Bioresource Technology 102 (2011) 9148-9154

journal homepage: www.elsevier.com/locate/biortech

Contents lists available at ScienceDirect

Bioresource Technology

BIORESOURCE
TECHNOLOGY

One-step process for debromination and aerobic mineralization of
tetrabromobisphenol-A by a novel Ochrobactrum sp. T isolated

from an e-waste recycling site

Taicheng An®*, Lei Zu®, Guiying Li **, Shungang Wan *¢, Bixian Mai?, Po Keung Wong"

4 The State Key Laboratory of Organic Geochemistry and Guangdong Key Laboratory of Environmental Protection and Resources Utilization,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
bSchool of Life Sciences, The Chinese University of Hong Kong, Shatin, NT, Hong Kong SAR, China

€ Graduate School of Chinese Academy of Sciences, Beijing 100049, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 May 2011

Received in revised form 23 June 2011
Accepted 24 June 2011

Available online 30 June 2011

Keywords:
Tetrabromobisphenol-A
Brominated flame retardants
Ochrobactrum sp.
Biodegradation

A novel bacterium, Ochrobactrum sp. T, capable of simultaneous debromination and aerobic mineraliza-
tion of tetrabromobisphenol-A (TBBPA), was isolated from a sludge sample collected from an electronic-
waste recycling site. The bacterium exhibited maximal debrominase activity at pH 6.5, 35 °C, and
200 rpm in Luria-Bertani culture medium. Initial TBBPA concentration and pH had more significant
effects on degradation efficiency than those of temperature and inoculum size. Degradation and debro-
mination efficiencies of 91.8% and 86.7%, respectively, were achieved within 72 h under optimized con-
ditions of 35 °C, pH 7.0, inoculum volume of 25 mL, and TBBPA concentration of 3 mg L™'. In addition, a
35.6% decrease in total organic carbon was observed after the degradation of 5 mg L~' TBBPA for 120 h.
Eight metabolic intermediates were identified during the biodegradation of TBBPA. This study is the first
report to propose a one-step process for TBBPA debromination and mineralization by a single bacterial

Mineralization strain.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Brominated flame retardants (BFRs) are a group of brominated
organic compounds extensively incorporated into many consumer
products such as building materials, electronic goods, carpets,
upholstery textile, and car panels to reduce the flammability of
the final manufactured products (de Wit, 2002). Among of many
BFRs, tetrabromobisphenol-A (TBBPA) is one of the most widely
used commercially, with the highest global consumption of over
500,000 metric tons annually (Alaee et al., 2003). TBBPA does not
leak into the environment because it is covalently bound to poly-
mers. Nevertheless, a growing body of evidence had demonstrated
the presence of TBBPA in various environmental samples such as in
air (de Wit et al., 2010; Xie et al., 2007), water (de Wit et al., 2010),
soil and sediment (de Wit et al., 2010), aquatic animals (de Wit
et al.,, 2010; McHugh et al,, 2010), and human tissues (Cariou
et al., 2008) due to its persistent, lipophilic, and bioaccumulative
properties (Reistad et al., 2005). In animals, TBBPA has been
reported to have thyroid hormone-like and estrogen receptor-
mediated effects that make estradiol inactive (Stasinakis et al.,
2010). It also showed high acute toxicity to algae, mollusks, crusta-
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ceans, and fish (Darnerud, 2003). These risks were magnified by
TBBPA detection at increasing concentrations in environmental
and biological samples worldwide (Zhang et al., 2009).

To date, only a few studies report on the biotic and abiotic
transformation of TBBPA in the aquatic environment. Abiotic pro-
cesses include photodegradation (Eriksson et al., 2004; Horikoshi
et al., 2008) and chemical reactions with manganese dioxide (Lin
et al., 2009) or singlet oxygen (Han et al., 2008) present in the envi-
ronment. Even fewer studies focusing on the biodegradation of
TBBPA have been published (de Wit, 2002). Thus, deeper knowl-
edge on TBBPA toxicity assessment and fate in water environ-
ments, especially the half-lives in water and solid environments,
are urgently needed. However, most studies investigated whether
TBBPA can be debrominated under anaerobic conditions (Arbeli
et al., 2006; Iasur-Kruh et al., 2010) or without further degradation
in either under anaerobic or aerobic condition (Brenner et al.,
2006). Some studies compared the anaerobic debromination of
TBBPA with six other BRFs and found that TBBPA was the most dif-
ficult to be degraded (Nyholm et al.,, 2010). To the best of our
knowledge, all previous studies focused on the feasibility of TBBPA
debromination under anaerobic conditions rather than mineraliza-
tion in an aerobic system. A bacterial strain that can directly
decontaminate TBBPA has not been isolated up to now, although
the anaerobic debromination of TBBPA has been reported previ-
ously (Arbeli et al., 2006; Nyholm et al., 2010).
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Bromine substitution may increase the inherent toxicity of a
compound (Haggblom and Bossert, 2003). Conversely, debromina-
tion is the most crucial process in the detoxification of BFRs and in
the reduction of resistance to aerobic biodegradation of toxic inter-
mediates during subsequent metabolic steps (Janssen et al., 2001).
Removal of bromine or chlorine atom(s) frequently renders the
molecule more susceptible to complete mineralization (Armenante
et al., 1999; Li et al., 2008). The complete microbial mineralization
of TBBPA was previously accomplished with two steps: reductive
debromination of TBBPA under anaerobic conditions with subse-
quent mineralization of BPA by a Gram-negative aerobic bacterium
(Ronen and Abeliovich, 2000). To the best of our knowledge, a one-
step process for simultaneous debromination and aerobic mineral-
ization of TBBPA in the same system has never been reported.

In the present study, a novel bacterial strain that can simulta-
neously debrominate and mineralize TBBPA efficiently in an aero-
bic system was isolated and identified. The dependence of
debrominase activity on growth conditions of the novel bacterial
strain was determined. Important parameters, such as substrate
concentrations, inoculum volume, initial pH, and temperature, in
TBBPA debromination biodegradation and mineralization were
optimized. Furthermore, TOC was employed to probe the degree
of TBBPA mineralization, whereas gas chromatography-mass spec-
trometer detector (GC-MSD) was applied to identify debromina-
tion and mineralization intermediates. Finally, a TBBPA
decontamination mechanism in an aerobic system using the new-
ly-isolated bacterium was also proposed.

2. Methods
2.1. Enrichment and isolation

The bacterial strain was isolated from a sludge sample collected
from Guiyu Town in Southeast China, the world’s largest elec-
tronic-waste recycling site. Detailed descriptions of the chemicals,
growth medium, and sampling location are given in Supporting
Information. Bacterial strain capable of degrading TBBPA was iso-
lated as follows. About 3 g (wet weight) sludge was added to
100 mL mineral medium (MM) containing 0.5 mg L~! TBBPA. After
one week incubation at 35 °C with shaking at 150 rpm, 10% (v/v) of
the culture was inoculated into 100 mL MM with the addition of
TBBPA ranged from 1.0 to 3.0 mgL ! once every week for two
months to enrich the TBBPA-degrading bacteria. Then, 200 pL of
the resulting cultures were spread onto Luria-Bertani (LB) agar
medium containing 1.0 mg L~! TBBPA, followed by incubation at
30°C for 3 d. Colonies with a distinct morphological type were
picked up and transferred to standard LB agar medium until a pure
strain was isolated.

2.2. Bacterial strain identification

Cell morphology of the bacterial strain was observed by a light
microscopy and confirmed using a transmission electron micro-
scope (TEM, HITACH]I, Japan) to ensure purity of the strain. Physio-
logical and biochemical identification of the strain was performed
using standard procedures (Guo, 2007). Characteristics of the bac-
terial isolate were determined according to Bergey’s Manual of
Determinative Bacteriology (Buchanan et al., 1984). The identity
of the selected bacterial strain was further confirmed by 16S rRNA
gene sequence analysis. Experimental details are shown in Sup-
porting Information.

2.3. Determination of growth pattern of the strain

The growth pattern of the bacterial strain was determined by
inoculating a loopful over night culture in 75 mL of LB culture

medium in 250-mL shake flasks without TBBPA for 24 h. Various
growth parameters were optimized afterwards. Unless otherwise
specified, all experiments were performed at 35 °C, pH 7.0, and
200 rpm. At the given sampling time, optical density at 600 nm
(ODggo) of each culture was measured using a spectrophotometer
(GE Healthcare) after 2—3 s vigorous vortexing. All experiments
were conducted in triplicate.

2.4. Measurement of debromination activity

After incubation, late log growth phase cultures under different
growth conditions were harvested by centrifugation at 10,000g for
10 min. The cell pellet was re-suspended in sterile distilled water
and washed twice, then re-suspended in MM containing 2 mg L™!
TBBPA. Finally, the resulting suspensions were incubated at 30 °C
and 200 rpm for 12 h. The concentration of free Br~ released from
TBBPA during degradation was measured at appropriate intervals
according to the standard method (APHA, 1995). Debromination
activity of the bacterial strain per gram was expressed and deter-
mined as ug mL~! bromine released per hour according to the
method reported previously (Olaniran et al., 2001).

2.5. TBBPA biodegradation and decontamination

The bacterial strain was cultured in LB culture medium for 15 h
with continuous shaking, after which biodegradation behaviors of
the strain under various conditions were investigated. Unless
otherwise specified, biodegradation experiments were performed
by inoculating 15 mL of late log growth phase cultures in 100 mL
of MM and 5mgL~! TBBPA in 250-mL shake flasks at 30 °C, pH
7.5, and 200 rpm. Since low solubility of TBBPA (Kuramochi et al.,
2008) under the experimental conditions used in this study, TBBPA
crystals presented in the medium during growth to maintain the
concentration of TBBPA near the saturating level. The pH of every
sample (each sample point prepared in single flask) was adjusted
to about 9.0 to ensure that all TBBPA was dissolved in the solution
before analyzed by HPLC. For each batch of experiments, one
parameter was varied while others were kept constant. All samples
were analyzed in triplicate.

Degradation efficiency of TBBPA was determined every 12 h for
4 d by high performance liquid chromatograph (HPLC) (Agilent
1200 HPLC) equipped with an UV detector set at 230 nm. Separa-
tion was achieved on a Kromasil 100-5C18 (AKZONOBEL
250 mm x 4.6 mm id, Sweden) analytical column at ambient tem-
perature. The eluent was a mixed solution of 80% methanol, 18% ul-
tra-pure water, and 2% acetic acid at a flow rate of 1 mL min~".

CO, concentrations in the gas phase of shake flasks were deter-
mined by a gas chromatograph coupled with a flame ionization
detector (GC-FID) (Shanghai, China) equipped with a methane
converter. A TDX-01 column set at 150 °C was used for separation
of CO,. The temperatures of injector and detector were 180 and
230 °C, respectively. MM containing late log growth phase cultures
without TBBPA served as a blank sample to deplete other sources
of CO,. Parafilm was used to seal the flask to ensure a closed sys-
tem. CO, was drawn from the closed system by a 500 pL gas-tight
locking syringe (Agilent, Australia). Henry’s Law was used to calcu-
late CO, concentration in the aqueous phase.

2.6. Identification of metabolites

Metabolites in the degradation solution (100 mL) were ex-
tracted three times consecutively using 30 mL mixture of dic-
hlormethane/hexane (2:1, v/v) at pH 2.0 and 10.0, respectively,
and then at pH 7.0 (1:1, v/v). The mixed extract was concentrated
to 1 mL by a rotary evaporator, averaged into two 1.5 mL vials, and
then completely dried with a gentle stream of high-purity
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Fig. 1. Phylogenetic tree based on 16S rRNA sequence analysis (1000 bootstrap for
the confidence level). The bar represents 0.002 nucleotide substitution per 100
nucleotides.

nitrogen. For direct detection of intermediates, one portion of the
sample was re-dissolved in 0.1 mL hexane and then injected into
the gas chromatograph (Agilent 7890) coupled with a mass selec-
tive detector (Agilent 5975C) (GC-MSD) with a DB-5 column
(30 m x 0.25 mm, 0.25 pm film thickness). For indirect identifica-
tion of polar metabolites, another portion was derived overnight
at 25°C using 50 pL N,O-bis-(trimethylsilyl)-trifluoroacetamide
(BSTFA) as derivation reagent and 50 pL pyridine as catalyst for
GC-MS detection. Column temperature was programed as follows:
60°C for 1min, rose to 150°C at 30°Cmin~!, to 300°C at
5°Cmin~!, and then held constant for 5 min. Mass spectra were
recorded in electron ionization mode at an ion source temperature
of 230 °C and an electron energy of 70 eV.

3. Results and discussion
3.1. Isolation and identification of TBBPA-degrading strain

After two months of acclimatization, three single colonies with
different morphological types on agar plate were isolated. A pilot
study showed that without any anaerobic treatment, Strain T had
the highest TBBPA degradation efficiency, so that it was chosen
as the target strain. Purity of Strain T was determined by morpho-
logical uniformity of cells from a single colony on solid medium
plates via microscopic observation. Strain T was identified by 16S
rRNA sequence analysis. Biochemical and physiological character-
istics were also investigated. Electrophoresis result of partial 16S
rRNA is presented in Fig. S1. The corresponding 1432-bp gene frag-
ment was subjected to sequence analysis. The nucleotide sequence
of the 16S rRNA gene of Strain T can be found in GenBank (acces-
sion number HM543185). A phylogenetic tree based on the 16S
rRNA sequences was constructed using the Neighbor-Joining
method after alignment with related sequences from the GenBank
database (Fig. 1). Strain T was clustered in the phylogenetic branch
of family Brucellaceae and in the alpha subdivision of Proteobacte-
ria, which comprises of the genera Brucella, Mycoplana, and Ochro-
bactrum. The closest match of the 16S rRNA sequence of Strain T
was that of Ochrobactrum anthropi with a homology of 98.1%, fol-
lowed by that of Ochrobactrum intermedium with a homology of
96.2%. Based on these values, the newly-isolated Strain T was clas-
sified into the genus Ochrobactrum.

The morphological, physiological, and biochemical characteris-
tics of Strain T are presented in Table S1. The bacterium is Gram-

negative, rod-shaped, and round-ended (0.4 — 0.8 x 1.6 — 2.2 um)
with peritrichous flagella (Fig. S2). However, it is non-motile be-
cause of the exfoliation of flagella. Colonies are round, non-pig-
mented, and glossy with a diameter of 1-2 mm on agar plate.
Based on these findings, Strain T was designated as a novel strain
belonging to Ochrobactrum and was named as Ochrobactrum sp. T.

3.2. Growth and debromination activity of Ochrobactrum sp. T

The growth characteristics of Ochrobactrum sp. T are important
in TBBPA degradation, since bacterial cells will have different func-
tional metabolism under different growth condition. Therefore, the
dependence of debromination activity of this novel bacterial strain
on cell growth was investigated. The effect of various parameters
such as temperature, pH, and shaking speed on both growth and
debromination activity of the bacterial strain were compared.
Fig. 2a shows a plot of ODggg against culture time in different cul-
ture media with pH ranging from 5.0 to 9.0. Results indicate that
acidic or alkaline pH inhibits cell growth. At pH 5.0 and 9.0, the
lag growth phase of Ochrobactrum sp. T was prolonged to 5 h, with
ODggo of only 0.82 and 0.70, respectively, after 24 h cultivation.
These values are much lower than that (i.e. 1.19) at pH 7.5.
Fig. 3a illustrates that debromination activity profile of Ochrobac-
trum sp. T changed markedly with changes in pH. As expected,
higher values of debromination activity were obtained around pH
7.0. However, the highest debromination value of
0.12 ug mL~! Br! (g wet biomass)~' h~! was achieved at pH 6.5
instead of the optimal growth pH (i.e. 7.5) of the bacterial strain.
Debromination at pH 5.5 was also much higher than that at pH
8.0, although pH 8.0 was favorable to cell’s growth. The lowest
debromination  activities (0.02 pgmL !'Br-!(g wet bio-
mass)~! h™!) were obtained at pH 9.0. Our findings do not consis-
tent with those of other studies, which reported that the
dehalogenation process is favored in an alkaline medium (Olaniran
et al.,, 2001). One possible explanation is that dehalogenases are
composed of a group of bacterial enzymes from different strains
with a diversity of structure and characteristics, so that they have
varying responses to different substrates (Sfetsas et al., 2009).

Fig. 2b revealed that the optimum temperature for bacterial
growth was 30°C. ODggp of cultures at 40°C, and especially
20 °C, were notably lower than those grown at other temperatures,
for example 25, 30 and 35 °C. Debrominase activity increased from
0.065 to the peak value of 0.125pgmL~'Br !(g wet bio-
mass)~' h™! as temperature increased from 20 to 35 °C, and then
decreased dramatically to 0.085ugmL™'Br~'(g wet bio-
mass) ' h™! at 40 °C (Fig. 3b). Interestingly, debromination was
much higher at 35 °C than that at 30 °C, although bacterial growth
was slightly slower at 35 than that at 30 °C. Our findings are in
agreement with previous reports that the optimal temperature
for aerobic dechlorination by two other bacterial species was be-
tween 30 and 35 °C (Olaniran et al., 2002).

Shaking speed (aeration) can influence dissolved oxygen (DO) in
the culture medium and subsequently affect cell growth. There-
fore, the effect of shaking speed on strain growth was investigated.
Results showed that strain growth increased gradually but not
remarkably when shaking speed was increased from 60 to
200 rpm, and then increased much slowly with a further increase
of shaking speed to 250 rpm (Fig. 2¢). In comparison, debrominase
activity was not as profoundly affected (Fig. 3c) and the maximum
value was achieved at 200 instead of 250 rpm. This could be ex-
plained that debromination is not strictly aerobic, so that a higher
DO level might not be favorable for enzyme activity. The results
also indicate that cell growth is relatively rapid and debrominase
activity is maintained at the highest level at the shaking rate of
200 rpm.
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3.3. Biodegradation and debromination of TBBPA

In general, debromination is the first step in the biodegradation
of BFRs. Thus, biodegradation and debromination of TBBPA were
compared in this study. The effects of various parameters (e.g. ini-
tial pH value, initial concentration of TBBPA, temperature, and
inoculum volume) on the degradation and debromination of TBBPA
were investigated at a fixed shaking speed of 200 rpm. Results
showed that TBBPA biodegradation efficiency was affected by the
initial concentration of TBBPA with a predominant antagonistic ef-
fect and by inoculum volume with a synergistic effect to some ex-
tent (Fig. 4a and b). Optimum pH and temperature for TBBPA
degradation was 7.0 and 35 °C, respectively (Fig. 4c and d). Biodeg-
radation efficiency decreased steadily from 91.8% to 39.3%, while
half-lives increased from 29.8 to 133.2 h when initial concentra-
tion of TBBPA was increased from 3 to 25 mg L' (Table S2). Our re-
sults concur with the report that low TBBPA concentration can be
easily debrominated with a half-life of 0.59d (14.2 h) (Gerecke
et al.,, 2006). However, TBBPA biodegradation took more than
100 days (Voordeckers et al., 2002) and up to 430 days (Nyholm
et al,, 2010) in previous studies. This is because high biodegrada-
tion could be achieved at a low substrate concentration (3 mgL™!)
with relatively high solubility at optimal condition of a high inoc-
ulum volume of 25 mL, a pH of 7.0, and a temperature of 35 °C in
the present study.

The effect of various important parameters on debromination
efficiency was investigated using procedures similar to those for
the study of degradation efficiency (Fig. 4). Under optimized condi-
tions for debromination of pH 7.0, 35 °C, inoculum volume of
25 mL, and TBBPA concentration of 3 mg L™, a debromination effi-
ciency of up to 86.7% was obtained. Findings indicate that Ochro-

bactrum sp. T has a strong ability to TBBPA degradation and
debromination under aerobic condition. This contradicts with the
previous reports that microbial debromination occurs under anaer-
obic condition (Arbeli et al., 2006; Ronen and Abeliovich, 2000;
Voordeckers et al., 2002). Results suggest that the bacterial strain
isolated in the present study is a novel TBBPA-degrading bacterial
strain.

Cell growth was studied during the biodegradation process
(Fig. S3). ODggp in the biodegradation system was not as high as
that in LB, and the log growth phase was prolonged in MM with
TBBPA as the degradation substrate. It was found that ODggg de-
creased steadily with increasing substrate concentration, indicat-
ing that there may be substrate inhibition that limits TBBPA
concentration at a relative small extent. Under the optimized con-
ditions of 35 °C, pH 7.0, 25 mL inoculums, and 3 mg L~! TBBPA, the
bacterial strain produced the highest degree of TBBPA biodegrada-
tion and cell density reached ODggo of 0.387 during log growth
phase within 48 h.

3.4. Mineralization of TBBPA

To further test the detoxification of TBBPA by this novel bacte-
rial strain, the complete mineralization product, CO,, was detected
at relatively high TBBPA concentration (Fig. 5). TBBPA mineraliza-
tion efficiencies increased slightly during the first 60 h, increased
rapidly during the next 36 h, and then leveled off with further pro-
longing of reaction time. About 35.6% of carbon contents of TBBPA
(5mgL~") were mineralized and completely converted to CO,.
However, only 20.3% of mineralization efficiency could be achieved
at a higher TBBPA concentration (25 mg L™!). Results indicate that
Ochrobactrum sp. T could not only debrominate efficiently, but
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could also completely mineralize TBBPA if degradation time was
sufficiently prolonged. To the best of our knowledge, this study is
the first to report that a single bacterial strain can simultaneously
debrominate and mineralize TBBPA into CO, under aerobic
condition.

3.5. Mechanisms of TBBPA aerobic metabolism

To better understand its environmental fate in water environ-
ments, the possible biodegradation pathways and mechanism of
TBBPA, including its simultaneous debromination and BPA mineral-
ization by Ochrobactrum sp. T, were also proposed based on GC-MS
results. Two debrominated intermediates, TriBBPA and BPA, and six
other ring-opening by-products were detected with and without
BSTFA derivatization. Mass spectrum of the eight intermediates
(Fig. S4) revealed that two tribrominated intermediates and four
dibrominated intermediates could be defined by the isotopic
characteristic peak mfz (M — 2):M:(M +2):(M+4)=1:3:3:1 and
m/z(M — 2):M:(M + 2) = 1:2:1, respectively. The chemical structure
and retention time of the intermediates are summarized in Table S3.
The eight degradation intermediates were identified as 2,6-dibro-
mo-4-(propan-2-ylidene)cyclohexa-2,5-dienone (A), 2,6-dibromo-
4-(2-hydroxypropan-2-yl)phenol (B), 2,6-dibromo-4-(prop-1-en-

) 9.0; and (d) temperature: (H) 27 °C; (@) 32 °C; (

) 35°C; (¥) 37°C; () 40 °C on TBBPA biodegradation efficiency (solid lines) and

2-yl)phenol (C), 2,4,6-tribromophenol (D), 2,6-dibromo-4-(2-meth-
oxypropan-2-yl)phenol (E), TriBBPA (F), BPA (G), and 1-(4-hydroxy-
phenyl) ethanone (H). Note that intermediate (C) was found only
with BSTFA derivatization, while the other seven intermediates
were identified both with and without BSTFA derivatization.

Based on the identified intermediates, a possible biodegradation
mechanism of TBBPA by the isolated bacterial strain was proposed
(Fig. 6). Two distinct pathways might occur simultaneously during
biodegradation. First, TBBPA is oxidized to lose an electron.
Although the oxidative form of TBBPA was not detected in the
GC-MS, its scission product (A) was found in the mass spectra. This
step was also established in the oxidation of TBBPA by manganese
dioxide (Lin et al., 2009). Note that this step ensures the occurrence
of the two subsequent two pathways occurrence. Reductive debro-
mination occurs under anaerobic condition probably because oxy-
gen is a competitive electron acceptor of the substrate TBBPA. This
is why most previous studies could achieve debromination prod-
ucts only under anaerobic condition. Analysis of degradation inter-
mediates suggests that in this biodegradation system, oxygen is
used to oxidize TBBPA first and the other oxidative intermediates
consume the competitive electron acceptor, thus providing the
reducing power (i.e. hydrogen) and ensuring that reductive debro-
mination of TBBPA occurs easily. These two pathways could be de-
scribed as both the oxidation and the reduction routes of TBBPA,
respectively. Following Route [ (oxidation route), intermediates
(A) and (B) are produced directly from the decomposition of oxida-
tive TBBPA, leading to intermediate (C) and 2,6-dibromophenol
(not detected) after dehydrogenation and decomposition. Then,
intermediate (C) is further converted to 2,4,6-tribromophenol
(2,4,6-TBP) (D), which has been reported previously (Barontini
et al., 2004). Intermediate (E) also could be produced by the meth-
ylation reaction via intermediate (B). The ring cleavage product is
further oxidized to CO, and Br! finally. In Route II (reductive
debromination), intermediate BPA (G) is produced by the complete
reductive debromination of TBBPA via TriBBPA (F). Coincidentally,
the mechanism of debromination was found to be similar to the
biodegradation of 2,4,6-TBP by a strain of Ochrobactrum sp.
(Yamada et al., 2008). This indicates that Ochrobactrum sp. might
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Fig. 6. Proposed aerobic TBBPA biodegradation pathway by Ochrobactrum sp. T.

produce an enzyme complex including dehydrogenase and debro-
minase, thus enabling it to simultaneously reductively debromi-
nate and oxidatively mineralize bromide phenols. With
prolonging degradation time, one benzene ring of BPA is further
cleaved to produce intermediate (H); this oxidation is also
achieved by aerobic degradation of BPA (Lobos et al., 1992) and an-
other two-step process of TBBPA biodegradation by sequential
anaerobic-aerobic strains (Ronen and Abeliovich, 2000). Compared
with the degradation pathways of TBBPA by manganese dioxide
(Lin et al., 2009), photochemical transformation (Eriksson et al.,
2004) and other biodegradation ways, we obtained a series of com-
plete debromination cleavage products in this study rather than
the brominated phenols reported in previous works (Eriksson
et al., 2004; Lin et al., 2009; Ravit et al., 2005; Uhnakova et al.,
2009). Note that this one-step decontamination mechanism ad-
dress the limitation of two-step processes by combining the first
step of reductive debromination by an anaerobic system (Ronen
and Abeliovich, 2000) and the second step of degradation and min-
eralization by an aerobic system (Voordeckers et al., 2002).

4. Conclusions

A novel bacterium, Ochrobactrum sp. T, was isolated from the
world’s largest e-waste recycling site in Guiyu, China. The bacte-
rium exhibited excellent TBBPA biodegradation and debromination
abilities. Furthermore, the carbon content of TBBPA, as well as
those of its metabolites, can be converted into CO,. Combining
the results of TBBPA mineralization and intermediate detection,
we proposed a mechanism for a one-step process of debromination
and aerobic mineralization of TBBPA by Ochrobactrum sp. T.
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