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ABSTRACT: The objective of this study is to characterize the

removal of 17b-estradiol (E2) and the microbial community of a

biologically active carbon (BAC) reactor under acetic acid or

humic acid as the primary carbon source. Influent E2

concentration was maintained at 20 g/L. Higher than 99%

removal of E2 was achieved by the BAC reactor. The

concentration of E2 increased from below detection limit (,5.8

ng/L) to 48 6 8 ng/L after switching the primary carbon source

from acetic acid to humic acid in the reactor influent.

Meanwhile, effluent estrone concentration increased from 50 6

15 to 55 6 15 ng/L after the switch of primary carbon source in

the reactor influent. 17b-estradiol degrading bacteria were

isolated. Microbial community structures under different

nutrient conditions were revealed by high throughput sequenc-

ing. The presence of readily biodegradable carbon source such

as acetic acid benefited E2 removal in the BAC reactor. Water

Environ. Res., 89, 871 (2017).
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Introduction
17b-estradiol (E2), estrone (E1), and estriol (E3) are natural

estrogens that can disrupt the function of the endocrine system

at elevated levels. Surveys conducted in Europe, North America,

and Asia show broad occurrences of E2 and E1 in surface water,

groundwater, water resource recovery facility (WRRF) effluent,

and drinking water (Batt et al., 2007; Benotti et al., 2009; Khanal

et al., 2006; Labadie and Budzinski, 2005; Liu et al., 2015; Xu et

al., 2012; Loos, 2010; Wang et al., 2012; Zhang et al., 2014).

High concentrations of E2 at the micrograms per liter level were

detected in agricultural lagoons (Hutchins et al., 2007). The

presence of natural estrogens in water sources poses a potential

threat to the health of aquatic species. Due to the broad

occurrence and potential health concerns, the U.S. Environ-

mental Protection Agency added E2, E1, and E3 to its

Contaminant Candidate List 3 (U.S. EPA, 2009).

Bacterial strains capable of degrading natural and synthetic

estrogens have been isolated from water and wastewater

treatment systems (Iasur-Kruh et al., 2011; Kurisu et al., 2015;

Larcher and Yargeau, 2013; Tan et al., 2013; Tan et al., 2015;

Weber et al., 2005; Yu et al., 2007). For most E2 degrading

bacterial isolates, E1 is the primary transformation product.

Some E2 degrading bacterial isolates are capable of further

degrading E1, such as members in the genera Sphingomonas,

Nitrosomonas, Rhodococcus, and Stenotrophomonas (Ke et al.,

2007; Kurisu et al., 2010; Li et al., 2012a; Shi et al., 2004;

Yoshimoto et al., 2004; Yu et al., 2007). A review study showed

that 76 identified E2 degrading bacterial strains belong to

Alphaproteobacteria, Betaproteobacteria, Gammaproteobacte-

ria, Actinobacteria, Bacteroidetes, and Firmicutes (Yu et al.,

2013).

Recent studies suggested that estrogen degrading bacteria

were multiple substrate utilizers depending on broad expression

of catabolic enzymes under low substrate concentration (Tan et

al., 2013). Organic carbon profiling suggested that microbial

organic products released during cell starvation could stimulate

E1 degradation, but the specific mechanisms of the stimulation

was not clear (Tan et al., 2015). Pure culture study isolated E1

degrading bacterial strain from activated sludge samples using

starvation strategy, however the E1 biodegradation was not

complete (Li et al., 2012a). Studies on linuron removal indicated

that recalcitrant carbon source such as humic acid have positive

effect on linuron degradation in suspended growth system

(Horemans et al., 2013) but not in biofilm system (Egli, 2010).

The previous study suggested that the impact of carbon source

on estrogen degradation may be process-specific (Tan et al.,

2013). There is a knowledge gap in understanding the impact of

readily biodegradable carbon source and recalcitrant carbon

source on estrogen biodegradation in biofilm system.
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The objective of this study was to characterize the estrogen

removal performance and the microbial community of a

biologically active carbon (BAC) reactor under various influent

compositions. Long-term performance (735 days) of the BAC

reactor was assessed with respect to its ability to remove E2 and

its primary degradation product E1 from synthetic surface

water. Acetic acid and humic acid were separately added to the

synthetic surface water to evaluate the impact of carbon sources

on E2 and E1 removals. Bacterial strains capable of degrading E2

and/or E1 were isolated from the BAC reactor. The structures of

the microbial communities were assessed using pyrosequencing.

Results from this study suggest that a BAC process could

effectively remove E2 and E1 in the synthetic drinking water.

The presence of readily biodegradable carbon may benefit

microbial estrogen removal in BAC process.

Materials and Methods
BAC Reactor Operation and Biomass Sampling. Com-

plete reactor operating condition (Day 0–735) is summarized in

Table 1. Description of the BAC reactor is provided in the

Supplementary Information (SI; found online). Mineral nutrients

in the BAC reactor influent was reported in a previous study (Li

et al., 2012b). In Phase 1 (Day 0–178), the reactor was operated

as a granular activated carbon (GAC) filter with an influent

made of synthetic surface water amended with 20 lg/L E2. The

synthetic surface water was made using reverse osmosis (RO)

water containing a background total organic carbon (TOC)

concentration of 0.4 to 0.8 mg-C/L. Appropriate amount of

minerals were added in the reactor influent (Li et al., 2012b). In

Phase 2 (Day 178–240), 3.0 mg-N/L NH4
þ was added to the

reactor influent as a nitrogen source. In Phase 3 (Day 240–348),

5.0 mg-C/L acetic acid was added to the influent and the NH4
þ

was replaced with 4.0 mg-N/L NO3
–. Reactor performance from

Phase 1 to Phase 3 has been published elsewhere (Li et al.,

2012b). In Phase 4 (Day 348–735), the acetic acid was replaced

with 5.0 mg-C/L humic acid to simulate the natural organic

matter (NOM) in surface water (Hyung and Kim, 2008).

Biomass samples were collected at the quasi-steady state of each

of the four reactor operation phases (i.e., Days 172, 229, 331,

and 525). The quasi-steady states were evidenced by stable

contaminant concentrations (,6% variation) in the effluent

(Zhang et al., 2010). In each sampling event, 5 to 10 BAC

granules were collected from the top layer of the BAC bed

(Figure S1). Collected samples were transferred to sterile 2-mL

RNase/DNase-free tubes and stored at –80 8C till analyses.

Isolation of E2 Degrading Bacteria from the BAC

Reactor. Approximately 1 g wet weight of biomass was

collected from BAC granules when the reactor showed steady

E2 removal in Phase 3. Phase 3 was selected because the reactor

had high biomass abundance and high E2 removal efficiency

(.99.7%). The BAC granules were washed using sterilized

phosphate buffer saline (PBS, pH ¼ 7.2) twice before being

transferred to a 200-mL E2-saturated nitrate mineral salts

(NMS) medium (Chu and Alvarez-Cohen, 1996). The culture

was grown aerobically for 24 hours while being stirred at 250

rpm to disperse the biofilm from the BAC surface. The culture

was then transferred to fresh E2-saturated NMS medium (~3
mg/L of E2) at a 1:10 dilution ratio every 3 days. After the fourth

transfer, the enrichment culture was diluted 10-fold in PBS and

plated on R2A agar plates blended with ~3 mg/L E2. E2-R2A

instead of E2-NMS agar was used because of slow growth on the

latter (Yu et al., 2007). The E2-R2A agar plates were incubated

at 30 8C for 3 days. Colonies with distinct morphologies were

selected and regrown in liquid E2-saturated R2A media for 24

hours at 30 8C. Cells harvested were stored in 15% glycerol at –

80 8C.

Table 1—The operating condition and performance of the BAC reactora.

Reactor operation and
performance

Phase (Duration in days)

1 (1–178) 2 (178–240) 3 (240–350) 4 (350–735)
Biomass sampling date

172 229 331 525

Influent
Dissolved oxygen (mg/L) 8.0 6 0.3 8.0 6 0.3 8.0 6 0.3 8.0 6 0.3
Carbon source Backgroundb Background Background þacetic acid (5 mg-C/L) Background þhumic acid (5 mg-C/L)
Nitrogen source Background NHþ4 -N (3 mg-N/L) NO�3 -N (4 mg-N/L) NO�3 -N (4 mg-N/L)
E2 (lg/L) 20 6 3 20 6 2 20 6 3 20 6 3
EBCT (min) 30g 30 30c 30
Effluent
TOC-C (mg/L) 0.4 6 0.1 0.2 6 0.1 0.8 6 0.2 2.9 6 0.2
NH4
þ-N (mg/L) —h 0.13 — —

NO3
–-N (mg/L) — — 3.3 6 0.3 3.7 6 0.3

NO2
–-N (mg/L) — — 0.07 0.06

E2 (ng/L) 224 6 13 ,MDL ,MDL 48 6 8
E1 (ng/L) ,MDL ,MDL 50 6 15 55 6 15

a BAC reactor performance in the first 348 days has been published (Li et al., 2012b).
b Background TOC was between 0.4 and 0.8 mg-C/L, background NH4

þ-N, NO3
–-N, and NO2

–-N were below MDL.
c Multiple Empty Bed Contact Times (EBCTs) ranged between 48 and 4.8 minutes were tested; however, biomass samples were only collected when

the EBCT equaled 30 minutes.
d Parameters not measured.
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E2 Degradation Experiment by the Isolates. Each E2

degrading isolate was grown in 450-mL R2A medium for 24

hours at 30 8C. After incubation, 6 sets of 50-mL of cell culture

was centrifuged (10 minutes, 8000g at 25 8C) separately for each

isolate. The cell pellets were washed twice using PBS (pH¼ 7.2)

before being transferred to 100-mL sterile E2-saturated NMS

medium in a 500-mL flask. Then the culture was incubated on a

shaking table (120 rpm) at 30 8C. A 70-mL solution from each

sacrificial flask was centrifuged (10 minutes, 8000g at 4 8C) at 0,

4, 16, 48, 72, and 108 hour of incubation. A 50-mL supernatant

was filtered (0.2 lm Teflon filter) and was collected in a 250-mL

amber glass bottle. Water samples were stored at –20 8C until

estrogen measurements.

DNA Extraction. Total DNA of E2 degrading isolates and

BAC samples was extracted using a phenol-chloroform method

(Chomczynski and Sacchi, 1987). For the biomass sample

collected on Day 525, extra steps were taken after the phenol-

chloroform extraction to remove the residual of humic acid, a

polymerase chain reaction (PCR) inhibitor. Specifically, the

DNA extract was further purified using an UltraClean Soil DNA

Isolation Kit (MoBio, California) to remove the PCR inhibitor

according to the purification steps in the manual. All DNA

extracts were quantified using a NanoDrop 2000 (Thermo

Scientific, Delaware), and their qualities were examined using

gel electrophoresis. The DNA extracts were stored at –80 8C

until use.

Phylogenetic Analyses of the E2 Degrading Isolates.

The 16S rRNA genes of isolated estrogen degrading bacteria

were amplified using PCR primers 27F (50-AGRGTTT-

GATCMTGGCTCAG-30) and 1492R (50-GGTTACCTTGT-

TACGACTT-30) on a Mastercycler ep realplex (Eppendorf

International, Hamburg, Germany) (Xia et al., 2010). Polymer-

ase chain reaction conditions were available in the SI. The PCR

products were purified and sequenced bidirectionally at Eurofins

MWG Operon (Huntsville, Alabama). Sequence alignment using

ClastalW and phylogenetic tree construction using Molecular

Evolutionary Genetics Analysis (MEGA) software were con-

ducted according to a published protocol (Li et al., 2010a).

Sequence alignment and phylogenetic tree construction were

conducted according to a published protocol (Egli, 2010). The

16S rRNA gene sequences of the E2/E1 degrading isolates were

deposited at the National Center for Biotechnology Information

(NCBI) under accession numbers JX020950–JX020953.

Pyrosequencing of the 16S rRNA Gene in Biomass

Samples. The V1 to V3 region of the 16S rRNA gene was

amplified for pyrosequencing (Bibby et al., 2010; Martinez et al.,

2009). Polymerase chain reaction was conducted at the Core for

Applied Genomics and Ecology (CAGE) at the University of

Nebraska–Lincoln (UNL) by following a published protocol by

the facility (Martinez et al., 2009). The forward primer (A-8F)

was 50-GCCTCCCTCGCGCCATCAGAGAGTTT-

GATCMTGGCTCAG-30 with the A adapter sequence under-

lined. The reverse primer (B-518R) was 50-

GCCTTGCCAGCCCGCTCAG NNNNNNNN AT-

TACCGCGGCTGCTGG-30, with the B sequencing adapter

underlined and an eight-base, sample-specific barcode marked as

N (Martinez et al., 2009). Polymerase chain reaction conditions

were available in the SI.

Prior to pyrosequencing, the quantity of the PCR products

was measured using a Quant-iT PicoGreen double-stranded

DNA assay (Invitrogen, Carlsbad, California) and the quality

was assessed using an Agilent 2100 bioanalyzer (Santa Clara,

California). Equal amounts of the bar-coded PCR products were

mixed and loaded to a 454/Roche GS-FLX Titanium instrument

(Roche, New Jersey). Pyrosequencing reads were filtered and

trimmed (Martinez et al., 2009). Reads that met the following

criteria were considered high quality: (a) longer than 200 base

pairs, (b) perfect match with the forward primer and barcode

sequences, (c) less than 2 interrupted and resumed signals from

sequential flows, and (d) average quality score higher than 20.

Bacterial Community Analysis. Black Box Chimera Check

(B2C2) was used to check chimeric sequences (Gontcharova et

al., 2010). Sequencing de-noising was completed using QIIME

by UNL CAGE (Reeder and Knight, 2010). The pyrosequencing

data were then processed using the Ribosomal Database Project

(RDP) Pyrosequencing Pipeline available online (http://pyro.

cme.msu.edu/). Taxonomic classification was conducted using

the RDP Classifier 2.6 (Wang et al., 2007a). High-quality

pyrosequencing reads were aligned using Infernal, a sequence

alignment software (Nawrocki et al., 2009). Shannon Index and

Chao1 estimator were calculated based on 97% sequence

similarity using the programs available within the RDP

Pyrosequencing Pipeline.

Differences between microbial communities based on phylo-

genetic information were compared using unweighted pair

group method with arithmetic mean (UPGMA) method and

principal coordinate analysis (PCoA) (Hwang et al., 2009;

Lozupone and Knight, 2005). Ribosomal Database Project

Classifier 2.6 was used to generate ‘‘allrank’’ file and then to pull

out 16S rRNA gene sequences of interested bacterial genera in

pyrosequencing datasets (Wang et al., 2007a). Library Compare

functionality was applied to compare the 16S rRNA gene

sequences of isolated E1/E2 degrading bacteria with16S rRNA

sequences in pyrosequencing datasets that belong to the same

taxonomy based on Naı̈ve Bayesian Classifier (Wang et al.,

2007a). Pyrosequencing reads were deposited at NCBI Sequence

Read Archive under accession numbers SRS345215 and

SRS345219-SRS345221.

Estrogen Measurements. Estrogens were quantified in the

UNL Water Sciences Laboratory. An HP5890 series gas

chromatography (GC) equipped with a DB-5 capillary column

and coupled with an Agilent 5972 quadrapole mass spectrometer

(MS) was used to measure E1, E2, and E3 in water. A published

protocol using BSTFA-TMCS derivatization was adapted and

optimized for this study (Shareef et al., 2006). Essentially, water

samples were spiked with 20 lL of 10 mg/L 17b-estradiol-16, 16,
17-d3, and 20 lL of 10 mg/L phenanthrene as internal standards,

and concentrated using a C-18 solid phase extraction (SPE)

cartridge (Waters, Milford, Massachusetts, USA). After being

eluted from the SPE cartridges by ethyl acetate, extracts were

blown dry by nitrogen gas, reconstituted, and derivatized with

50 lL dimethyl formamide and 50 lL BSTFAþ1% TMCS at 75

Li et al.

WATER ENVIRONMENT RESEARCH � September 2017 873



8C for 30 minutes. Derivatized samples were equilibrated to the

room temperature and transferred to GC vials with 250-lL glass

inserts. All samples were analyzed within 36 hours after

derivatization. A five-point standard curve was included in each

GC-MS run. The method detection limit (MDL) for E1, E2, and

E3 was determined to be 14.4, 5.8, and 11.4 ng/L, respectively,

by following a standard procedure (U.S. EPA, 1984).

Results
Biologically Active Carbon Reactor Performance. Three

major changes in operating conditions divided reactor operation

into four phases in the 735 days of reactor operation (Materials

and Methods and Table 1). The first 348 days of BAC reactor

operation was reported previously (Leu et al., 2012). The

previous data showed that BAC reactor had higher E2 removal

efficiency and stability compared with GAC reactor at empty

bed contact time (EBCT) from 4.8 to 48 minutes with acetic acid

as the primary carbon source. In this study, the effects of

switching the primary carbon source from acetic acid to humic

acid on E2 and E1 removals were investigated from Day 349 to

Day 735 at 30 minutes’ EBCT.

As shown in Figure 1, the effluent E2 concentration increased

from below detection limit to 135 ng/L, and the effluent E1

concentration increased from 44 to 197 ng/L after switching the

primary carbon source from 5 mg-C/L acetic acid to 5 mg-C/L

humic acid on Day 354. Starting on Day 377, effluent E2 and E1

concentrations gradually decreased and stabilized at 50 6 15 ng/

L and 55 6 15 ng/L. The presence of humic acid in the influent

decreased the E2 removal efficiency, although the E2 removal

ratio was higher than 99%.

Degradation Profiles of E2 Degrading Isolates. Four

isolated bacterial strains were isolated from the BAC reactor and

were selected for E2 degradation experiment. Taxonomic

analyses revealed that BAC1, BAC2, BAC3, and BAC4 shared 99

to 100% similarity in the 16S rRNA gene with Acinetobacter sp.

DR1 (GenBank accession number CP002080), Acinetobacter sp.

PRGB15 (EF195345), Zoogloea sp. A5 (DQ342276), and

Stenotrophomonas maltophilia R551 (NC_011071), respectively.

Two patterns of E2 degradation were observed (Figure 2).

Strains BAC1, BAC2, and BAC3 converted E2 to E1 in a

stoichiometric manner, but could not further degrade E1. In

contrast, strain BAC4 completely converted E2 to E1 in the first

48 hours and then partially degraded the accumulated E1 till the

degradation ceased at hour 72. Bacterial growth was observed

only in BAC4 culture during E2 degradation experiment.

Diversity, Richness, and Differences of the Bacterial

Communities. A total of 69 651 high-quality pyrosequencing

reads were obtained from the four biomass samples. Sequences

sharing .97% similarity were defined as an operational

taxonomic unit (OTU). Rarefaction curves showed satisfactory

sequencing coverage (Figure S2). The diversity and the richness

of the bacterial communities in the four samples were assessed

using the Shannon Index and Chao1 estimator, respectively

(Table 2). The Shannon diversity index, which assesses both the

richness and the evenness of a microbial community, indicates

that the microbial community during Phase 2 had the highest

level of diversity and the microbial community during Phase 4

had the lowest. The Chao1 index, which estimates the ultimate

number of OTUs in a microbial community, reached the highest

in Phase 2 and then decreased in Phase 3 and 4, a trend similar to

the Shannon index. The PCoA analysis of 16S rRNA gene

sequences showed that bacterial communities on Days 172 and

Figure 1—Response of BAC reactor performance
when additional carbon source was switched from
acetic acid to humic acid on Day 350. BAC reactor
was operated at a constant EBCT of 30 minutes from
Day 300 to Day 735. Removal ratio is the calculated
based on detectable estrogens in reactor influent
and effluent.

Figure 2—Estrogen degradation profiles of four E2
degrading isolates (BAC1�BAC4). Solid and open
circles represent E2 (�) and E1 (*) concentration,
respectively. Error bars are standard deviation of
duplicate analyses.
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229 were clustered together, and bacterial communities on Days

331 and 525 were clustered distantly based on PC1 (56.81%) and

PC2 (37.18%) (Figure 3). The PCoA analysis based on PC1 and

PC2 indicated that primary carbon source may be the

dominating environmental factor affecting bacterial communi-

ties in the BAC reactor.

Bacterial Community Dynamics in the BAC Reactor at

the Class Level. Biomass samples collected on Days 172, 229,

331, and 525 had sequences that belonged to 11, 11, 12, and 9

bacterial classes, respectively (Figure 4a). Seven bacterial classes

were detected in all samples: Alphaproteobacteria, Betaproteo-

bacteria, Deltaproteobacteria, Gammaproteobacteria, Sphingo-

bacteria, Acidobacteria, and Actinobacteria (Figure 4b).

Together, sequences belonging to these seven classes constituted

84.1, 92.8, 96.6, and 98.7% of the bacterial communities on the

four sampling dates (Table S1). Betaproteobacteria was the most

predominant bacterial class in all samples, and its relative

abundance in the BAC reactor increased from 43.3% of the

bacterial community on Day 172 to 93.8% on Day 525.

Bacterial Community Dynamics in the BAC Reactor at

the Genus Level. Bacterial genera Acinetobacter sp., Zoogloea

sp., and Stenotrophomonas sp. were investigated in detail

because they might contain E2/E1 degrading bacterial strains

since isolates from the BAC reactor belonging to the three

genera showed E2/E1 degrading capacity (Figure 2). As shown in

Table 3, Acinetobacter sp. was only detectable on Day 331 at

relative abundance of 13.5% when acetic acid served as the

primary carbon source. The relative abundance of Zoogloea sp.

increased in the BAC reactor from nondetectable on Days 172

and 229 to 68.3% on Day 331 and further to 80.3% on Day 525.

The relative abundance of Stenotrophomonas sp. increased in

the BAC reactor, accounting for 0.3% of the bacterial

population on Day 331 to 2.0% on Day 525. To further

investigate the 16S rRNA gene sequences of interested bacterial

genera in pyrosequencing datasets, sequences of Acinetobacter

sp., Zoogloea sp., and Stenotrophomonas sp. were pulled out

from pyrosequencing datasets based on classification by RDP

Table 2—Bacterial community diversity and
richness indices.

Operation
phase

Sampling
date OTUs

Shannon
index Chao1

1 172 455 4.13 815
2 229 1263 4.8 2178
3 331 1054 4.14 1868
4 525 576 3.89 991

Figure 3—PCoA analysis of the bacterial communi-
ties collected on Days 172, 229, 331, and 525.

Figure 4—Taxonomic analyses of the bacterial com-
munities in the four biomass samples at the phylum
level. (a) Relative abundance of identified bacterial
phyla. (b) Overlapping of identified bacterial phyla.
Numbers in the Venn diagram represent the number
of bacterial phylum, while the percentages with
asterisks represent the relative abundance of the
corresponding bacterial phylum. The relative abun-
dance of each phylum was calculated as the number
of sequences affiliated with that phylum divided by
the total number of sequences in that sample.
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Classifier 2.6 (Wang et al., 2007a). The percentage of 16S rRNA

gene sequences in pyrosequencing datasets that shared 100%

similarity with 16S rRNA gene sequences of isolated E2/E1

degrading bacteria based on naı̈ve Bayesian assignment ranged

from 54.0% to 67.1% (Table 3).

Discussion
Switching from acetic acid to humic acid in the BAC reactor

influent initially deteriorated E2 and E1 removals. Effluent E2

and E1 concentrations increased from below detection limit to

135 and 181 ng/L from Day 354 to Day 377 (Figure 1). The

inhibitory effect of humic acid on E2 biodegradation was

observed in previous study (Lee et al., 2011). The study showed

that the kinetics of E2 and E1 degradation was negatively

impacted with increasing humic acid concentrations. The

authors attributed the decrease of estrogen degradation in the

presence of humic acid to decreased cell densities and enzyme

activities. In this study, effluent TOC concentration increased

from 0.7 6 0.1 to 2.9 6 0.3 mg/L (Figure 1). The increased

effluent TOC concentration indicated that recalcitrant portion

of humic acid could not be utilized by microorganisms under

tested conditions. Because less TOC was consumed and humic

acid was less biodegradable than acetic acid, the maintained cell

density in the BAC reactor was expected to decrease.

After Day 377, effluent E2 and E1 concentrations in reactor

effluent plateaued, decreased, and stabilized at 50 6 15 and 55

6 15 ng/L, respectively. This observation illustrated differential

effect of humic acid on E2 and E1 removal. Unlike E1, which

stabilized at similar concentrations with either acetic acid or

humic acid as primary background carbon source, E2 concen-

tration was elevated from undetectable to 50 6 15 ng/L after the

BAC reactor restabilized with humic acid as background carbon

source. Event with extended reactor operation from Day 377 to

Day 735, no further improvement of E2 removal was observed.

Data from this study showed that the presence of readily

biodegradable carbon source may promote the biotransforma-

tion from E2 to E1. Comparably, only a slight increase of E1

concentration (from 50 6 15 to 55 6 15 ng/L) was observed

when the primary carbon source was changed from acetic acid

to humic acid. This finding was in agreement with what Tan et

al. (2015) observed in biodegradation of E1 under different

organic matter quality that dissolved organic carbon were not

causative factors for E1 degradation. It was suggested that

microbiologically derived organic matter may be associated with

E1 degradation (Tan et al., 2015). This study’s findings, together

with previous study, indicated that although biological process

could remove the majority of natural estrogens in the water

treatment, other physiochemical means (e.g., ultraviolet light—

advanced oxidization process) may be needed to further reduce

residual estrogens in water (Cédat, et al., 2016).

The BAC reactor in this study was not intentionally seeded. It

is believed that the microbes in the BAC reactor mostly originated

from the in-house treated water that was used to make the reactor

influent. Pyrosequencing analysis showed that 7 out of 14 detected

bacterial classes were shared under different operation conditions

(Figure 4b). This finding suggested that microbes occurred in the

reactor before adding carbon source and nutrients were already

phylogenetically diverse. The development of microbial activity

without seeding was previously observed in a GAC reactor

(Velten et al., 2011; Wang et al., 2007b). The naturally developed

E2 biodegradation is reasonable because the broad occurrence of

diverse E2 degrading bacteria has been observed in the aquatic

environment (Yu et al., 2013).

To validate the existence of E2/E1 degrading bacteria in the

BAC reactor, bacterial strains were isolated and tested for their

E2/E1 degradation capacities. The isolated bacterial strain

BAC1 (Acinetobacter sp. DR1), BAC2 (Acinetobacter sp.

PRGB15), and BAC3 (Zoogloea sp. A5) could biotransform E2

to E1 (Figure 2). The biotransformation from E2 to E1 are well-

observed in previous studies, including isolates from Amino-

bacter sp., Brevundimonas sp., Achromobacter sp., Denitrati-

soma sp., Escherichia sp.,Microbacterium sp.,Nocardioides sp.,

Bacillusm sp., Staphylococcus sp., Sphingomonas sp., and

Flavobacterium sp. (Jiang et al., 2010; Li et al., 2012a; Muller et

al., 2010; Weber et al., 2005; Yu et al., 2007; Yu et al., 2013).

Being good slime formers, Zoogloea sp. are detected in water/

wastewater treatment systems where biofilms exist (Larsen et

al., 2008; Li et al., 2010b; Shao et al., 2009) and in estrogen-

degrading consortia (Yu et al., 2005).

An E1 degrading bacterium, BAC 4 (S. maltophilia R551), was

isolated from the BAC reactor. The E1 biodegradation by S.

maltophilia was investigated by a proteomic approach (Li et al.,

2012a). Estrone was proposed to undergo ring-cleavage and

form 3-(4-hydroxyphenyl)-2-hydroxyprop-2-enoic acid, which

was further biotransformed to 4-hydroxyphenylpyruvate, and

eventually converted to tyrosine. The ring-cleavage characteris-

tic of S. maltophilia has been well-documented (Boonchan et al.,

2000; Juhasz et al., 2000; Urszula et al., 2009). S. maltophilia

isolated from activated sludge could biodegrade several aromatic

hydrocarbons, such as benzoate, catechol, 4-hydroxybenzoic

acid, protocatechuic acid, and vanillic acid, by various inducible

dioxygenases (Urszula et al., 2009). The occurrence of S.

maltophilia in both biological water and wastewater treatment

processes and its ring-cleavage capacity suggested its importance

in estrogen biodegradation in aquatic environment.

The effects of BAC reactor operating conditions on bacterial

communities were investigated. Statistical parameters, for

example, OTU, Shannon index, and Chao 1, showed that the

microbial communities were most diverse on Day 229, followed

Table 3—Relative abundance (%) of interested
bacterial genera in BAC biomass samples1.

Sampling date

182 229 331 525

Acinetobactoer sp. NA NA 13.5 (7.3) 1 NA
Zoogloea sp. NA NA 68.3 (45.8) 80.3 (45.0)
Stenotrophomonas sp. NA NA 0.3 (0.2) 2.0 (1.2)

1 Values in parentheses indicated the percentage of 16S rRNA gene
sequences in pyrosequencing datasets that share 100% similarity
compared with 16S rRNA gene sequences of isolated E2/E1
degrading bacteria based on Naı̈ve Bayesian assignment.

Li et al.

876 WATER ENVIRONMENT RESEARCH � September 2017



by Days 331, 525, and 172 (Table 2). Microbial community

diversity decreased when the primary carbon source was

changed from acetic acid to humic acid (Phase 3 vs Phase 4,

Table 2). A similar observation was reported that glucose in feed

yielded higher microbial diversities in reactors than did complex

sugars (Pholchan et al., 2010), suggesting that the presence of

readily biodegradable substrates could increase microbial

diversity and yield more stable reactor performance. Principal

coordinate analysis indicated that carbon source may be the

dominate driver of bacterial community succession. It must be

noted that samples collected in the BAC reactor were from the

top layer of BAC bed. Changes of bacterial community richness

and evenness with bed depth were observed in BAC system

(Boon et al., 2011). In this study, focuses were put on the top

layer of the BAC bed. The top layer of the BAC bed usually

contained the highest biomass density (Han et al., 2013; Liao et

al., 2013) in down-flow BAC.

The metabolism pathways of estrogens may be significantly

affected by the presence of primary carbon sources and nutrients

that are at concentration several folds of magnitude higher. Four

E2 biodegradation pathways with different initiating steps by

aerobic bacteria have been proposed and summarized (Kurisu et

al., 2010; Lee and Liu 2002; Nakai et al., 2011; Yu et al., 2013).

The current knowledge indicated that enzymes responsible for

E2 biodegradation may be depended on growth media and

environmental conditions, which is a challenge for selecting

suitable functional genes as quantifiable biomarkers. Currently,

16S rRNA genes of isolated E2 degrading bacteria seem to be the

best available biomarkers to screen possible estrogen degrading

community. More studies are needed to illuminate the dominate

biodegradation pathways for E2 under different carbon sources.

Conclusions

(1) Switching of primary carbon source from acetic acid to

humic acid in the BAC reactor influent increased the

effluent E2 concentration from below detection limit (,5.8

ng/L) to 48 6 8 ng/L. Higher than 99% removal ratio of E2

was maintained regardless of the type of primary carbon

source. The presence of readily biodegradable carbon

source was beneficial for E2 removal in the BAC reactor.

(2) Effluent E1 concentration was increased from 50 6 15 to 55

6 15 ng/L when the primary carbon source was switched

from acetic acid to humic acid. This observation suggested

that the removal of E1 in the BAC reactor was not

significantly inhibited by the presence of humic acid.

(3) The BAC reactor was not intentionally seeded. The

isolation of E2 and E1 degrading bacteria from the BAC

reactor suggested that naturally occurring biofilm in

activated carbon filter was likely contributed to estrogen

removals in drinking water treatment process.
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