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Abstract There is global concern about the effects of
decabromodiphenyl ether (BDE209) on environmental and
public health. The molecular properties, biosorption, degrada-
tion, accumulation, and cellular metabolic effects of BDE209
were investigated in this study to identify the mechanisms
involved in the aerobic biodegradation of BDE209. BDE209
is initially absorbed by wall teichoic acid and N-
acetylglucosamine side chains in peptidoglycan, and then,
BDE209 is transported and debrominated through three path-
ways, giving tri-, hepta-, octa-, and nona-bromodiphenyl
ethers. The C–C bond energies decrease as the number of
bromine atoms on the diphenyl decreases. Polybrominated
diphenyl ethers (PBDEs) inhibit protein expression or accel-
erate protein degradation and increasemembrane permeability
and the release of Cl−, Na+, NH4

+, arabinose, proteins, acetic
acid, and oxalic acid. However, PBDEs increase the amounts
of K+, Mg2+, PO4

3−, SO4
2−, and NO3

− assimilated. The
biosorption, degradation, accumulation, and removal efficien-
cies when Brevibacillus brevis (1 g L−1) was exposed to

BDE209 (0.5 mg L−1) for 7 days were 7.4, 69.5, 16.3, and
94.6 %, respectively.
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Introduction

The use of certain polybrominated diphenyl ethers (PBDEs) in
various industries has been prohibited because PBDEs are toxic
and are ubiquitous, persistent, and accumulative in the environ-
ment (Johansson et al. 2011). More decabromodiphenyl ether
(BDE209) than other PBDEs has been used, and it is the pre-
dominant PBDE congener in the environment and biota around
the world (Guardia et al. 2012; Tian et al. 2012). Concern about
the effects BDE209 can have on the environment and public
health is growing. It is therefore important that as much
BDE209 as possible is removed fromwater, sediment, and biota.

Variousmicroorganisms and animals can transform PBDEs
into less brominated products, and such biodegradation is an
excellent way of degrading and then removing PBDEs from
the environment (Lee et al. 2011). Investigations into the nat-
ural biodegradation of PBDEs have mainly been focused on
identifying the pathways involved in biodebromination under
anaerobic conditions (Rayne et al. 2003; Yen et al. 2009).
Electron donors, such as acetate, ethanol, hydrogen, lactate,
methanol, and pyruvate, and other supplements have been added
to treatment systems to increase the biodegradation rate because
microbial consortia and species such as Dehalococcoides and
Dehalobacter that can degrade PBDEs and that thrive under
anaerobic conditions are strict autotrophs (He et al. 2006; Qiu
et al. 2012; Robrock et al. 2008). However, autotrophic
debromination tends to take a long time to occur because
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autotrophs have low growth rates. For example, less than 20 %
of the PBDEs present in one study were found to have been
degraded by anaerobic bacteria after 70 days (Yen et al. 2009).
Furthermore, the low efficiencies at which metabolites are
degraded under anaerobic conditions could mean that toxic
metabolites accumulate. Highly halogenated xenobiotics were
previously considered to be resistant to aerobic transformation,
and BDE209 was once thought not to be bioavailable, but these
assumptions were abandoned when BDE209 was found to be
effectively degraded by Pseudomonas aeruginosa and Phlebia
lindtneri (Shi et al. 2013; Xu and Wang 2014).

The biodegradation of BDE209 is metabolically medi-
ated. A thorough exploration of the mechanisms involved
in the biodegradation of BDE209 requires the links among
cellular metabolism; the molecular properties of BDE209;
and the biosorption, degradation, and transformation of
BDE209 under aerobic conditions to be identified. Under-
standing the mechanisms involved will improve our ability
to use the biodegradation of BDE209 to remediate polluted
environments. Biosorption is one of the first processes that
occur during the degradation process, so it may be the rate-
limiting step. Biosorption is primarily dependent on the
topological structures of and the physicochemical relation-
ships between BDE209 and the cellular peptidoglycan
layers. Excessive changes to the peptidoglycan structure
caused by PBDEs could trigger cellular apoptosis, but a
lack of affinity between the PBDEs and the cellular surface
would limit the degree to which the PBDEs will be absorbed
and transported. It is therefore necessary to investigate the
binding of PBDEs to the cell surface to allow the degradation
mechanism that occurs in the cell to be identified.

Brevibacillus brevis has been isolated from contaminated
sediment samples from Guiyu, Guangdong Province, China
(Ye et al. 2013a). These samples contained high concentra-
tions of heavy metals, organotin compounds, polycyclic aro-
matic hydrocarbons, and PBDEs. It has been found that
B. brevis can degrade BDE209, furalaxyl, metalaxyl, poly(vi-
nyl alcohol), pyrene, and triphenyltin (Kim and Yoon 2010;
Sulimma et al. 2013). The optimal conditions for the degrada-
tion of BDE209 by B. brevis in the presence of tea saponin
have been determined (Tang et al. 2014).

The study presented here was performed to improve the
understanding of BDE209 degradation by B. brevis through
identifying the relationships among the molecular properties
of PBDEs, the binding of BDE209, the transformation of
BDE209, and the cellular metabolic responses to BDE209.
Relationships between the transformations of different metab-
olites and the molecular properties of the metabolites were
identified using molecular calculations. The cellular metabolic
responses were characterized by monitoring the Na+, NH4

+,
K+, Mg2+, Cl−, PO4

3−, SO4
2−, NO3

−, arabinose and organic
acid metabolisms, the cellular membrane permeability, nutri-
ent use activity, and protein concentration.

Materials and methods

Strain and chemicals

B. brevis was proved to be an aerobic strain through physico-
chemical experiments and was preserved in the laboratory of
the School of Environment at Jinan University. It was also
stored at the Guangdong Microbiology Culture Centre
(GDMCC) as GIMCC1.825. BDE209 was purchased from
Sigma Aldrich (St. Louis, MO, USA). The concentrations of
beef extract, peptone, NaCl, and MgSO4·7 H2O in the culture
medium were 3, 10, 5, and 0.05 g L−1, respectively. The
BDE209 treatment solution contained (in mg L−1) the follow-
ing: 100 Na2HPO4·12 H2O, 30 KH2PO4, 50 NaCl, 20
NH4NO3, 10 MgSO4·7 H2O, 1 MnSO4·H2O, 1 FeSO4·7
H2O, 1 CaCl2·2 H2O, and 20 of sucrose fatty acid ester
(SFAE).

Microbial culture

B. brevis was cultured at 37 °C on a rotary shaker at
100 r min−1 for 3 h–6 days. Subsequently, the cells were cen-
trifuged at 3500g for 5 min and washed three times with sterile
distilled water before use. The cellular growth phases were
determined by the optical density at 600 nm. All experimental
procedures were under aerobic conditions.

Biosorption, degradation, accumulation, and removal
of BDE209

The removal and degradation of 0.5 mg L−1 BDE209 by
1 g L−1 B. brevis were performed in the dark at 25 °C in
20 mL treatment solution shaken at 100 r min−1. After treat-
ment, the cells were separated at 3500g. The residual BDE209
in the supernatant was detected to determine the removal ef-
ficiencies, and the total BDE209 in the supernatant and cells
was used to determine the degradation efficiencies. The con-
trols were run in parallel in flasks with solutions that were not
inoculated.

To clarify the trend of BDE209 biosorption, the BDE209-
loaded cells were washed by a phosphate-buffered solution
(PBS) for 20 min. Subsequently, BDE209 in PBS was ana-
lyzed to determine the BDE209 absorbed by the cellular sur-
face and BDE209 in residual cells was detected to determine
the BDE209 accumulation. The nutrient use, ion and mono-
saccharide released by cells, the metabolites of BDE209 deg-
radation, and cellular membrane permeability were also ana-
lyzed after degradation for 0–7 days.

The ratios of BDE209 biosorption, degradation, accumula-
tion, and removal are calculated as follows:

Q ¼ Cc–Ctð Þ � 100
.
Cc
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where Q represents the ratio (%), Cc stands for the BDE209
concentration shown in the control experiment, and Ct is the
final concentration of BDE209 after treatment.

Analyses of BDE209 and its metabolites

Each sample was freeze-dried and then extracted twice, for
30 min each time, with 20 mL of a mixture of n-hexane and
acetone (1:1, v/v) in an ultrasonic bath set at 500 W. The
extraction procedure was then repeated using 20 mL of a
mixture of n-hexane and methylene chloride (1:1, v/v). The
organic portion was collected, concentrated, and transferred
into 10 mL of chromatographic grade n-hexane before the
extract was analyzed.

The BDE209 metabolites in the extract were analyzed by
gas chromatography–mass spectrometry, using the mass spec-
trometer in negative chemical ionization mode and selected
ion-monitoring mode. A DB–XLB capillary column (30 m
long, 0.25 mm i.d., 0.25-μm film thickness; Agilent Technol-
ogies, Santa Clara, CA, USA) was used to separate the tri- to
hepta-bromodiphenyl ether (BDE) congeners (BDEs 28, 47,
66, 138, and 183). The initial oven temperature was 110 °C,
which was held for 1 min, then the temperature was increased
to 180 °C at 8 °C min−1 (held for 1 min), then to 240 °C at
2 °Cmin−1 (held for 5 min), then to 280 °C at 2 °Cmin−1 (held
for 25 min), and then to 290 °C at 5 °C min−1 (held for
13 min). The octa- to deca-BDE congeners (BDEs 196, 197,
203, 206, 207, 208, and 209) were separated using a DB–5HT
capillary column (15 m long, 0.25 mm i.d., 0.10-μm film
thickness; Agilent Technologies). The initial oven temperature
was 110 °C, and the temperature was increased to 300 °C at
8 °C min−1 (held for 20 min). A 1-μL aliquot of a sample was
injected using an autosampler, and the injection port was used
in splitless mode. The carrier gas was helium, and the flow rate
was 1 mLmin−1. The chemical ionization moderating gas was
methane, and the ion source pressure was 2.4×10−3 Pa. The
ion source and interface temperatures were 200 and 280 °C,
respectively (Tian et al. 2012).

Quantification was achieved using linear calibration curves
made using PBDE standard solutions at seven concentrations.
The limit of detection was defined as the concentration giving
a signal five times (or three times for BDE209) the noise level.
Linear regression equations and r2 values were obtained by
plotting the integrated peak area (y) against the PBDE concen-
tration (x). All of the measured concentrations were within the
calibration curve ranges.

Analyses of ions, organic acids, and arabinose

After the BDE209 degradation tests had been performed, each
treated solution was centrifuged at 3500g for 10 min. The
supernatant was filtered through a 0.22-μm polyether sulfone

filter, and the Cl−, PO4
3−, SO4

2−, NO3
−, Na+, K+, NH4

+, Mg2+,
arabinose, acetic acid, and oxalic acid concentrations in the
solution were determined using an ICS-2500 ion chromato-
graph system (Dionex, Sunnyvale, CA, USA).

Analytical methods of intracellular and extracellular
proteins

After BDE209 degradation, the cells were separated and the
supernatant was used to determine the extracellular protein
concentration. Meanwhile, the cells were washed three times
in cold PBS (pH 7.4), suspended in a cold lysis buffer (30 mM
Tris–HCl, 7 M urea, 2 M thiourea, and 4 %w/v CHAPS at pH
8.5), and lysed by sonication in an ice bath for 15 min. The
cellular debris was removed from the suspension at 16,000g
for 5 min at 4 °C, and the supernatant protein concentration
was quantified by the Bradford method.

Cellular membrane permeability

Membrane permeability was determined by measuring the
concentration of β-galactosidase released into the solution
using o-nitrophenyl-β-D-galactoside (ONPG) as a substrate
(Shi et al. 2013).

Cellular activities in carbon nutrient use

After BDE209 degradation, a 1 mL sample was mixed with
99 mL of 0.85 % sterilized NaCl solution. Then, a solution of
150μLwas inoculated into each well of the Biologmicroplate
and incubated at 25 °C in the dark. The optical density at
590 nm of each well was determined every 12 h.

Computational methods

The structures of BDE209, peptidoglycan, and cell membrane
were drawn in ChemBioDraw Ultra version 13.0 and then
copied to ChemBio3D Ultra version 13.0 to create the three-
dimensional model. Subsequently, these structures were sub-
jected to energy minimization by molecular mechanics until
the root-mean-square gradient became smaller than
0.01 kcal mol−1 Å. The interaction between BDE209 and
cellular compounds was calculated by molecular dynamics.
The step interval, frame interval, and terminate of the calcula-
tion were 2 fs, 10 fs, and 10,000 steps, respectively. The bond
atom, dihedral atom, and angle atom characteristics of these
interacted compounds were obtained by compute properties.

Statistical analysis

All of the experiments were performed in triplicate, and the
mean values were used in the calculations. The statistical anal-
ysis of the correlation between the BDE209 degradation and
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cellular metabolic response was performed using SPSS ver-
sion 13.0 using Pearson’s correlation tests. The molecular
properties of BDE209 and its metabolites were analyzed by
ChemBioOffice version 13.

Results and discussion

BDE209 biodegradation

The cell density was determined after the cells had been cul-
tured for different times to allow the cellular growth phase at
each time point to be determined. A very short lag phase (2–
5 h) can be seen in Fig. 1a. This indicated that B. brevis
adapted to the culture medium quickly. The amount of bio-
mass present increased sharply after the lag phase, peaked at
12 h, and then remained stable. Cells cultured for different
times were collected and used to degrade BDE209 to deter-
mine the optimal inoculation time for treating BDE209. The
degradation curve resembled the growth curve, confirming
that the biodegradation of BDE209 through metabolism relies
on the activities of the enzymes present. Expressions of the
relevant enzymes would have been upregulated when the cells
had been cultured for the suitable amount of time, promoting
the biodegradation of BDE209.

The BDE209 degradation efficiency increased, and the
degradation capacity per gram of cells decreased as the
amount of biomass present increased, as is shown in Fig. 1b.
The BDE209 degradation efficiency increased primarily be-
cause the amounts of enzymes involved in BDE209 degrada-
tion increased as the amount of biomass present increased.
The degradation capacity decreased because fewer collisions
per gram of cells occurred between BDE209 molecules and
the cells as the amount of biomass increased and because of
fierce competition among the cells for nutrients at high bio-
mass concentrations. A cell concentration of 1 g L−1 and a
cultivation time of 1 day gave a high cell density and the
optimal BDE209 degradation efficiency, so these conditions
were used in further experiments.

BDE209 biosorption, biodegradation,
and bioaccumulation

The amounts of BDE209 removed, absorbed, degraded,
and accumulated were determined by measuring the de-
crease in the BDE209 concentration in the treated solution,
the amount of BDE209 absorbed to the cell surfaces, the
decrease in the total BDE209 concentration in the solution
and the cells, and the amount of BDE209 found inside the
cells, respectively. The amount of BDE209 removed there-
fore consisted of the amount of BDE209 absorbed to the
cell surfaces, the amount transformed through being me-
tabolized in the cells, and the amount accumulated in the
cells. The increase in the removal efficiency, from 76.1 to
94.6 %, over days 1–7 of the treatment period was primar-
ily ascribed to the biodegradation rate increasing from 30.2
to 69.5 % over that period (Fig. 2a). The BDE209 inside
the cells would have continually been subject to being
transformed, but the BDE209 concentration inside the cells
remained stable at between 18.7 and 25.7 % for the first
4 days. It can be deduced that a portion of the BDE209 that
had been absorbed was continually transported into the
cells and degraded, and this was confirmed by the
biosorption efficiency decreasing.

As is shown in Fig. 2a, the BDE209 removal process
was fast and the degradation, biosorption, and accumula-
tion efficiencies were high, at 30.2, 23.7, and 18.7 %, re-
spectively, on the first treatment day. The degradation rate
clearly decreased each day after the first day, and this was
probably caused by nutrient deficiencies, the release of
intracellular BDE209, the degradation of metabolites, few-
er collisions between cells and residual BDE209 occurring,
or a combination of these factors. In addition, prolonged
exposure to BDE209 and its metabolites negatively influ-
enced metabolic activity in B. brevis. PBDEs, because of
their toxicological properties, have been found to inhibit
various organisms (Dingemans et al. 2007).

SFAE in the treatment medium would emulsify BDE209,
improve the solubility of BDE209, and enhance the contact
between BDE209 and the cells, resulting in more BDE209
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being absorbed by the cells. The dissolved BDE209 tended to
be absorbed by the lipophilic components in the cell mem-
branes because of the affinity between BDE209 and such
components. The uptake of dissolved BDE209 into the cyto-
plasm through diffusion and active transport would have been
increased partly because of the increase in the solubility of
BDE209 and the increased amount of BDE209 absorbed,
caused by the presence of the sucrose fatty acid esters. This
then increased the amount of degraded BDE209 because the
degradation process took place within the cells. Being a bio-
degradable surfactant produced through esterification or acyl-
ation reactions between fatty acids and sucrose, the SFAE in
the treatment solution would have served as a nutrient for
cellular metabolism and been partly responsible for the in-
creased degradation of BDE209 that was found.

The maximum biosorption was found after 1 day, show-
ing that the BDE209 binding process occurred quickly.
This would have been because BDE209 is hydrophobic,
so it tends to bond with the major cell wall and membrane
components (Ye et al. 2013b). As is shown in Fig. 2b, the
BDE209 initially tended to be absorbed by the wall
teichoic acid and the –N(H)–C(O)–CH3 side chains in pep-
tidoglycan. The wall teichoic acid, being the outer layer of
the cell, is an important route through which bacteria ob-
tain nutrients. Teichoic acid can take on topological struc-
tures suitable for adsorbates with various structures be-
cause it has a long chain and contains a range of units.
The teichoic acid polymers in the cell walls chelated
BDE209 by changing their topological structures, and their
hydrophobic chains caused BDE209 to be absorbed. The
absorbed BDE209 subsequently altered the topological
structures of the peptide chains, then created pores within
the peptidoglycans (Fig. 2c), accelerating BDE209 trans-
port through the cell walls. Peptidoglycans consist of alter-
nating N-acetylglucosamine and N-acetylmuramic acid
residues connected by β-(1–4)-glycosidic bonds. The cell
wall polymer is formed because a pentapeptide in each N-
acetylmuramic acid is linked to another glycan chain (Kim
et al. 2014). These cell wall polymers contain pores 30 to
70 Å in diameter, which easily allowed BDE209 to pass
through the polymers (Fig. 2c).

PBDEs are highly lipophilic and tend to accumulate in the
lipids of organisms. Ignoring the possibility of active trans-
port, sorption accelerated by attraction between BDE209, and
the hydrophobic tails in cell membranes (containing mole-
cules with carbon chain lengths of 14–22) contributed to
BDE209 diffusion through the cell membrane or BDE209
accumulation in the membrane (Fig. 2d). Up to 29.6 % of
PBDEs in the air cells have been found to be absorbed into
the eggs, showing that PBDEs can diffuse through cell mem-
branes (McKernan et al. 2010). After being absorbed to a cell
membrane, BDE209 was transported to within the cell and
degraded by enzymes.
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BDE209 transformation and the molecular properties
of the metabolites

The concentrations of the BDE209 debromination products
decreased in the order of nona-BDEs, octa-BDEs, and hepta-
BDEs. The nona-BDE concentrations were approximately
31–63 μg L−1 (Fig. 3a). The octa-BDE concentrations were
approximately 3–11 μg L−1 (Fig. 3b), and the hepta-BDE
concentrations were lower, as shown in Fig. 3c. The BDE47
(6.4–18.6 ng L−1) and BDE28 concentrations (1.7–6.4 ng L−1)
were much lower (Fig. 3d). These results confirmed that
BDE209 was degraded through three debromination path-
ways (Fig. 3f). The pathways were BDE209→BDE206→
BDE203→BDE183→BDE138→BDE47→BDE28,
BDE209→BDE207→BDE196/BDE197→BDE66→
BDE28, and BDE209→BDE208. The metabolites listed
above have been found in various samples, showing that
BDE209 is transformed in the environment, organisms, and
humans through similar pathways to those found in this study
(Chua et al. 2014; Lohmann et al. 2013; Yu et al. 2011).
Although BDE209 degradation by B. brevis primarily occurs
through debromination, the total PBDE concentration de-
creased with time, as shown in Fig. 3e, indicating that some
of the BDE209 was transformed into diphenyl ether and other
metabolites that did not contain bromine.

The molecular properties of BDE209 and its metabo-
lites, calculated using ChemBioOffice, showed that the
C(1)–Br and C(9)–Br bonds are the easiest to cleave be-
cause they are the lowest-energy bonds (0.257 kcal mol−1;
Table S1) and have the lowest atom angle energies
(0.001 kcal mol−1; Table S2) of all of the C–Br and C–
C–Br bonds. This explains why BDE206 was the main
degradation product and had a higher concentration than
the other products in the current study. Apart from the
lowest atom angle energy for C(11)–C(12)–Br in
BDE206, more orbital electrons were found to be attracted
by the bromine atom linked to C(12) (Fig. S1), which was
indicated by the highest occupied molecular orbital
(HOMO) of BDE206. This would have meant that the
C(12)–Br bond in BDE206 would have broken to give
BDE203.

The C–Br bond energies showed that the more brominated
PBDEs are less reactive than the less brominated PBDEs. The
C–C bond energies were found to decrease as fewer bromine
atoms are linked to the diphenyl groups, suggesting that
diphenyl ether will be less toxic and more degradable than
the PBDEs (Table S1). The molecular properties (including
the boiling points, melting points, critical temperatures, criti-
cal pressures, critical volumes, Gibbs energies, heats of for-
mation, LogP values, CLogP values, and Henry’s constants)
of the metabolites are shown in Table S3. These properties
confirmed that the more bromine atoms there are in a PBDE,
the slower the PBDE will be transformed. The molecular

energy data, especially the stretch energies and bend energies,
which are shown in Table S4, also supported this conclusion.
This means that BDE47 and BDE28 will be transformed
quickly, resulting in them being found at low concentrations.
BDE28 was found at significantly lower concentrations than
its parent PBDEs, BDE66 and BDE47, which further con-
firmed the conclusions given above.

The rapid elimination of BDE47 has been found in kestrels
even though BDE47 is one of the most environmentally abun-
dant, toxic, and bioaccumulative of the PBDE congeners and
has been found to magnify in most aquatic food webs that
have been studied (Yu et al. 2011). The current study also
found that BDE47 was quickly transformed, and this shows
that BDE209 degradation by B. brevis is an environmentally
beneficial process, especially compared with debromination,
which has previously been found only to decrease BDE47
concentrations by 30 % after 8 months of incubation (Tokarz
et al. 2008). Although the analytical methods of PBDEs could
detect low brominated congeners even di-BDEs (Tian et al.
2012), bromide PBDEs lower than BDE28 were not detected
in the current study. This further verified that B. brevis trans-
formed the less brominated congeners more quickly than the
more brominated congeners and that BDE209 was degraded
efficiently by B. brevis under the experimental conditions.

The energy gap between the HOMO and the lowest unoc-
cupied molecular orbital (LUMO) for each of the PBDEs was
found to be significantly lower than the gap for benzene (see
Table S5 and Fig. S1). More energy would be needed for an
electron in the HOMO of benzene than for an electron in the
HOMO of a PBDE to jump into the LUMO and bring the
molecule into an excited electronic state. This explains why
BDE209 will initially tend to be debrominated rather than one
of the benzene rings breaking.

Changes in membrane permeability and cellular nutrient
use activities during BDE209 removal

Extracellular ONPG can be transported into a cell and hydro-
lyzed to give o-nitrophenol when membrane permeability in-
creases (Shi et al. 2013). The appearance of o-nitrophenol in a
solution indicates that β-galactosidase has induced the hydro-
lysis of the ONPG that has entered cells. The increasing opti-
cal density at 405 nm (Fig. 4a) indicated that the cell mem-
brane permeability tended to alter over time. The high optical
density of the solution treated with BDE209 confirmed that
adding BDE209, which was associated with the increased

�Fig. 3 Biodegradationmetabolites of 0.5 mg L−1 BDE209 byB. brevis at
25 °C. a Concentrations of BDE208, BDE207, and BDE206; b
concentrations of BDE203, BDE197, and BDE196; c concentrations of
BDE183, BDE138, and BDE66; d concentrations of BDE47 andBDE28;
e concentrations of the residual BDE209, total metabolites, and PBDEs;
and f three debromination pathways of BDE209 degradation
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release of arabinose, organic acids, proteins (Fig. 5), and ions
(Fig. 6), caused the membrane permeability to increase signif-
icantly because of oxidative stress in the membrane
(Calabrese et al. 2010). The change in the membrane perme-
ability would have been one of the reasons BDE209 was
desorbed or released into the solution (Fig. 2d), and this would
have been part of the reason the BDE209 removal and degra-
dation efficiencies increased slowly over time. The optical
densities of the control samples also increased over time but
significantly less than the optical densities of the BDE209-
treated samples (Fig. 4a), and this would have been because
the control samples were deficient in exotic carbon-containing
nutrients.

The nutrient use activity of the cells was slightly higher for
the cells treated with BDE209 for 0 day than for the controls
(Fig. 4b), and this was primarily the result of amino acids

being increasingly used in the BDE209-treated cells
(Fig. S2). This would have been a result of specific proteins
being synthesized to resist the toxicity of BDE209. However,
the nutrient use activity in the cells that were treated for 7 days
increased dramatically because of the germination of abun-
dant bacterial spores. Being a Bacillus species, B. brevis tends
to form endospores in response to starvation or stress caused
by pollutants. Some of the cells will have formed endospores
after being inoculated in the treatment solution for 7 days, and
these endospores would have germinated in Biolog plates.
Abundant organic carbon has been found to be needed when
spores germinate on Biolog plates, and this was found to in-
crease the rate at which extracellular nutrients were assimilat-
ed (Brar et al. 2007). The cells treated with BDE209 for 7 days
generally used less nutrients than did the control samples, and
this would have been because BDE209 acted as a carbon
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source. Specifically, the cells treated with BDE209 for 7 days
used more carbohydrates but less alcohols, amines, carboxylic
acids, and esters than did the cells in the control samples, as is
shown in Fig. S2.

Release of arabinose, organic acids, and proteins by cells
during BDE209 removal

Arabinose, organic acids, and proteins were not added to the
test solutions, so the presence of these compounds in the so-
lutions indicated that they had been produced by the cells. The
arabinose concentration increased quickly on the first day of
the tests and rose slowly subsequently (Fig. 5a). More arabi-
nose was produced in the BDE209-treated samples than in the
control samples. Monosaccharides are easily ingested by cells
unless the cells are damaged in some way. Therefore, the
increasing arabinose concentration indicated that the presence
of PBDEs and a nutrient deficiency affected the cell mem-
branes and caused certain intracellular monosaccharides to
be driven out of the cells or inhibited the reuse of the mono-
saccharides. Arabinose has been found to be transported
through the pentose phosphate pathway (Wisselink et al.
2010). This pathway can be inhibited by a nutrient deficiency
and by pollutant stress, causing arabinose to be released. The
release of arabinose will slow, and cells will start to take up
arabinose when a certain extracellular arabinose concentration
is reached, which is controlled by GAL regulon (Upadhyay
and Sasidhar 2012). The slow increases in the arabinose con-
centrations after 1 day had passed in the current tests and
therefore illustrated that cell activity was not severely
inhibited. Furthermore, no other monosaccharides were de-
tected, demonstrating that BDE209 did not induce serious
damage or apoptosis (which would have caused the obvious
production of other cytosolic monosaccharides) in most of the
B. brevis cells.

More organic acids were produced by the cells exposed to
BDE209 than in the cells in the control samples (Fig. 5b).
Apart from the membrane permeability increasing, this could
have been caused by the functional poly(3-hydroxybutyrate)
(PHB) homopolymer synthetic pathway being damaged. This
pathway warrants that a microorganism produces PHB and
survives better under adverse conditions. The inhibition of
the pathway has been found to lead to metabolic turmoil, such
as the overproduction of organic acids, including acetate, cit-
rate, glutamate, lactate, and pyruvate (Chen et al. 2012). The
phosphorylated enzymes α-dehydro-β-deoxy-D-glucarate al-
dolase, phosphoenol pyruvate synthetase, and enolase have
also been found to be involved to significant degrees, along
with isocitrate dehydrogenase, in regulating acetate metabo-
lism. Protein phosphorylation is important to the transport of
carbonaceous organic materials (Lim et al. 2015).

The intracellular protein concentrations decreased quickly
on the first day of the tests and decreased slowly thereafter

(Fig. 5c). The extracellular protein concentrations were almost
the same in the BDE209-treated cells and the cells in the
control samples. The intracellular protein concentrations in
the BDE209-treated samples decreased over time, and this
would have been related to protein degradation and release,
caused by pollutant stress, and the membrane permeability
increasing (Fig. 4a). These conclusions were partly verified
by the extracellular protein concentration increasing relative to
the concentration at the beginning of the experiment. The
decreases in the amount of biomass present and the intracel-
lular protein concentrations that were found, and the sup-
pressed metabolic activity of B. brevis that followed, would
have been caused by the toxicity of BDE209 or a lack of
sources of carbon. PBDEs have been reported to alter the
structures of proteins and to degrade some proteins, such as
post-synaptic proteins in mice (Dingemans et al. 2007). The
slow decreases in the intracellular protein concentrations dur-
ing the late stages of the degradation process were consistent
with the decreases found in the residual BDE209 concentra-
tions in the solutions but could have been caused by the pro-
tein concentration gradient decreasing.

Metabolism of ions by the cells during BDE209 removal

As is shown in Fig. 6, Na+, NH4
+, and Cl− were released

throughout the whole degradation process. The increased re-
lease of ions by cells exposed to BDE209 further confirmed
that the presence of PBDEs caused the membrane permeabil-
ity to increase (Fig. 4a) or induced apoptosis (Madia et al.
2004) in some cells. However, K+, Mg2+, PO4

3−, SO4
2−, and

NO3
− were assimilated by the cells after BDE209 had been

degraded, indicating that stress caused by the presence of
PBDEs did not cause serious damage to most of the cells.
These findings show that the detrimental effects caused by
nutrient deficiencies in the treatment solutions were more se-
rious than the detrimental effects caused by the PBDEs.

The cells were cultured in media containing 5 g L−1 NaCl,
and Na+ and Cl− in the cytoplasm of the cells were the sources
of the Na+ and Cl− released from the cells (Fig. 6e). The
metabolism of Cl− mainly depends on the Cl− concentration
gradient, which regulates the cellular osmotic pressure (Zhao
et al. 2009). Except for stress caused by the presence of
PBDEs, the osmotic pressure of the cytoplasm was always
higher than the osmotic pressure of the solution. More Cl−

was therefore released during the BDE209 removal process.
Changes in the Na+ concentrations (Fig. 6a) were jointly

caused by pollutant stress, changes in osmotic pressure, and
Na+/K+-ATPase activities. Na+/K+-ATPase is stimulated by
binding to extracellular K+ and intracellular Na+, and the
Na+/K+-ATPase transports K+ into cells and Na+ out of cells.
BDE209 could have been actively transported by being co-
transported with the K+/Na+-ATPase, and this was confirmed
by BDE209 being effectively degraded and accumulated on
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the first day (Fig. 2). This caused Na+ to be released but K+ to
be assimilated (Fig. 6b). The K+ influx decreased significantly
after 4 days, and this was consistent with the amount of
BDE209 degraded slowly increasing at the same time
(Fig. 2a). The transport of Na+ andK+ in the opposite direction
by Na+/K+-ATPase did not agree with this sudden change.
However, an increase in the release of intracellular material
caused by an increase in membrane permeability could

explain the abrupt increases in Na+ and K+ transport. The
NO3

− concentration also increased at the same time
(Fig. 6h), and this partly supported our conclusions.

Some biomolecules have NH4
+ as a component. For exam-

ple, proteins and peptidoglycans have N-terminal tails. NH4
+

can therefore be released into solution when such a biomole-
cule is degraded and the membrane permeability is increased.
The NH4

+ concentrations in the current tests increased
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(Fig. 6c), and the intracellular protein concentrations de-
creased (Fig. 5c). This provided further confirmation that pro-
tein degradation was partly responsible for the release of
NH4

+. The stress caused by the presence of BDE209 acceler-
ated the degradation of proteins significantly, so more NH4

+

was released by the cells exposed to BDE209 than by the cells
in the control samples.

The Mg2+ concentrations clearly decreased in the first day
of the tests (Fig. 6d), and this would have been related to the
functions of Mg2+ in cells. Mg2+ is essential to the structural
stabilities of nucleotides, the activities of enzymes, and the
regulation of metabolism (Romani 2007; Zorbas et al. 2010).
Mg2+ not only activates various enzymes but is also co-
transported with various other ions. A great deal of Mg2+

was therefore assimilated when BDE209 was transported, de-
graded, and accumulated efficiently at the beginning of the
tests (Fig. 2a). The largest amount of PO4

3− was assimilated
on the first day of the tests, and then PO4

3− continually de-
creased (Fig. 6f). Not only did the transport and degradation of
BDE209 during the treatment process require energy but also
metabolism (which is dependent on the energy conversion
pathways) within the cells needed. These conclusions were
drawn from the amounts of PO4

3− consumed by the
BDE209-treated cells and by the cells in the control samples.

Sulfur is an essential element to organisms. Sulfur is not
only an important structural constituent in various proteins
and other biomolecules (Matias et al. 2005) but also has spe-
cific metabolic functions. As is shown in Fig. 6g, the SO4

2− in
the control samples was initially assimilated, but then, a sig-
nificant amount was released on day 4. This would have oc-
curred because of sulfur-containing molecules being degraded
because the cells had suffered prolonged starvation. The deg-
radation of BDE209 increased the amount of SO4

2− that was
assimilated and decreased the amount that was subsequently
released. This suggests that the presence of PBDEs inhibited
SO4

2− metabolism less than did prolonged starvation.

Correlation between BDE209 removal and cellular
metabolism

There were significant relationships between the BDE209
treatment time and the release of Cl−, Na+, NH4

+, arabinose,
acetic acid, and oxalic acid (Table 1), and these relationships
were consistent with membrane permeability increasing. A
significant correlation was found between the removal and
degradation of BDE209, showing that BDE209 removal was
primarily dependent on BDE209 being degraded. Further-
more, both BDE degradation and removal correlated signifi-
cantly with the release of Cl−, Na+, NH4

+, arabinose, organic
acids, and protein; the uptake of Mg2+; and decreasing intra-
cellular protein concentrations. These correlations show that
exposure to BDE209 and the transformation of BDE209 sup-
pressed cellular metabolism. However, PBDEs did not

severely damage most of the cells because the PBDE concen-
trations continued to decrease with time, BDE209 continued
to be degraded, the intracellular protein concentration
remained relatively high throughout the process, and some
of the ions were continually assimilated by the cells.

Conclusions

The wall teichoic acid and the N-acetylglucosamine side
chains in the peptidoglycan of B. brevis initially absorbed
BDE209, and the BDE209 was subsequently transported into
the cells and degraded. BDE209 was degraded through three
debromination pathways, and tri-, hepta-, octa-, and nona-
BDE congeners were produced. The C(1)–Br and C(9)–Br
bonds were found to be easiest to cleave, and the C–C bond
energy decreased as the number of bromine atoms linked to
the diphenyl backbone decreased. The presence of PBDEs
inhibited protein expression; increased membrane permeabil-
ity; and increased the amounts of Cl−, Na+, NH4

+, arabinose,
protein, acetic acid, and oxalic acid released. However, the
presence of PBDEs increased the amounts of K+, Mg2+,
PO4

3−, SO4
2−, and NO3

− that were assimilated.
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