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Abstract Tetrachlorobisphenol A (TCBPA) is a widely
used flame retardant and a potential endocrine disruptor.
We estimated the role of the microbial community in
degradation of TCBPA in river sediment from the vicinity
of an E-waste processing facility. The effects of different
anaerobic conditions on degradation efficiency of TCBPA
were investigated, and differences in bacterial communities
among these conditions were analyzed by 16S ribosomal
RNA (rRNA) gene sequencing. Themost effective dechlo-
rination of TCBPA occurred under methanogenic

conditions followed by electron donor-enhanced condi-
tions and sulfate-reducing conditions with initial sulfate
concentrations of 1, 10, and 20mM. The extent of TCBPA
removal under these conditions mentioned above was 65,
44, 43, 23, and 23%, respectively. 16S rRNA gene se-
quence analysis indicated that five dominant genera in the
phylum Chloroflexi and another five species of
Bacteroidetes, Chlorobi, and Firmicutes in these five sys-
tems were largely involved in TCBPA dechlorination. The
initial sample had a total relative abundance of
autochtonous potential dechlorinating bacteria of 12%.
After 160 days, these values increased to 29–43% under
above conditions. Addition of TCBPA decreased bacterial
diversity. Efficiency of TCBPA degradation depends on
the abundance and metabolism of dechlorinating bacterial
guilds. The effectiveness of dechlorinating microbes in
degradation of TCBPA was reduced by high sulfate
concentrations.
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1 Introduction

TCBPA is widely used as a flame retardant additive in
polymers, paints, epoxy and polycarbonate resins, high
impact polystyrene, phenolic resins, and adhesives used
in synthetic textiles, building materials, epoxy resin
electronic circuit boards, and other electronic equipments
(Horikoshi et al. 2008; Kalasekar et al. 2015). During
the production, processing, and life cycles of these
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products, free and combined TCBPA can be released
into the environment. Electronic wastes (e-wastes), es-
pecially printed circuit boards, contain several haz-
ardous materials like halogenated flame retardants,
metals and alloy compounds, and polyvinyl chloride
(Tsydenova and Bengtsson 2011). Acid leaching is the
main method of extraction of valuable metals from
e-wastes, and this is a major source of flame retardants
in e-waste disposal areas (Leung et al. 2007). TCBPA is
a chemically stable and strongly hydrophobic compound.
It easily absorbs to the particulate matter, sediment, and
aquatic organisms and residues persist in the environment.
TCBPA has been detected in many environmental
matrices such as coastal lagoons (Casatta et al. 2015),
influent and effluent of sewage treatment plants (Yang
et al. 2014), effluent of wastepaper recycling plants
(Fukazawa et al. 2001; Gallart-Ayala et al. 2010), river
water (Blanco et al. 2005), drinking water (Fan et al.
2013), sewage sludge (Chu et al. 2005; Song et al.
2014), sediment (Chu et al. 2005), and agricultural and
industrial soil (Sánchez-Brunete et al. 2009). TCBPA is
chemically similar to the thyroid hormone, so it is a
potential endocrine disruptor in humans and wildlife
(Ruan et al. 2015; Terasaki et al. 2011).

Efficient degradation of TCBPA in the environment
is the key to eliminating its biological hazards. Removal
of TCBPA has focused on photochemical transforma-
tion (Eriksson et al. 2004; Horikoshi et al. 2008),
chemical oxidation (Bastos et al. 2008), and microbial
degradation (Liu et al. 2014; Voordeckers et al. 2002;
Yuan et al. 2011). The anaerobic degradation rate of
TCBPA in sediment of the Erren River was enhanced
by adding yeast extract, cellulose, sodium chloride, non-
ionic detergents (Brij 30 and Brij 35), rhamnolipid, or
surfactin. Anaerobic degradation was inhibited by
addition of phthalic esters, nonylphenol, and heavy
metals (Yuan et al. 2011). Bacillus megaterium and
Pseudomonas putida possessed the best biodegradation
potential (Yuan et al. 2010). The dehalogenation rate of
TCBPA under methanogenic conditions was higher than
that of sulfate reducing conditions (Liu et al. 2014;
Voordeckers et al. 2002) which also was considered to
promoting dechlorination. In addition, co-amendment
of sediment with 2, 6-dichlorophenol can shorten the
lag time of TCBPA dechlorination (Voordeckers et al.
2002).

Sediments and soils near e-waste recycling sites are
often polluted by TCBPA. The study of TCBPA
biodegradation by indigenous microorganism in

sediment/soil has long-term sustained practical signifi-
cance for in situ remediation of field polluted by this
contaminant. However, current research on TCBPA is
mainly focused on the level of environmental detection
and its toxicological properties. Few publications have
reported bioremediation methods for TCBPA contaminat-
ed areas and the TCBPA-degrading bacteria involved in
this process. Variation of the bacterial communities in
different anaerobic systems of TCBPA degradation has
also been overlooked. Longtang town is a typical e-waste
polluted area with 40-year history of e-waste recycling
where heavily polluted by halogenated flame retardants,
heavy metals, and high concentration sulfate in the
soil/sediment (Lin et al. 2015). And there is controversy
existed in the effects of sulfate and its content on
dehalogenation (Liu et al. 2014; Panagiotakis et al.
2014). Some studies found that dechlorination capacity
of sulfate reducing bacteria (SRB) and sulfate reducing
condition were provided with applicable oxidation reduc-
tion potential for dechlorination (Liu et al. 2014). None-
theless, SRB were more compentitive for electron donor
than dehalogenating bacteria which had a better dechlori-
nation performance under low concentration sulfate con-
dition (Panagiotakis et al. 2014). Therefore, we studied (a)
the TCBPA degradation ability of Longtang River sedi-
ment microorganisms under electron donor enhanced con-
ditions, methanogenic, and sulfate reducing conditions (b)
the effect of different initial sulfate concentrations on
TCBPA degradation, and (c) the bacterial community
using 16S ribosomal RNA (rRNA) gene sequencing. Our
results provide a basis for in situ remediation of TCBPA or
other halogenated organic compounds contaminating
soil/sediment.

2 Materials and Methods

Chemicals TCBPAwas purchased from J&K Scientific
(Beijing, China) and was >98% pure. The reagents for
medium preparation were purchased from Aladdin In-
dustrial Inc. (Shanghai, China). The solvents for extrac-
tions and high-performance liquid chromatography
(HPLC) analyses were purchased from ANPEL Labo-
ratory Technologies Inc. (Shanghai, China). The mate-
rials for molecular biology experiments were purchased
from Sangon Biotech (Shanghai, China). Individual
stock solutions of TCBPA dissolved in dichloromethane
were made at 10 mM and then diluted to desired con-
centrations before use.
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Sediment Surface (0–15 cm) and deep (>15 cm) sedi-
ment samples were collected, using a gravity corer, from
the Longtang River near an e-waste recycling establish-
ment located in Qingyuan City (Guangdong Province,
China). All sediment samples were taken randomly, in
triplicate, from an area of approximately 1 m2 at the
center of each sediment site. All of the sediment samples
had equal volumes and they were mixed evenly and
transferred to sterile glass jars, which were then sealed
and transported back to the laboratory and stored at 4 °C
until use.

TCBPA Added to Sediment One gram of air-dried sedi-
ment was homogenized and sieved through a 0.22-mm
screen and then autoclaved at 121 °C for 30min on three
successive days before adding to the serum bottle. The
autoclaved sediment was completely saturated by 1 ml
of the TCBPA dichloromethane stock solution (10 mM)
to yield a 200 μM nominal concentration. Solvent was
allowed to evaporate from vented bottles under a fume
hood overnight and the surface of dry sediment particles
was coated by TCBPA.

Sediment Slurries Sediment slurry was prepared as fol-
lows: 2000 ml of mineral salt medium prepared as
previously described (Voordeckers et al. 2002) was
autoclaved at 121 °C (30 min, three consecutive days)
and cooled to room temperature under a purified N2 gas
stream. Then, Longtang Town sediment was added to
2000-ml medium to achieve a final 2700 ml sediment
slurry to which 1 ml of 1% resazurin was added as a
redox indicator.

Sediment microcosms of 25% biologically active
Longtang town sediment were prepared under deoxy-
genated conditions (purged with a stream of purified N2

gas for 20–30 min) by dispensing 50 ml of the sediment
slurry into 100-ml serum bottles containing the sediment
powder coated with TCBPA using a purged sterile pipet,
then sealed by PTFE-covered butyl rubber
gasket aluminum cap with a headspace of N2. The
bottles were shaken vigorously to mix the sediment
powder into the slurry.

Experimental Treatments Except for the un-amended
and sterile controls, 1 ml equimolar acetate, propionate,
butyrate, and lactate stock solution (200mM)was added
to the other treatments via deoxygenated sterile syringes
so that the final cultures contained 4-mM electron
donor mixture. Additionally, the methanogenic and

sulfate reducing conditions were obtained by adding
20 mM NaHCO3 and 1, 10, or 20 mM Na2SO4, respec-
tively. The sterile control was autoclaved at 121 °C for
30 min on three consecutive days after the addition of
TCBPA. All above sediment slurries were set up in
triplicate and incubated at 30 °C in continuous darkness
without shaking.

Sampling Sampling was done once a week and after
42 days once about every 40 days. Serum bottles were
agitated vigorously to ensure uniform sampling while
3.5 ml N2 was injected and then an equal volume of
sediment slurry was withdrawn using a deoxygenated
springe fitted with a 16-gauge needle. For the 3.5-ml
slurry, 1.5 ml was stored at −20 °C for molecular anal-
ysis, while the remainder was placed in a 5.5-cm diam-
eter culture dish and air-dried under a fume hood for
determination of TCBPA concentration.

TCBPA Extraction and HPLC Analyses Air-dried sedi-
ment samples (about 0.5 g) were milled and transferred
into 8 ml glass vials. The samples were extracted over-
night with 2 ml dichloromethane in a 4-D rotation mixer
and then exposed to an ultrasonic water bath for 10 min.
The supernatant was then transferred to an 8 ml glass
bottle after centrifuging for 5 min at 10000 rpm. This
extraction process was repeated twice and extraction
efficiency was >80%. The combined supernatant con-
taining TCBPA was mixed and filtered through a
0.22 μm Millipore nylon filter and analyzed by HPLC
(Shimadzu LC20A; SPD-M20A UV-vis Detector;
SIL-20A Auto sampler; Eclipse XDB column,
4.6 × 150 mm, 5 μm). The mobile phase was 80%
methanol and 20% ultrapure water at a flow rate of
1 ml/min. The UV-vis detector and the analytical col-
umn temperature were set at 238 nm and 40 °C, respec-
tively. The retention time of TCBPAwas 3.5 min. Con-
centrations were calculated by comparing to five point
external standard curves and the detection limit was
0.03 ng/g.

Bacterial Community Analysis Genomic DNAwas ex-
tracted with a Soil DNA Isolation Kit (Omega Biotec,
USA) according to the manufacturer’s instructions.
DNA integrity was assessed by 1% agarose gel
electrophoresis.

GenomicDNAwas analyzed by aQubit® dsDNAAssay
Kit (Life technologies, USA) for determining the amount of
DNA used for PCR. The V3-V4 region of the bacterial 16S
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rRNA gene was amplified using a T100TM Thermal Cycler
PCR System (BIO-RAD, USA) using primers 341 F
(5′-barcode-CCTACGGGNGGCWGCAG-3′) and 805R
(5′-GACTACHVGGGTATCTAATCC-3′) (Herlemann
et al. 2011), where the barcode was a six-base sequence
unique to each sample. Each 50 μL PCR reaction mixture
contained 5 μL of 10× PCR buffer, 0.5 μL of 10 mM
dNTPs, 10 ng of genomic DNA, 0.5 μL of 50 μM primer,
and 0.5 μL of 5 U/μL Plantium® Taq DNA Polymerase.
The PCR process was conducted as follows: 94 °C for
2 min, followed by 5 cycles at 94 °C for 30 s, 45 °C for
20 s, 65 °C for 30 s and then 20 cycles at 94 °C for 20 s,
55 °C for 20 s, 72 °C for 30 s and final extension at 72 °C
for 5min. After PCR, amplicons extracted from 2% agarose
gels were purified using the SanPrep Column DNA Gel
Extraction Kit (Sangon Biotech, China) and then quantified
accurately using a Qubit® dsDNA Assay Kit (Life technol-
ogies, USA).

Bacterial Community Composition A total of eight DNA
samples were sequenced, including DNA extracted from
sediment prior to incubation (called initial sediment) and
sediment after 160 days incubation under methanogenic
condition, sulfate reducing conditions, electron
donor-enhanced condition, and un-amended control. All
of the amplicons were mixed in equimolar amounts and
pooled in the Illumina MiSeq platform for paried-end
sequencing. Raw sequencing data obtained from this study
were deposited to the NCBI Sequence Read Archive
database with accession nos. SRP5109774,
SRR5109777, SRP5109779-SRP5109781, SRP5109783,
SRP5109784, and SRP5109787. The preprocessing of
sequencing datawas as follows:On the basis of the overlap
relationship between the paired-end read data in the fastq
file format, the paired reads were joined together by
FLASH version 1.2.3 (Magoc and Salzberg 2011) and
then according to the barcode. Contiguous sequences were
classified followed by quality control.

The overlap field of contiguous sequences with a
mismatch ratio below 0.1, short fragment (<50 bp),
low-quality fragment (tail quality of joined reads below
20 bases), and low complexity sequences were filtered
by quality control using Prinseq version 0.20.4
(Schmieder and Edwards 2011). After the non-target
amplification area sequences were eliminated, se-
quences were checked for sequencing error using
pseudo-single linkage in Pre.cluster of Mothur and chi-
meras were removed by Chimeras. UCHIME (Edgar
et al. 2011).

Analyses Based on OTUs and Taxonomy Sequences
were classified into operational taxonomic units
(OTUs) with similarity of 0.97 using Uclust version
1.1.579. Then, based on OTUs, taxonomy, alpha diver-
sity, and beta diversity were analyzed. Rarefaction
curves, Chao1, Ace, Coverage, Shannon, and Simpson
values were determined for all samples using the
Mothur program version 1.30.1, and sample distance
and cluster were calculated according to the Unifrac
metric (Yatsunenko et al. 2012). Taxonomic classifica-
tions of trimmed fasta sequences of the V3-V4 region
were assessed by BLAST analysis against the SILVA
database (Quast et al. 2013) for 16S reads with a confi-
dence threshold of 0.9. Relative abundances of bacteria
in taxonomies of all samples were analyzed using
MEGAN version 5.7.1.

3 Results and Discussion

Transformation of TCBPA in Anaerobic Sediment
Microcosms The pH values under various conditions
were circumneutral and all above 7.0 during cultivation.
Sulfate loss (H2S production) was detected and no
methane was observed under sulfate-reducing condi-
tions, implying that sulfate-reducing conditions were
promoted. Similarly, CH4 and CO2 were detected under
methanogenic condition, verifying that methanogenic
condition established. TCBPA degradation during
160 days under these conditions is shown in Fig. 1.
There were no significant changes of TCBPA levels in

Fig. 1 Anaerobic transformation of TCBPA under different
conditions
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the autoclaved control and the un-amended control,
while loss of TCBPA in the amended treatments was
detected. This indicates that the microbes can affect
TCBPA degradation, but this ability is weak without
amendments. Our previous study showed that anaerobic
degradation of TCBPA in river sediments was
dechlorinated in order of 3,3’,5-trichlorobisphenol A,
3,3’-dichlorobisphenol A, 3-monochlorobisphenol A
and bisphenol A (BPA), with no further degradation of
BPA (Li 2014). This was consistent with dechlorination
pathway of TCBPA in river sediment proposed by Yuan
et al. (2011). Voordeckers et al. (2002) found that
metabolites of TCBPA anaerobic degradation in
estuarine sediments were mainly dichlorobisphenol A
and a small amount of monochlorobisphenol Awhile no
BPA was detected. Hence, TCBPA transformation in
anaerobic sediment was mainly from dechlorination,
and the extent of dechlorination was affected by variation
in the environmental conditions or the bacteria involved
(Voordeckers et al. 2002; Yuan et al. 2011). Under the
amended treatments, the chlorine atoms on TCBPA can
be dechlorinated completely.

In the electron donor-amended cultures, 44% loss of
200 μMwas observed after 160 days including an initial
lag period of 21 days. Addition of acetate, propionate,
butyrate, and lactate enhanced biotransformation of
TCBPA and shortened the degradation period compared
to un-amended control. As carbon sources, these
low-molecular-weight organic acids could be utilized
directly by microbes. H2, the electron donor for trans-
formation, was produced and therefore improved activ-
ity of microbes, promoted reductive dechlorination, and
accelerated degradation (Chang et al. 2012; Nies and
Vogel 1990; Yuan et al. 2011).

In this study, the best degradation effect of TCBPA
was seen in the methanogenic sediment. Significant
degradation of 200 μM TCBPA commenced at 14 days
and finished in 160 days with 65% loss, a disappearance
rate constant of 0.0064 day−1, and a half-life period of
112 days. Panagiotakis et al. (2014) found that different
species of Dehalococcoides and other dechlorinating
bacteria performed better under methanogenic condi-
tions or at low sulfate concentrations (0.31 mM) than
high sulfate concentration (4.2 mM).

Given 9.5–321 mg/kg (0.03–1 mM) sulfate in
Longtang river sediment, 1, 10, and 20 mM sulfate were
set up, respectively, in three levels of sulfate reducing
conditions for investigating impact of sulfate on dechlo-
rination. And under these three conditions, the lag

period and removal rate of TCBPA were 21 days, 43%;
42 days, 23%, and 42 days, 23% at 160 days, respective-
ly. Compared with high concentration sulfate, TCBPA in
sediment with a low sulfate concentration has higher
degradation efficiency and a shorter lag time.
Panagiotakis et al. (2014) found that dechlorinating
Dehalococcoides spp. predominate in mixed anaerobic
microbial communities regardless of the magnitude of
sulfate concentration while performed better in the pres-
ence of low sulfate concentrations (<0.31 mM) than in
the presence of higher sulfate concentrations (>4.2 mM).
Through investigating the effect of sulfate reduction on
anaerobic dechlorination of pentachloroaniline (PCA),
competition between sulfate reduction and dechlorination
for electron donor postponed degradation of PCA (Ismail
and Pavlostathis 2010). The rate of sulfate reduction
rather than sulfate concentration alone dictated the out-
come of the competition between sulfate reducers and
either dechlorinators or methanogens. Aulenta et al.
(2008) showed that the rapid and competitive utilization
of electron donor by sulfate reducing bacteria (SRB) had
an adverse impact on the rate of reductive dechlorination.
Liu et al. (2014) found that the number of SRB in the
process of TCBPA degradation decreased after the initial
increase and SRB played a positive role in the fate of
TCBPA. Bao et al. (2012) suggested that reduced sulfur
compounds produced by classical sulfate reducing bacte-
rium Clostridium sp. BXM have the ability to induce
dechlorination of p,p'-DDTs. In this study, we found that
SRB promote dechlorination, but the competition be-
tween SRB and dechlorinators for electron donors leads
to transient inhibition of dechlorination. The activity of
dechlorinators can therefore be suppressed by high sulfate
concentrations. Under sulfate reducing conditions (with
electron donors), dechlorination efficiency of TCBPA
was moderate among the amended treatments, where
the removal rate of TCBPA was less than that of the
electron donor alone enhanced system.

Microbial Diversity Reductive dechlorination of TCBPA
in sediment slurries was attributed to microorganisms.
Dominant microbial species, especially dechlorinators,
were the key factor leading to the differences of TCBPA
dechlorination efficiency under different treatments. There-
fore, it is necessary to analyze bacterial communities at
0 day (initial sediment) and after 160-day incubation under
different conditions. The bacterial community diversity
and structures in the sediment slurries were determined
by Illunmia 16S rRNA gene MiSeq paired-end
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sequencing. From eight samples, 282641 high-quality 16S
rRNA gene sequences with an average length of 414 bp
were generated from 300119 raw sequences following
quality control and removal of chimeras and non-target
sequences (Table S1). These sequences were assigned into
5107–5853 OTUs with a 0.97 similarity level (Table 1).

The richness of the samples was analyzed by OTUs
through the rarefaction curve (Fig. 2). The rarefaction
curves tended to plateau with an increase of sequences,
suggesting the majority of OTUs were represented
(Jayamani and Cupples 2015). The coverage index in-
dicated that the number of sequences was sufficient to
cover 87–94% of the bacterial communities (Table 1).
Therefore, this sequencing result is representative of the
actual sample composition. The OTU numbers of the
microcosm samples with each 160-day inoculation were
lower than that of the initial sediment (Fig. 2). This
indicated that bacterial diversity of sediment micro-
cosms declined after the addition of TCBPA.

Bacterial community diversity can be represented by
the alpha diversity index (Table 1). The abundance-based
coverage estimator (ACE) and Chao1 index expressed
community richness, Shannon and Simpson index signi-
fied community diversity, and Coverage index indicated
sequencing depth. The values of ACE and Chao1 are all in
direct proportion to the richness as is the Shannon index for
diversity. The value of Simpson index is negatively corre-
latedwith diversity. The highest Shannon index and lowest
Simpson index obtained in initial sediment samples illus-
trated that community diversity decreased during the time
of culture regardless of the anaerobic sediment treatments
used for TCBPA degradation. At 160 days, sediment

samples spiked with TCBPA have higher ACE and Chao1
indices than these of initial sediment. This suggests that
addition of TCBPA in sediment microcosms led to in-
creases of community richness.

Bacterial Community Analysis at Higher Taxonomic
Levels In the present study, nearly all sequences (99.5%)
were classified to bacteria and few sequences belonged to
archaea. Phyla with a relative abundance of >1% in at least
one sample were classified as dominant. A total of 30
identified phyla were observed among the test samples,
and the major phyla for each sample are shown in Fig. 3a.
The most abundant phyla were Proteobacteria,
Chloroflexi, Firmicutes, Bacteroidetes, Planctomycetes,
Nitrospirae, Verrucomicrobia, Acidobacteria,
Gemmatimonadetes, andChlorobi, and their relative abun-
dance occupied over 97% of all the sequences. The com-
positions of phyla under different conditions were almost
the same while abundance of phyla in different systems
was significantly different. Since no degradation of
TCBPAwas observed in the un-amended control, bacteria
responsible for dechlorination could preliminary proposed
based on comparison of relative abundance between
amended treatments and initial sediment.

At both 0 and 160 days, the most dominant phylum in
all treatments was Proteobacteria. Its relative abundance
decreased from 48% at 0 day to about 40% at 160 days
except for un-amended control and 20 mM sulfate treat-
ment whose increased to >50%. However, it is notewor-
thy that experimental group with 20 mM sulfate per-
formed lower TCBPA dechlorination efficiency than
1 mM sulfate, and the un-amended control had no effect

Table 1 The number of OTUs, community richness (ACE and Chao1), diversity (Shannon and Simpson), and coverage of samples in
differently treated samples

Samples Seq. Num. OTU Num. ACE Chao1 Shannon Simpson Coverage

Initial sediment 22745 5630 13475 10016 7.61 0.0015 0.87

Electron donor (ED) 27850 4913 19620 13926 7.02 0.0062 0.80

TCBPA (un-amended control) 33462 5107 14618 10336 6.75 0.0066 0.92

TCBPA + ED 35368 5853 19584 13638 6.95 0.0045 0.90

TCBPA + ED + Methanogenic condition 40904 5607 19509 12948 6.51 0.0080 0.92

TCBPA + ED
+1 mM SO4

2−
45320 5461 14492 10234 6.63 0.0061 0.94

TCBPA + ED
+10 mM SO4

2−
35666 5274 16906 11668 6.74 0.0054 0.92

TCBPA + ED
+20 mM SO4

2−
41326 5315 13955 10138 6.64 0.0074 0.93
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on the TCBPA dechlorination as mentioned before.
Proteobacteria may not include in the groups directly
capable of TCBPA elimination in anaerobic degradation
systems. However, it should be noted that some
non-dechlorinating bacteria are known to have important
roles to support other dechlorinating bacteria, such as

Desulfovibrio vulgaris cable of ferment lactate to provide
H2 and acetate for Dehalococcoides ethenogenes strain
195 growth and dechlorination (Men et al. 2012). Similar-
ly, Planctomycetes, Acidobacteria, Gemmatimonadetes,
and Chlamydiaemade no contribution to TCBPA dechlo-
rination because of lower relative abundance and low

Fig. 2 Rarefaction curve of
OTUs in sediment samples at a
0.03 distance limit

Fig. 3 Taxonomic classification
of the 16S rRNA gene,
characterized using paired-end
sequencing, from differently
treated anaerobic sediments
bacterial communities at phylum
(a) and class (b) levels. Bacteria
that represented less than 1% in
each sample were grouped in
Bothers^
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abundance (<1%) in amended conditions at 160 days
compared to the initial sediment and the un-amended
control at 160 days. Due to the relative abundances of
Nitrospirae and Verrucomicrobia in the unamended con-
trol and other amended treatments increased significantly
from 0 to 160 days, the effect of them on TCBPA dechlo-
rination needs advance estimation.

Chloroflexi plays a key role in dechlorination of
TCBPA. Relative abundance of Chloroflexi increased by
19% (electron donor), 21% (TCBPA + electron donor),
24% (methanogenic condition), 17% (1 mM SO4

2−), 24%
(10 mM SO4

2−), and 11% (20 mM SO4
2−) while only 5%

for the un-amended control. Chloroflexi are ubiquitous in
many environments (Yamada and Sekiguchi 2009), and
previous works have documented the dechlorination abil-
ity of Chloroflexi, especially the genus Dehalococcoides
(Bunge et al. 2003; Fennell et al. 2004; Jayachandran et al.
2003). In this study, no Dehalococcoides were identified,
but other bacteria in theChlorofleximay have the ability to
dechlorinate TCBPA. These groups include the
Anaerolinea, Bellilinea, Leptolinea, and Longilinea (Fang
et al. 2014; Praveckova et al. 2015).

Besides, Bacteroidetes and Firmicutes which have
been reported as important constituents of other
dechlorinating systems and include some dechlorination
strains (Pérez-de-Mora et al. 2014; Zhang et al. 2015).
Firmicutes is capable of dechlorination and is involved
in anaerobic dechlorinating processing of chlorinated
organic compounds, such as polychlorinated biphenyls
(Gomes et al. 2014; Suzuki et al. 2013), pentachloro-
phenol (Liu et al. 2013), and chlorinated ethylene
(Miura et al. 2015; Ziv-El et al. 2011). Relative abun-
dance of Firmicutes remained about 8% during incuba-
tion. Chlorobi belongs to obligate anaerobic bacteria
using the reduction of sulfur and hydrogen molecules
as electron donors (Podosokorskaya et al. 2013). Be-
sides,Chlorobi growwith CO2 as the sole carbon source
and also assimilate simple organic acides such as ace-
tate, are commonly found in stratified, anoxic sediments
and aquatic environments. In this study,Chlorobi (green
sulfur bacteria) in methanogenic condition was the most
abundance among all the amended treatment.

Figure 3b illustrates that 21 identified classes with
relative abundance of >1% in at least in one samples
accounted for >96% of all sequences. The dominant class
at 160 days was Anaerolineae (Chloroflexi), followed by
β-proteobacteria, α-proteobacteria, δ-proteobacteria
and γ-proteobacteria (Proteobacteria), Clostridia
(Firmicutes), and Bacteroidia (Bacteroidetes). And an

obvious shift of dominant bacterial was taken from
α-proteobacteria at 0 day to Anaerolineae at 160 days
(Fig. 3b). The relative abundance of Anaerolineae in-
creased from 12% at 0 day to 31% (electron donor),
17% (un-amended control), 33% (TCBPA + electron
donor), 34% (methanogenic condition), 28% (1 mM
SO4

2−), 35% (10 mM SO4
2−), and 23% (20 mM SO4

2−)
at 160 days. The relative abundance of Anaerolineaemay
have been promoted by electron donors but partially
suppressed by high sulfate concentrations. Relative abun-
dance of δ-proteobacter was decreased under methano-
genic conditions at 160 days compared with the initial
sediment, while there was an increase under the other
conditions and a positive correlation with sulfate concen-
tration (11, 11, and 14% at 1, 10, and 20 mM SO4

2−,
respectively) under sulfate reducing conditions. Most
haloalkaliphilic SRBs reported belong to the phylum
Proteobacteria (Zhou et al. 2015) and some groups have
the ability to induce dechlorination of chlorinated organic
compounds (Bao et al. 2012). Members of the class
δ-proteobacteria of Proteobacteia in this study may be
capable of dechlorinating TCBPA. While because of con-
siderable levels ofβ-proteobacteria,α-proteobacteria, and
γ-proteobacteria in the un-amended control in which no
TCBPA degradation was observed, these three classes had
no apparent effects directly on the dechlorination of
TCBPA.

At the same time, Bacteroidia increased from 0.6% at
0 day to 4.4% (electron donor), 3.1% (un-amended con-
trol), 4.2% (TCBPA + electron donor), 4.7% (methano-
genic condition), 4.3% (20 mM SO4

2−), 3.8% (10 mM
SO4

2−), and 5.8% (1 mM SO4
2−) at 160 days. The relative

abundance of Ignavibacteria in phylum Chlorobi under
the methanogenic condition at 160 days was at least four
times that of the other conditions. It is worth noting that
there were few Dehalococcoidia in sediment microcosms
at 0 and 160 days. Known dechlorinating bacteria belong
to the Dehalococcoidia class of the Chloroflexi (Loffler
et al. 2013). Some of these, such as Dehalococcoides
mccartyi, can dechlorinate chloroethylene and many other
chlorinated aromatic compounds.

Bacterial Community Analysis at the Genus Level Among
895 genera found in the eight samples, the heat map of
the top 50 with relative abundance >1% in at least one
sample is shown in Fig. 4. The maximum relative abun-
dance occupied by unclassified Anaerolineaceae, rose
from 5.7% in initial sediment to 14% (electron donor),
7.3% (un-amended control), 16% (TCBPA + electron
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donor), 15% (methanogenic condition), 13% (1 mM
SO4

2−), 17% (10 mM SO4
2−), and 9.5% (20 mM SO4

2

−) (Table 2). Besides, other genera including Longilinea
(1.6–8.0%), Leptolinea (2.5–6.3%), Azospira (2.6–
4.1%), Anaerolinea (0.7–3.7%), unclassified
Gallionellaceae (0.2–5.9%), vadinBC27 (0.1–3.7%),
Th ioha loph i lu s (0 .04–8 .5%) , unc l a s s i f i ed
Xanthomonadales (0.7–4.1%), Clostridium (0.5–3.2%),
and Desulfobulbus (0.2–5.6%) presented comparatively
high relative abundances as well. Among these, unclas-
sified Anaerolineaceae, Longilinea, and Leptolinea were
always dominant (Fig. 4 and Table 2). Anaerolinea was
the dominant genus capable of remediation of field

contaminated by organic pollutants such as dichlorodi-
phenyltrichloroethane (DDT), hexachlorocyclohexane
(HCH), and atrazine (ATZ) (Fang et al. 2014). Sequences
of Leptolinea showed high similarity (97–99%) with
those of reductive dechlorinating bacteria enriched by
chlorinated organic compounds (Praveckova et al.
2015). The genus vadinBC27 is important in degrading
polybrominated diphenyl ethers (PBDE) enhanced with
electron donors and this group has played a pivotal role in
the treatment of recalcitrant organic contaminants in land-
fill leachate (Xie et al. 2014). Compared with other
samples at 160 days, Atopobium, unclassified
Christensenellaceae, and Ignavibacterium possessed

Fig. 4 Heat map analysis of the
top 50 dominant bacterial genera
in all samples
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significant advantages under methanogenic conditions.
Under sulfate reducing conditions, the abundances of
Anaerolinea, Geobacter, Olsenella, unclassified
Xanthomonadales, Desulfuromonas, and Sphingobium
were reduced with sulfate addition, while the abundance
of Azospira, Olsenella, and Sphingobium increased in elec-
tronic donor promoting conditions.

We identified 10 genera (Table 2) that likely contribute
to the dechlorination of TCBPA. They belong to the four
phyla: Chloroflexi, Firmicutes, Bacteroidetes, and
Chlorobi. The most abundant groups within Chloroflexi
were unclassified Anaerolineaceae, Longilinea,
Leptolinea, Anaerolinea, and Bellilinea and they signifi-
cantly increased from 0 to 160 days, followed by
vadinBC27, unclassified Porphyromonadaceae, Clostrid-
ium, Fastidiosipila, and Ignavibacterium. Clostridium is
an important member of a synthetic dehalogenation culture
and can act as a hydrogen supplier via glucose
fermentation. Chen et al. (2013) showed that Clostridium
was the predominant bacteria involved with DDT degra-
dation in paddy soils and Clostridium sp. T-RF 521 was
very similar to dechlorinating bacteria. Ignavibacterium
had an advantage at 160 days under the methanogenic
condition compared with the other treatments. Form an
initial level of 12% at 0 day, the total relative abundances
of these potential dechlorinating bacteria increased to 37%
(electron donor), 43% (methanogenic condition), 38%
(TCBPA + electron donor), and 29–40% (sulfate reducing
condition). The TCBPA degradation efficiency order (high
to low) was methanogenic condition > electron donor >
sulfate reducing condition. These dechlorinators were
more abundant in sulfate reducing conditions of 1 mM
initial sulfate than in 20mMsulfate. Relative abundance of
genera Desulfobulbus, Geobacter, Desulfuromonas of
Deltaproteobacteria increased with the addition of sulfate.
Geobacter use organohalide respiration allowing for ener-
gy conservation (Richardson 2013). Geobacter lovleyi
causes reductive dechlorination of tetrachloroethene
(PCE) and trichloroethene (TCE) and combines this with
energy conservation and growth (Philips et al. 2013;
Wagner et al. 2012). The presence ofGeobacter supported
Dehalococoides dechlorination activity (Yan et al. 2012).
Desulfobulbus andDesulfuromonaswere formerly known
as SRB (Richardson 2013). Several species belonging to
SRBs are dehalogenating anaerobes like Desulfomonile
tiedjeiDCB-1 and dehalogenation of halogenated aromatic
compounds like chlorophenols by SRBs has been reported
(DeWeerd et al. 1991; Rasool et al. 2015). The role of
SRBs in dehalogenation due to the inhibition of

dehalogenases by sulfate, sulfite, or hydrogen sulfide,
and competition for electron donor between SRBs and
dehalogenators has been controverial (Aulenta et al.
2008; Liu et al. 2014; Panagiotakis et al. 2014;
Voordeckers et al. 2002). In this study, we found that less
sulfate in the system produced more efficient dechlorina-
tion of TCBPA. This indicated that negative influence of
sulfate reduction was greater than the positive affect of
SRBs on dechlorination. Therefore, the dechlorination
efficiency of TCBPA with high sulfate concentration
was not optimal due to inhibition of dechlorinating bac-
teria performance by high sulfate concentration
(Panagiotakis et al. 2014).

The rate and extent of anaerobic TCBPA loss varied
under different reducing conditions. The most effective
anaerobic system for dechlorination of 200 μM TCBPA
over 160 days was methanogenic followed by electron
donor enhanced and sulfate reducing conditions with
1 mM SO4

2−, 10 mM SO4
2−, and 20 mM SO4

2−. Anal-
ysis by high-throughput sequencing of the 16S rRNA
gene showed that the addition of TCBPA to reductive
dechlorinating conditions decreased of bacterial com-
munity diversity. Analysis of the bacterial community at
phylum, class, and genus levels demonstrated that an
increase of putative dechlorinating bacteria in the mi-
crocosm is the key factor for effective TCBPA degrada-
tion. Efficient degradation of TCBPA under anaerobic
conditions depended on abundant dechlorinating bacte-
ria whose performance would be affected by high sul-
fate concentrations lowering the degradation rate of
TCBPA. Although TCBPA could be dehalogented to
BPA under bothmethanofenic and sulfate-reducing con-
ditions, further investigation on eliminate BPA persis-
tent in anerobic condition is required.
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