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CoA is an essential cofactor in numerous biosynthetic and energy-yielding metabolic pathways 

(Boll et al., 2020). When CoA is required in other metabolic pathways, the CoA-esters in the 4,5-

seco pathway (e.g., HIP-CoA) can be deconjugated (Takamura and Nomura, 1988; Lin et al., 2015). 

The deconjugated metabolites like HIP are often toxic to bacterial cells, and are therefore excreted 

to the medium (Wu et al., 2019). Our data revealed that approximately 0.2~0.5% and 1~2 % of E1 

molecules are transformed to PEA and HIP during estrogen degradation by strain B50, respectively. 

We thus propose that PEA and HIP may be suitable biomarkers for monitoring environmental 

estrogen biodegradation because (i) these two metabolites are produced by two major estrogen-

degrading bacterial taxa, namely actinobacteria and proteobacteria; (ii) PEA and HIP are critical 

metabolites for estrogenic A-ring and B-ring degradation, respectively; (iii) the extracellular 

accumulation of these two metabolites exhibited an estrogen dose-dependent manner; (iv) these 

two metabolites can be easily detected using UPLC-HRMS (detection limits at picomolar level); 

and (v) PEA is exclusively produced during bacterial estrogen degradation. 

      

5.            Conclusion 

   In summary, we identified extracellular metabolites (PEA and HIP) and two essential genes 

(oecB and oecC) involved in actinobacterial estrogen degradation. Since the phenolic A-ring of  

steroidal estrogens directly interacts with the estrogen receptor (Baker and Lathe, 2018), the 

cleavage of the phenolic A-ring eliminates their estrogenic activity (Chen et al., 2017). Therefore, 

PEA and HIP, along with oecC, are suitable biomarkers for monitoring the water quality of 

environments contaminated by estrogens. We designed and tested specific primers for oecC of 

proteobacteria (Chen et al., 2018) and actinobacteria (this study). Interestingly, while previous 
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studies suggested that proteobacteria are the major estrogen consumers in wastewater treatment 

plants, our PCR-based functional assays demonstrate that actinobacteria are active estrogen 

degraders in urban estuarine sediments. The combination of targeted metabolites analysis with 

PCR-based functional assays thus represents a simple, cost-effective, and rapid approach to gain a 

holistic view of the fate of steroidal estrogens in the environment. Nevertheless, the contribution 

of proteobacteria in this estrogen-contaminated aquatic ecosystem could be underestimated due to 

the potential bias of the oecC-specific primers. Finally, the gene cluster containing the estrogen-

degrading geneses in strain B50 and strain DSSKP-R-001 are all present in their plasmids. 

Therefore, the oecB- and oecC-containing plasmids could also be used to transform other 

actinobacteria into efficient estrogen degraders or even with a broader substrate spectrum via gene 

knock-in. 
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Figure 1. Metabolites and genes involved in estrogen degradation of Rhodococcus sp. strain 

B50. (A) The proposed pathway for estrogen degradation of strain B50. OecB, estrone 4-

hydroxylase; OecC, 4-hydroxyestrone 4,5-dioxygenase. (B) Mass spectrometry spectra of major 

estrogen metabolites of strain B50 incubated with E1 (100 mg/L). The UPLC and MS behaviors 

of these metabolites are shown in Table S2. (C) The dose-dependent manner of the extracellular 

metabolite production in the E1-grown strain B50 cultures. 
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Figure 2. Comparative genomic analysis of Rhodococcus sp. strain B50. Gene clusters for 

cholesterol uptake (blue), cholesterol side-chain degradation (green), androgenic A/B-rings 

degradation (yellow), and HIP degradation (orange) are located in the linear chromosome, whereas 

the gene cluster specific for estrogenic A/B-rings degradation (red) is present in the megaplasmid. 

Percentage (%) indicates the shared identity of the deduced amino acid sequences of the two 

oxygenase genes. 
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Figure 3. Disruption of oecB and oecC in strain B50. (A) Schematic diagram of homologous 

recombination-mediated gene disruption. (B) Genotype examinations of oecB- and oecC-disrupted 

strain B50 mutants. (Bi) Agarose gel electrophoresis indicated the insertion of a chloramphenicol-

resistant gene (CmR) and pheS** cassette into the target genes. (Bii) Agarose gel electrophoresis 

confirmed the gene disruption of oecB and oecC. (C) Phenotypes of oecB- and oecC-disrupted 

strain B50 mutants. The wild-type strain B50 was also tested for a comparison. Data shown are 

the means ± S.D. of three experimental replicates. 
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Figure 4. PCR-based functional assay using degenerate primers derived from oecC genes. (A) 

Highly conserved nucleotide sequence regions of oecC derived from (Ai) actinobacteria and (Aii) 

proteobacteria used to deduce degenerate primers. (B) Agarose gel electrophoresis indicated that 

oecC is harbored only by estrogen-degrading Rhodococcus spp. but not by testosterone-degrading 

actinobacterium Gordonia cholesterolivorans strain DSM 45229 or estrogen-degrading alpha-

proteobacterium Sphingomonas sp. strain KC8. R = A + G, S = G + C, and Y = C + T. Arrow 

indicates the expected fragment of oecC; asterisk demonstrates the primer dimer. 
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Figure 5. UPLC–APCI–HRMS detection of PEA and HIP in [3,4C-13C]E1 (100 μg/g 

sediment)-spiked estuarine sediment. (A) MS spectra of the estrogenic metabolites PEA and 

HIP. (B) Temporal change in estrogenic metabolite production. Measurements of PEA and HIP 

were based on the adducts corresponding to the two compounds using UPLC–APCI–HRMS. Data 

shown are the means ± S.D. of three experimental replicates. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2020. ; https://doi.org/10.1101/2020.10.07.329094doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.07.329094
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

 

 

Figure 6. Phylogenetic identification of oecC expressed in the [3,4C-13C]E1-spiked estuarine 

sediments. (A) RT-PCR indicated temporal changes in the expression of the actinobacterial and 

proteobacterial oecC genes in [3,4C-13C]E1-spiked estuarine sediment. (B) Phylogenetic tree of 

deduced amino acid sequences of the oecC genes from estrogen-degrading bacterial isolates and 

oecC fragments obtained from the cDNA of the [3,4C-13C]E1-spiked estuarine sediment. 
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