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differential proteomic analysis
during biodegradation of decabromodiphenyl
ether (BDE-209) by Pseudomonas aeruginosa

Yu Liu,abc Zhe Liu,ab Aijun Gong, *ab Lina Qiu,ab Weiwei Zhang,ab Jingrui Li,ab

Fukai Li,ab Yuzhen Bai,ab Jiandi Liab and Ge Gaoab

Decabromodiphenyl ether (BDE-209) is a brominated flame retardant widely used in the world which, being an

emerging persistent organic pollutant, poses a great potential hazard to both human health and the ecological

environment. Microbial biodegradation has been considered as an effective and environment-friendly technique

to remediate BDE-209. Pseudomonas aeruginosa, a Gram-negative bacterium capable of degrading BDE-209,

was isolated from PBDEs-contaminated soil. To promote microbial biodegradation of BDE-209 and gain further

insight into its mechanism, cell changes and differential proteomic analysis of P. aeruginosa during

biodegradation were studied. The results showed that high cell surface hydrophobicity of P. aeruginosa make

the bacteria absorb BDE-209 more easily. The increase in cell membrane permeability was caused by the P.

aeruginosa responding to BDE-209 stress. IR spectra showed that hydroxyl, amide and CH2 groups in the P.

aeruginosa cell surface were involved in the interactions between BDE-209 with P. aeruginosa. The

apoptotic-like cell changes and cell surface morphology changes were observed by flow cytometry (FCM)

and field emission scanning electron microscopy (FESEM), respectively. Differentially expressed protein was

analysed by two-dimensional electrophoresis (2-DE) and 40 protein spots were identified to be different after

5 days biodegradation.
1 Introduction

Polybrominated diphenyl ethers (PBDEs), a class of bromi-
nated ame retardants (BFRs), are widely used as ame
retardants in a variety of consumer products, such as plas-
tics, textiles, electronic goods and construction materials.1

There are three major commercial formulations of PBDEs,
which differ in the degree of bromination: penta-BDE, octa-
BDE and deca-BDE.2 Penta-BDE and octa-BDE were banned
under the Stockholm Convention in 2009. Deca-BDE (mainly
BDE-209) was phased out in Europe and completely banned
in the US in 2013. However, it is still produced and used in
large quantities in some parts of the world.3,4 Due to the
widespread use, chemical persistence and bioaccumulation,
BDE-209 has been detected as the predominant BDE
congener in atmosphere, water, soil, sediment, dust, espe-
cially in biota and humans, and its level has been increasing
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since 1970s.5 Many toxicological studies have demonstrated
that exposure to BDE-209 can lead to neurobehavioral
toxicity, thyroid hormone disruption, cancer and reproduc-
tive toxicity.6 Therefore ongoing human exposure to BDE-209
may cause a potential risk to human health, and there is an
urgent need to develop efficient methods for degrading and
eliminating BDE-209.

Photolytic degradation, zerovalent iron (ZVI) degradation,
and biodegradation are currently the major BDE-209 degra-
dation methods.7 Biodegradation have gained much attention
due to its being environment-friendly and low-cost. Recent
studies on biodegradation of BDE-209 using microbes mostly
focus on detecting degradation characteristics and proposing
degradation pathways,8,9 but cell changes and differential
proteomic analysis during biodegradation of BDE-209 are still
unclear and deserve further investigation. Pseudomonas aeru-
ginosa (P. aeruginosa), well capable of degrading BDE-209,
could be used in bioremediation of the increasingly serious
BDE-209-contamination. In the previous studies, Shi et al. re-
ported the effect of cadmium ion on cell surface hydropho-
bicity (CSH) and membrane permeability variation during
BDE-209 biodegradation by Pseudomonas aeruginosa. Results
showed that direct adherence to the cell surface is the rst step
in biodegradation process,10 but no other changes of cell
surface have been reported so far. Moreover, we have reported
the biodegradation of BDE-209 by crude enzyme extracted
This journal is © The Royal Society of Chemistry 2019
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from P. aeruginosa. Our results suggested that enzyme actually
play the key role in the biodegradation process,11 but it is
unknown which kind of enzyme is responsible for the BDE-209
degradation. Up to now, differentially expressed protein in P.
aeruginosa cell during biodegradation of BDE-209 have never
been reported.

In this work, to better understand the mechanism of BDE-
209 biodegradation in cell level, P. aeruginosa cell changes
were examined by focusing on cell activity, cell surface hydro-
phobicity, cell membrane permeability, cell surface functional
group and morphology. Moreover, differentially expressed
protein during the biodegradation of BDE-209 by P. aeruginosa
was also investigated.
2 Materials and experiments
2.1 Chemicals

Decabromodiphenyl ether (BDE-209, >99% purity) was
purchased from Alfa Aesar (Tianjin, China). The single standard
of BDE-209 was purchased from Sigma (St. Louis, USA). All other
reagents were analytical grade and purchased from Sinopharm
Chemical Reagent Beijing Co., Ltd (Beijing, China).
2.2 Bacterial strain cultivation

Pseudomonas aeruginosa (P. aeruginosa) was previously isolated
from PBDEs-contaminated soil in China, and preserved by our
laboratory. P. aeruginosa was enriched in 50 mL of beef extract
peptone medium on a rotary shaker at 200 rpm and 30 �C for
30 h, followed by centrifugation at 8000g for 10 min at 4 �C. The
harvested live cells were washed, resuspended, and cultivated in
the mineral salt medium (MSM) with 20 mg L�1 BDE-209 on
a rotary shaker at 200 rpm and 35 �C.

The compositions of the beef extract peptone medium and
the MSM medium were same as described in our previous
research.11
2.3 BDE-209 biodegradation experiments

All BDE-209 biodegradation experiments were conducted in
batch with 500 mL Erlenmeyer asks. In each case, 6.0 mg BDE-
209 and 300 mL MSM were added into a ask and mixed
ultrasonically for 15 min to get a suspension. Aerwards,
120 mg live P. aeruginosa was transferred to the suspension and
cultured on a rotary shaker at 200 rpm and 35 �C for 7 days. It
was appropriate to keep cell density around 1 � 108 cells per
mL. As for the control, dead P. aeruginosa instead of live cells
was used. At the degradation time of 0, 1, 3, 5, 7 days, the
quantication of BDE-209 was determined by using a gas
chromatograph-mass spectrometer (GC-MS). BDE-209 degra-
dation efficiency was calculated using the following equation:

Degradation efficiency (%) ¼ (1 � C1/C0) � 100,

where C0 and C1 were the initial and residual BDE-209
concentration, respectively.
This journal is © The Royal Society of Chemistry 2019
2.4 Flow cytometry (FCM) analysis

P. aeruginosa cells cultivated in MSM containing 20 mg L�1

BDE-209 at different biodegradation time were harvested by
centrifugation and washed twice with PBS buffer (pH 7.0),
then re-suspended in 200 mL binding buffer with 5 mL
Annexin V-FITC and 10 mL PI. The mixture was incubated in
the dark at room temperature for 20 min to allow for
complete staining. Live, apoptotic, and dead cell populations
were analyzed by ow cytometry (BD FACSCalibur), and data
were analyzed using FlowJo soware (v10.0.7). The control
was conducted under same condition but in the absence of
BDE-209.
2.5 Cell surface characteristics analysis

2.5.1 Cell surface hydrophobicity (CSH). Cell surface
hydrophobicity (CSH) was determined using the modied
method of microbial adhesion to hydrocarbons (MATH).12 P.
aeruginosa cells cultivated in MSM containing 20 mg L�1

BDE-209 at different degradation time were harvested,
washed twice and re-suspended in PBS buffer (pH 7.0) to give
an optical density of 0.5 at 600 nm (A0). 1 mL of xylene was
added to 3 mL of cell suspension, vortexed for 2 min and
incubated for an additional 20 min at room temperature.
Finally, the aqueous phase was removed and its optical
density at 600 nm (A1) was measured. CSH was calculated
using the formula: CSH (%) ¼ (1 � A1/A0) � 100. The control
was conducted under same condition but in the absence of
BDE-209.

2.5.2 Cell membrane permeability. Cell membrane
permeability of P. aeruginosa was evaluated by measuring the
release of b-galactosidase activity into the culture medium
using o-nitrophenyl-b-D-galactopyranoside (ONPG) as
a substrate.13 Pre-cultivated bacteria was pipetted into
Erlenmeyer asks containing 100 mL MSM and 1% lactose,
and incubated on a rotary shaker at 35 �C for 10 h. Then the
solutions were centrifuged at 8000g for 5 min, washed three
times and re-suspended in b-galactosidase buffer. To the
buffer was added BDE-209 at 20 mg L�1 then mixed with
ONPG at 1 mg mL�1. The control was conducted in the
solution without BDE-209. Cell membrane permeability was
measured by UV-spectrophotometer at 405 nm.

2.5.3 Fourier transform infrared spectroscopy (FTIR). FTIR
was used to characterize the cell surface functional groups of P.
aeruginosa. P. aeruginosa cells cultivated in MSM containing
20 mg L�1 BDE-209 at different degradation time were har-
vested, washed twice with MSM and dried in a freeze drier at
�50 �C for 30 h. Samples were scanned in the 4000–400 cm�1

region using a FTIR spectrometer (Nicolet iS10, Thermo Fisher,
USA). The control was conducted under same condition but in
the absence of BDE-209.

2.5.4 Field emission scanning electron microscopy
(FESEM). Surface morphology of P. aeruginosa was observed
under a FESEM (SU8010, Hitachi, Japan). P. aeruginosa cells
cultivated in MSM containing 20 mg L�1 BDE-209 at
different degradation time were harvested and subjected to
a series of pre-treatment processes including washing with
RSC Adv., 2019, 9, 25048–25055 | 25049
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PBS, xation with glutaraldehyde, gradient dehydration
with water–ethanol solutions, replacement with tertiary
butyl alcohol and freeze drying. Finally, the dried samples
were mounted on a conducting resin and sputter-coated
with gold prior to the FESEM analysis. The control was
conducted under same condition but in the absence of BDE-
209.
2.6 Differentially expressed protein analysis

P. aeruginosa cultured for 5 days in MSM with or without BDE-
209 (20 mg L�1) were harvested by centrifugation at 6000g and
4 �C for 15 min and washed three times with cold PBS. The cell
pellet was resuspended in the lysis buffer, and then cells were
disrupted by sonication in an ice bath. The protein extracts
underwent ultracentrifugation for 45 min at 12 000g and 4 �C.
Aerwards, the obtained supernatants were puried using 2-D
Clean-Up Kit (Amersham Biosciences, USA) and the protein
concentration was determined by 2-D Quant Kit (Amersham
Biosciences, USA) with bovine serum albumin as a standard.
Two-dimensional electrophoresis (2-DE) was performed based
on the method described by Liu et al.14 For the rst dimension,
isoelectric focusing (IEF), 500 mg of protein was loaded onto an
immobilized pH gradient (IPG) strip (24 cm, pH 4–7). Aer IEF
separation, the IPG strips were equilibrated in two equilibration
buffer for 15 min as described by Song et al.15 Then the proteins
were further separated on 12.5% SDS-polyacrylamide gels for
the second dimension. Aer the completion of 2-DE, gels were
stained with Coomassie brilliant blue, scanned using Image-
Scanner III (GE Healthcare) and analyzed with ImageMaster 2D
Platinum soware (Version 7.0, GE Healthcare). Altered abun-
dances of spots were standardized and then compared based on
their volume percentages in the total spot volume over the
whole gel image. Signicantly changed spots were selected by
the rate increased/decreased $ 2-fold or complete appearance
and disappearance. Differential expressed proteins were excised
from the gels and digested with trypsin and analyzed by a 4800
Plus MALDI TOF/TOF mass spectrometer (Applied Biosystems,
Foster City, USA). Both the MS and MS/MS data were integrated
and processed using the GPS Explorer V3.6 soware (Applied
Biosystems, USA) and searched against the NCBI database using
Mascot V2.1 soware (Matrix Science, UK). Protein scores
greater than 65 were signicant and accepted.
2.7 Extraction and analytical methods

For the extraction procedure, we refer to previous work.11 The
analytical method for BDE-209 was the same as in the litera-
ture16 and analysis by 7890-5975c GC-MS (Agilent, USA) equip-
ped with a DB-5 MS column (60 m � 0.25 mm � 0.25 mm). The
quantication was performed with a ve-point standard curve
of BDE-209.
Fig. 1 Degradation efficiency of 20mg L�1 BDE-209 under incubation
time.
2.8 Quality assurance and quality control

All experiments were performed in triplicate and the mean
values were given. The standard deviations ranged from 1.0% to
5.0%.
25050 | RSC Adv., 2019, 9, 25048–25055
3 Results
3.1 BDE-209 biodegradation by P. aeruginosa

Fig. 1 shows the degradation efficiency of BDE-209 by P. aeru-
ginosa during biodegradation time. As shown, the degradation
efficiency of BDE-209 rose slowly in day 1 and then ascended
sharply from day 3, nally levelled off aer 5 days. This trend
was in accordance with Shi's work,10 but changes in cellular
properties during the biodegradation of BDE-209 by P. aerugi-
nosa were not discussed deeply. Hence, in the following, we
focused on cell changes of P. aeruginosa during degradation
time.
3.2 Apoptotic-like cell changes of P. aeruginosa during BDE-
209 biodegradation

To quantitatively gain insight into apoptotic-like cell changes of
P. aeruginosa during BDE-209 biodegradation, a display of PI
versus Annexin V-FITC uorescence was measured by FCM
analysis (Fig. 2). As shown in Fig. 2, four groups of cells were
clearly seen in each acquired data plot: dead cells (Q1, positive
for PI and negative for Annexin V-FITC), late apoptotic cells (Q2,
positive for PI and Annexin V-FITC), live cells (Q3, negative for
PI and Annexin V-FITC), early apoptotic cells (Q4, negative for PI
and positive for Annexin V-FITC). From the results it can be
observed, P. aeruginosa cells treated with 20 mg L�1 BDE-209 in
day 1 and day 7 exhibited an increase of apoptosis and death
compared to day 0. The total apoptosis rate rst increased to
1.17% in the day 1 as compared to that in day 0 (0.22%), then
declined in day 3 and day 5, nally increased to 2.63% in day 7.
Moreover, cells treated with BDE-209 showed the highest pop-
ulation of dead cells (5.84%) in day 1. For P. aeruginosa cells in
control, cell death increased in day 1 (3.23%) and day 3 (4.11%),
then cell apoptosis began to increase from day 5 (0.46%), and
reached 1.97% in day 7.
3.3 Cell surface changes during BDE-209 biodegradation

3.3.1 Changes in CSH and cell membrane permeability.
Fig. 3 shows the changes of CSH and cell membrane
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Changes of CSH (a) and cell membrane permeability (b) of P.
aeruginosa during BDE-209 biodegradation.

Fig. 2 Apoptotic-like cell changes of P. aeruginosa after treatment
with 20 mg L�1 BDE-209 and without BDE-209 (control) for 0–7 days.
Four quadrants (Q) are representing: (Q1) dead cells; (Q2) late
apoptotic cells; (Q3) live cells; (Q4) early apoptotic cells.
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permeability of P. aeruginosa treated with and without BDE-209.
In the presence of BDE-209, the CSH rst maintained at high
level from 48.3% to 52.1% until day 3 and then decreased
markedly from the 5th day. The cell membrane permeability
increased gradually from day 1 to 3 then sharply from day 5 to 7.
This journal is © The Royal Society of Chemistry 2019
In the absence of BDE-209, both CSH and cell membrane
permeability changes less obviously.

3.3.2 FTIR analysis. The functional groups present on the
cell surface of P. aeruginosa during BDE-209 biodegradation
were explored to reveal the cell surface changes through FTIR
analysis as shown in Fig. 4. The peak assignments of P. aeru-
ginosa were as follows: 1086 and 1236 cm�1 were ascribed to
P]O stretching vibration of phosphate groups, 1398 cm�1

ascribed to C–O stretching vibration of –COOH, 1455 cm�1

ascribed to C–H bending vibration of –CH2, 1544 cm�1

ascribed to N–H and C–N in amide groups, 1651 and
1741 cm�1 ascribed to C]O stretching vibration, 2925 and
2958 cm�1 ascribed to C–H stretching vibration, 3296 cm�1

ascribed to O–H stretching vibration.17 For P. aeruginosa cells
treated with BDE-209, the peaks at 3296, 1651 and 1544 cm�1

become broader, and the intensity of peaks 2925 cm�1

decreased gradually. In control, less obvious changes with
time were observed.

3.3.3 Changes in cell surface morphology. Fig. 5 revealed
the changes of cell surface morphology in presence and
absence of BDE-209. In the presence of BDE-209, P.
RSC Adv., 2019, 9, 25048–25055 | 25051
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Fig. 5 FESEM images of the P. aeruginosa cells treated with 20 mg L�1

BDE-209 and without BDE-209 (control) at the degradation time of
0–7 days.

Fig. 4 FTIR spectrum of the P. aeruginosa cells treated with 20mg L�1

BDE-209 and without BDE-209 (control) at the degradation time of
0–7 days.
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aeruginosa cells were smooth and short rod-shaped just
before BDE-209 degradation, but some cells tended to be
plicated and irregular shaped at the BDE-209 degradation
time of 1 day. While most cells became slender, smooth and
short rod-shaped in day 3 and day 5. Finally, at the degra-
dation time of 7 days, some cells were rough and atrophic in
irregular shapes. In control, some cells tended to be slender
in day 1, then changed to be rough and atrophic in irregular
shapes from day 3.
3.4 Differentially expressed protein during BDE-209
biodegradation

To investigate protein changes in P. aeruginosa cells during
BDE-209 biodegradation, a comparative proteomic approach
was utilized to identify differentially expressed proteins from
P. aeruginosa cultured in MSM without BDE-209 and with
20 mg L�1 BDE-209. Representative maps of the proteins
separated on a 2-DE gel were shown in Fig. 6. Approximately
40 protein spots were identied to be different aer 5 days
25052 | RSC Adv., 2019, 9, 25048–25055
biodegradation. Out of them, seven protein spots in the same
location of Fig. 6a and b exhibited signicant changes at the
level of protein expression, they were named as 1–7. Spots 8–
11, and spots 12–40 were those spots that only appeared in
Fig. 6a and b, respectively. The 40 spots were analysed by
MALDI-TOF-TOF with a signicant mascot score > 65 (p-value
< 0.05), among which 12 identied spots are shown in Table
1. Table 1 summarizes details of these identied proteins
including their protein names, accession numbers and other
MS data.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Representative 2-DE gels of proteome from P. aeruginosa cultured in MSMwithout BDE-209 (a) and with 20mg L�1 BDE-209 (b). The 40
differentially expressed proteins during BDE-209 biodegradation are marked by numbers on the gels, and were analyzed by MALDI-TOF/TOF
mass spectrometry.

Table 1 List of protein spots which were differentially expressed in P. aeruginosa with 20 mg L�1 BDE-209 for 5 days

Spots no Protein name Accession number MW PI Mascot score Peptides matched Coverage (%)

1 Peroxiredoxin gi|1279400824 20 643 5.89 760 93 65
2 Molecular chaperone GroEL gi|1279402470 57 107 5.04 536 47 9
3 30S ribosomal protein S1 gi|1279398492 61 946 4.83 2432 203 45
12 Outer membrane protein assembly factor

BamA
gi|1279401791 88 150 5.06 151 12 8

16 NAD-dependent succinate-semialdehyde
dehydrogenase

gi|1279399219 51 875 5.60 7433 400 62

18 Isocitrate dehydrogenase (NADP(+)) gi|518511667 45 689 5.10 1629 11 28
23 2-Phosphoglycerate dehydratase gi|13124125 45 338 5.04 3059 202 68
24 Agmatine deiminase gi|1279399248 41 564 4.84 761 39 20
32 L-Asparaginase gi|1279400388 38 620 6.67 3026 249 52
35 Electron transfer avoprotein subunit

beta
gi|518513080 26 535 4.85 1912 164 64

38 ATP synthase subunit alpha gi|1279400601 55 530 5.33 845 67 29
40 dTDP-4-dehydrorhamnose 3,5-epimerase gi|81622016 20 924 5.74 542 76 61
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4 Discussion

In the biodegradation process of harmful and toxic organic
contaminants, microbes resist organic contaminants at the
beginning, and then the interaction between microbes and
contaminants leads to a series of cellular characteristic
changes.18 In this work, we have found that P. aeruginosa had
a series of cellular characteristic changes during the biodegra-
dation of BDE-209. When BDE-209 biodegradation had just
began (day 0), P. aeruginosa treated with and without BDE-209
both grew well and had normal cell morphology. In day 1,
BDE-209 degradation efficiency was low. Compared with
control, P. aeruginosa treated with BDE-209 caused a larger
population of apoptotic and dead cells, accompanied by the
This journal is © The Royal Society of Chemistry 2019
appearance of plicated and irregular shaped cells. Apoptosis is
a form of programmed cell death (PCD) that is essential in
eliminating old, unnecessary or damaged cells to maintain
appropriate cell numbers and protect bacteria against poor
environment.19,20 So this is probably because the initial expo-
sure of P. aeruginosa to BDE-209 lead to resistance, some cells
become deformed, and then apoptosis appears to protect
bacteria against BDE-209 stress.21 In day 3 and 5, BDE-209
degradation efficiency increased apparently, apoptotic and
dead cell decreased, cell morphology return to normal. This is
probably because P. aeruginosa has adapted to BDE-209 gradu-
ally, followed by degrading BDE-209 as carbon source for
metabolism.22 As for control, these changes were not observed.
In day 7, no matter P. aeruginosa was treated with or without
RSC Adv., 2019, 9, 25048–25055 | 25053

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00664h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
5:

32
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
BDE-209, cell apoptosis and death appeared, and cells became
rough and atrophic. This is probably because the quantity of
nutrients in the culture medium declined and growing envi-
ronment became unfavorable.23

One of most common mechanisms explains that hydro-
phobic BDE-209 rst adheres to the hydrophobic regions of the
cell surface, then enters the cell through cell membrane, nally
is degraded by intracellular enzymes.24,25 For this reason, CSH
and cell membrane permeability are the most important factors
in determining whether BDE-209 can be successfully adsorbed
onto the surface of cells and enter into the cells. In this exper-
iment, we have found that CSH maintained at a high level till
day 3, making P. aeruginosa adsorb hydrophobic BDE-209 more
easily. Then CSH decreased markedly from day 5. Meanwhile,
the cell membrane permeability increased gradually from day 1
then sharply from day 5. The increase in cell membrane
permeability was caused by the P. aeruginosa responding to
BDE-209 stress. The membrane structure was changed due to
the sharply increased cell membrane permeability and the
hydrophobic regions was disrupted, which may be part of the
reason for the decline of CSH of P. aeruginosa.20

P. aeruginosa is a Gram-negative bacterium. Its cell wall is
mainly composed of polysaccharides, phospholipids and
proteins, characteristic of carboxyl, phosphate, and amino
groups, which can be assigned to in IR spectra (Fig. 4).26 During
degradation, the changed peaks suggested that hydroxyl, amide
and CH2 groups were involved in the interactions between BDE-
209 and P. aeruginosa. In control, these peaks did not change
obviously with time. All the above results indicated that poly-
saccharides and proteins in the cell walls of P. aeruginosa may
play critical roles in the binding of BDE-209.27

2-DE is an effective tool for gaining insight into physiological
changes at cellular level.28 Thus analysis and identication of
differentially expressed proteins during BDE-209 biodegradation
could give us an insight into cell changes in this process. In this
experiment, 12 differentially expressed proteins were identied
and listed in Table 1. Peroxidase can degrade BDE-209, Li et al.
found that manganese peroxidase plays an important role in
BDE-209 depletion.29 30S ribosomal protein S1, which can bind to
a specic site of mRNA, starts protein synthesis.30 Electron
transfer avoprotein can transfer the electrons to the main
respiratory chain.31 Outer membrane protein can form a stable
folding intermediate, which keeps the Gram-negative bacterium
survive under stress conditions.32 Molecular chaperone works to
prevent outer membrane protein being adsorbed to outer
membrane by capturing and stabilizing its folding intermedi-
ates.33 Therefore, these enzymes help P. aeruginosa adapt to
restricted BDE-209 conditions, reduce toxicity, and maintain the
normal metabolism of cells.34 NAD-dependent succinate-
semialdehyde dehydrogenase, isocitrate dehydrogenase and 2-
phosphoglycerate dehydratase were probably attributed to the
resistance systems of P. aeruginosa to the oxidative stress induced
by BDE-209.35 ATP synthase generates energy in the form of ATP,
which was conrmed to play an important role in BDE biodeg-
radation.36 The roles of agmatine deiminase, L-asparaginase and
dTDP-4-dehydrorhamnose 3,5-epimerase in BDE-209 degrada-
tion is not known yet and further study is still needed.
25054 | RSC Adv., 2019, 9, 25048–25055
5 Conclusions

Collectively, both cell surface and intracellular enzyme changes
in the biodegradation of BDE-209 by P. aeruginosa. The
apoptotic-like cell changes and cell surface morphology
changes were observed during the biodegradation of BDE-209
by P. aeruginosa. The results showed that high CSH of P. aeru-
ginosa facilitated the attachment of BDE-209 to cell surface. The
increase in cell membrane permeability caused by P. aeruginosa
responding to BDE-209 stress favored BDE-209 penetrating into
cells and being degraded. IR spectra showed that poly-
saccharides and proteins in the cell walls of P. aeruginosa may
participate in binding BDE-209. Differentially expressed protein
was analysed through 2-DE, among which peroxidase and ATP
synthase play a critical role in BDE-209 degradation. As far as we
know, this is the rst report on investigating cell changes and
differentially expressed proteins during biodegradation of BDE-
209 by P. aeruginosa. These explorations offer new insights into
the mechanism of BDE-209 biodegradation by P. aeruginosa.
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