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Biodegradation has been proposed as an effective approach to remove pyrene, however, the information
regarding cellular responses to pyrene treatment is limited thus far. In this study, the biodegradation and
biosorption of pyrene by Brevibacillus brevis, along with cellular responses caused by pollutant were
investigated by means of flow cytometry assay and scanning electron microscopy. The experimental
results showed that pyrene was initially adsorbed by B. brevis and subsequently transported and in-
tracellularly degraded. During this process, pyrene removal was primarily dependent on biodegradation.
Cell invagination and cell surface corrugation occurred due to pyrene exposure. Nevertheless, cell re-
growth after 96 h treatment was observed, and the proportion of necrotic cell was only 2.8% after pyrene
exposure for 120 h, confirming that B. brevis could utilize pyrene as a sole carbon source for growth. The
removal and biodegradation amount of pyrene (1 mg/L) at 168 h were 0.75 and 0.69 mg/L, respectively,
and the biosorption amount by inactivated cells was 0.41 mg/L at this time.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Pyrene is less bioavailable and more resistant to biological at-
tacking as a typical high-molecular weight polycyclic aromatic
hydrocarbon (PAH) (Dissanayake et al., 2010). With wide dis-
tribution in the aquatic environment, pyrene, which is toxic to
human and organisms, represents a major portion of the total
PAHs found in contaminated sites (Oliveira et al., 2012). Compared
with sorption, photolysis or chemical oxidation, biodegradation is
commonly believed as a more effective approach to remove pyr-
ene from the aquatic environment (Das and Mukherjee, 2007).

Typically, biosorption and biodegradation are related to the
removal of PAHs by bacteria. Biosorption is a physico-chemical
process involved in the sorption of chemical substances on a
biological surface (Aksu, 2005). It has been found that some bac-
teria (Stringfellow and Alvarez Cohen, 1999), fungi (Raghukumar
et al., 2006), algae (Chung et al., 2007), as well as extracellular
polymers (EPS) (Pan et al., 2010) demonstrated high adsorption
ability for PAHs. Chen et al. (2010) and Yesilada et al. (2010) re-
ported that both biosorption and biodegradation contributed to
e@jnu.edu.cn (J. Ye).
the removal of PAHs in aquatic environment. However, the cellular
response to the pollutant exposure involved in this process has not
been investigated thoroughly, which led to limited understanding
of the mechanism of PAHs bio-treatment since this bioprocess is
the metabolically mediated activity by microorganisms.

PAHs removal included not only biosorption and biodegrada-
tion, but also transport (Gao et al., 2014), however, which step was
the rate-limiting reaction remained to be further studied. PAHs
transport through cells could cause membrane and cytoplasm
accumulation (Ren et al., 2010). Transport and biodegradation
were metabolically mediated activities (Gao et al., 2014), thus it is
critical to determine the relation between biodegradation and
cellular responses. Previous researches have shown that the toxi-
city of organic compounds influenced cell surface hydrophobicity
(CSH) (Kaczorek et al., 2010), membrane permeability (Shi et al.,
2013) and cell activity (Chen et al., 2014) during biodegradation.
However, the influence of organic compounds on cell growth cy-
cle, cell viability, cell size and internal granule which directly re-
presented cellular characteristics during pollutant degradation
process is still poorly understood. Revealing the interactions be-
tween PAHs treatment and cellular responses will help to accel-
erate PAHs degradation and further elucidate degradation
mechanism.

The objective of the current study is to explore the relative
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contributions of biosorption, biodegradation, accumulation and
transport to the removal of pyrene by Brevibacillus brevis, along
with cellular responses caused by pollutant by means of scanning
electron microscope (SEM) and flow cytometry (FCM), aiming to
more thoroughly reveal the mechanism of contaminant uptake in
microbial remediation.
2. Materials and methods

2.1. Strain and chemicals

B. brevis, a potential strain for pyrene biodegradation used in
this study, was isolated from the contaminated sediment samples
collected at Guiyu in Guangdong Province, China (Ye et al., 2014).

Pyrene was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Beef extract medium (BEM) used for strain culture contained (g/L)
3 beef extracts, 10 peptone and 5 NaCl. Mineral salt medium
(MSM) used as the degradation medium consisted of (mg/L) 50
K2HPO4, 30 KH2PO4, 10 MgSO4 �7H2O and 50 C6H5Na3O7 �2H2O,
and pH was adjusted to 7.0. All the mediums were previously
sterilized in an autoclave at 121 °C for 30 min.

2.2. Microbial culture

B. brevis was inoculated into BEM at 30 °C on a rotary shaker at
130 r/min for 24 h. Subsequently, the cells were separated by
centrifugation at 6000g for 10 min, and washed three times with
sterile distilled water before usage in further experiments.

2.3. Biodegradation of pyrene

A stock solution (100 mg/L) of pyrene was dissolved in di-
chloromethane. The required quantities of this solution were
transferred into 50 mL flasks containing 20 mL MSM to obtain
1 mg/L of pyrene concentration. These flasks capped with gauze
were kept in a fume hood to allow the solvent to evaporate. Losses
in pyrene content by volatilization were negligible in this process.
B. brevis of 1 g/L were added after evaporation of the solvent. Then
the flasks were incubated in the dark at 30 °C on a rotary shaker at
130 r/min for 1, 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 h. After that
the cells were separated by centrifugation at 6000g. Residual
pyrene in the supernatant was detected to determine the removal
amount, and the total residual pyrene in the supernatant and cells
was used to determine the biodegradation amount. To clarify the
trend of pyrene transport and intracellular accumulation, the cells
were washed with phosphate buffer solution (PBS, composition (g/
L): 8.00 NaCl, 0.20 KCl, 1.42 Na2HPO4, 0.27 KH2PO4, pH 7.0) three
times. Pyrene in PBS was detected to determine the residual pyr-
ene on cell surface. Subsequently, the cells were resuspended in
PBS (10 mL) by ultrasonication for 30 min. The supernatant cen-
trifuged at 10,000gwas used to determine the intracellular pyrene.

After cells were disrupted by ultrasonic pulverizer, the deposits
were collected and suspended in 5 mL methanol, and then kept
disrupting by ultrasonic pulverizer until the cell membrane was
completely dissolved. The supernatant after centrifugation at
10,000g was used to determine the pyrene concentration in
membrane (Li et al., 2007; Ren et al., 2010).

2.4. Biosorption of pyrene

To determine the passive attraction of pyrene by cell surface,
biosorption was performed with cells inactivated by 2.5% glutar-
aldehyde for 36 h. The flasks with 20 mL MSM containing 1 mg/L
pyrene and 1 g/L inactivated B. brevis were inoculated in the dark
at 30 °C on a rotary shaker at 130 r/min for 1, 2, 4, 8, 24, 48, 72, 96,
120, 144, and 168 h, separately. Then the cells were separated by
centrifugation at 6000g. The total residual pyrene in cells was used
to estimate the biosorption amount.

2.5. Effect of pyrene on membrane permeability of B. brevis

Membrane permeability of B. brevis was determined by mea-
suring the release of β-galactosidase into the medium using o-
nitrophenyl-β-D-galactoside (ONPG) as a substrate (Ye et al., 2014).

2.6. Analytical method of pyrene

The residual pyrene in samples was extracted by ethyl acetate
(Mahanty et al., 2008) and analyzed by high-performance liquid
chromatography (HPLC) with UV detector at 254 nm and C18 re-
verse-phase column (dimensions 0.25 mm�150 mm), methanol-
water (90/10, v/v) was used with a flow rate of 1 mL/min as a
mobile phase. The injection volume was 20 μL (Chen et al., 2014).
Detection limit of pyrene was 0.5 μg/L.

2.7. SEM analysis of cellular surface morphology

After pyrene degradation, cells were fixed and dehydrated
firstly, then added on the cover glass, drying in the CO2 vacuum for
4 h. After that, the samples were coated with gold to strengthen
the conductivity and photographed by scanning electron micro-
scopy (PHILIPS XL-30E SEM).

2.8. Flow cytometry analysis

After pyrene degradation, one part of cells were collected and
washed twice with sterile distilled water, and then transferred to
the special FACS compatible BD TrueCount™ tubes containing
known number of fluorescent beads (50,003 events). The samples
were mixed gently and analyzed with flow cytometry
immediately.

Another part of the cells were washed twice with sterile 0.1 M
PBS, and then resuspended in 0.1 M PBS to obtain a cell con-
centration of approximately 106 cells per milliliter (Chen et al.,
2014). Subsequently, the cells were stained with propidium iodide
(PI) for 10 min and analyzed with a FACS Aria flow cytometer
(Becton Dickinson Corp., USA).

2.9. Statistical analysis

All of the experiments were performed in triplicate, and the
mean values were used in the calculations. The standard devia-
tions for all measurements ranged from 0.5% to 8.0%.
3. Results and discussion

3.1. Pyrene removal and biosorption

PAHs removal included not only biosorption and biodegrada-
tion, but also transport and accumulation. In this study, the
amount of pyrene removal, biodegradation and biosorption were
measured individually to illustrate the relations among these
biological processes.

To reveal the contribution of metabolism-independent bio-
sorption to pyrene removal, pyrene adsorption by cells inactivated
by 2.5% glutaraldehyde was conducted. Fig. 1 shows that 0.32 mg/L
pyrene was adsorbed within 24 h, and the biosorption amount
slowly increased thereafter to 0.41 mg/L on the 168th hour. This
result indicated that pyrene biosorption was primarily dependent
on the physicochemical interactions between pyrene and B. brevis.



Fig. 1. Pyrene removal and biodegradation by B. brevis, and biosorption by in-
activated B. brevis.
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Active groups on the cell surface for pyrene binding were quickly
occupied during the initial rapid phase. This is consistent with
what obtained in triphenyltin biosorption by Stenotrophomonas
maltophilia (Gao et al., 2014). The FTIR analysis of inactivated B.
brevis with/without pyrene exposure was performed to ascertain
the active groups possibly involved in the biosorption process on
cell surface (see Fig. S1 in Supplementary material). The result
suggested that organic phosphate, carboxyl and hydroxyl were
predominant contributors in pyrene biosorption. As these active
groups became occupied and pyrene in solution decreased, the
chances of residual pyrene to contact cells reduced accordingly,
which correlated with the subsequent slow increase in pyrene
biosorption with time. This result further revealed that pyrene
biosorption mainly occurred at the early stage of pyrene removal.

Fig. 1 demonstrates that pyrene removal was far higher than
biosorption after 48 h. The removal of pyrene continued to rise to
0.75 mg/L on the 168th hour, increasing the disparity between
removal and biosorption. This finding further implied that the
removal process was dominated by either biodegradation or
bioaccumulation. It is also shown in Fig. 1 that pyrene biode-
gradation was low initially, with only 0.19 mg/L at 24 h, but sub-
sequently ascended to 0.69 mg/L at 168 h, which was very close to
that of pyrene removal at the same period of time. This finding
confirmed that pyrene removal was gradually dependent on bio-
degradation. This was in accordance with the result obtained in
Fig. 2. Distribution of pyrene in cells of B. brevis: (a) distribution of pyrene in cytoplasm
cellular membrane permeability during pyrene removal.
triphenyltin removal by S. maltophilia, in which biodegradation
gradually prevailed in removal process (Gao et al., 2014).

Furthermore, pyrene removal was more significant than bio-
degradation at the initial stage, which was likely to be caused by
the transport and intracellular accumulation of pyrene. To verify
these inferences, the following experiments separately examined
the contribution of transport and accumulation to pyrene removal.

3.2. Distribution of pyrene in bacterial cells

In order to explore the interrelation of cells with pyrene, the
cellular morphology after ultrasonication was observed through
SEM analysis (see Fig. S2 in Supplementary material). It was found
that there were no intact cells left. The fact that using deposits
after ultrasonication as inocula showed no growth on BEM plate
24 h later further confirmed that cells were all broken (see Fig. S3
in Supplementary material). These results inferred that the in-
tracellular pyrene content could be detected after cell disruption
by ultrasonication. The residual pyrene in cytoplasm and on the
surface of B. brevis with time is presented in Fig. 2a. Pyrene ad-
sorbed by the cell surface reached its peak value of 0.06 mg/L at
24 h, which confirmed the result in Section 3.3.1 that surface ad-
sorption played a role at the early stage of pyrene removal. It was
seen that pyrene on the cell surface was low after 24 h (Fig. 2a),
but a fast rising trend of the intracellular pyrene was observed at
24–72 h. This suggested that little pyrene was adsorbed by the cell
surface; instead, more was transported into cytoplasm, leading to
higher pyrene removal than biodegradation initially. After 168 h,
the residual pyrene in cytoplasm declined to 0.09 mg/L, indicating
that due to the action of related enzymes, such as catechol diox-
ygenase (Singh et al., 2013), peroxidase (Veignie et al., 2004) and
superoxide dismutase (Schmidt et al., 2009), part of pyrene was
degraded intracellularly.

Fig. 2b further implies that pyrene could accumulate in the
membrane in a relatively short time, and then it was transported
into cell through the membrane with the extension of time, as
pyrene in the membrane declined to 0.093 mg/L at 168 h. Lipo-
philic hydrocarbons were preferably enriched in the microbial
membrane when interacting with cells, thus increasing membrane
fluidity and enhancing cell permeability (Ren et al., 2010). Due to
high lipid solubility of pyrene and the electrostatic potential of
molecular surface, membrane phospholipids interacted with pyr-
ene by hydrophobic bond (Le Bourvellec and Renard, 2005), which
formed stable conjugates. Therefore, membrane permeability
and on cell surface of B. brevis and (b) concentration of pyrene on membrane, and



Fig. 3. Surface morphology of B. brevis before and after pyrene degradation: (a) stands for B. brevis in BEM after 24 h; (b) represents B. brevis in MSM after 48 h; (c)–
(e) depicts B. brevis after degradation of 1 mg/L pyrene for 48 h, 120 h and 168 h, respectively.
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increased accordingly. Besides, as cell wall and plasma membrane
were the first barriers for microbe to decompose pollutants, pyr-
ene accumulated in membrane would be hindered to go further
inside the cell through transmembrane transport (Gokel George
and Daschbach, 2007). Nevertheless, in this study, the residual
pyrene in both extracellular MSM and membrane declined gra-
dually, and pyrene did not accumulate largely in cytoplasm during
degradation, implying that the transmembrane transport of pyr-
ene proceeded smoothly and pyrene was degraded continuously.

3.3. Analysis of surface morphology of B. brevis

As shown in Fig. 3, when compared to the cells in BEM (Fig. 3a)
and MSM (Fig. 3b) without pyrene, the cell surface morphology



Fig. 4. Effect of pyrene on growth of B. brevis: (a) gating strategy used to define absolute cell counts by the TruCOUNT assay and (b) quantification of B. brevis over
degradation time.

Fig. 5. Effect of pyrene on viability of B. brevis: (a) proportion of necrotic cells of B. brevis with increasing time, in system with MSM and pyrene (1 mg/L) and (b) proportion
of necrotic cells of B. brevis in system with BEM, MSM, and pyrene at 0.1, 1 and 5 mg/L, respectively.
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was affected severely by pyrene, with cytoadherence (Fig. 3c), cell
surface corrugation (Fig. 3d) and cell invagination (Fig. 3e). Pyrene
increased membrane permeability or triggered apoptosis in cer-
tain cells. Consequently, the structure of cell wall and membrane
changed and partial outflow of the intracellular materials such as
ions, proteins and sugars (Gao et al., 2014) appeared. However, the
surface morphology of cells was largely intact. The experimental
phenomena obtained here also confirmed the findings presented
in our previous section of this study that ascending trend of pyr-
ene removal began to slow down after 120 h. At this time, due to
change of cell morphology, the adhesion of cell wall and mem-
brane was affected, which was detrimental to the contact of re-
sidual pyrene with cells. Consequently, the removal capability of
pyrene fell to a certain extent. Whereas, cells with integrated
structure were still able to multiply and grow, producing some
corresponding enzymes to degrade pyrene. Under pollutant stress,
some microbes possessed resistance mechanisms, such as super-
oxide dismutase and metallothionein (Schmidt et al., 2009).
Therefore, when extending contact time, pyrene removal could
still increase accordingly.

3.4. Effect of pollutant on cell growth

TruCOUT assay, which has been used for blood cell counting,
provides precise and reproducible cell quantification (Vuckovic
et al., 2004). Fig. 4a shows the gating strategy for B. brevis and
TruCOUNTTM beads. B. brevis was acquired in R2, with R1 as the
TruCOUNTTM beads gate. The number of cells was calculated by the
following formula (Sahu et al., 2013):

Cell number (events in R2)

(number of beads per tube)/events in R1 (1)

=

×

A significantly larger absolute cell number in the pollutant
system after 96 h was exhibited by means of TruCOUNT assay,
when compared with that of the control system (Fig. 4b). This
finding revealed that the inhibitory effect of pyrene stress on cell
metabolic activity was lower than that of the starvation in the
control, in which no exogenous organic carbon existed. When
analyzing the absolute cell counts obtained in this pollutant con-
taining system, it was found that the figure shifted upward after
96 h (Fig. 4b), verifying that cells could regrow without adding
new nutrients. As a Bacillus species, B. brevis could form en-
dospores and release it. After 72 h, disruption of some cells or
increase of membrane permeability enhanced the release of Naþ ,
NO3

� , NO2
� , NH4

þ , PO4
3� , SO4

2� and proteins (Gao et al., 2014;
Tang et al., 2014). The cells and endospores were capable of uti-
lizing these materials as energy source for further growth and



Fig. 6. Influence of pyrene on the cellular characteristics of B. brevis: a-1 to a-3 stands for the changes of cellular size and density in control system after 48, 120 and 168 h;
b-1 to b-3 depicts the changes of size and density of cells that have interacted with pyrene (1 mg/L) for 48, 120 and 168 h, respectively.
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reproduction (Aouadhi et al., 2013). Among these materials, NO2
�

was assimilated by nitrate reductase; the utilization of PO4
3� was

performed by an intracellular phosphorylative pathway (Tang
et al., 2014); Naþ was involved in the energy metabolism of bac-
teria; and SO4

2� usually participated in electron accepting pro-
cesses (Schreiber et al., 2004).

3.5. Effect of pollutant on viability of cells

In order to explore whether pyrene affected cell viability during
degradation process, additional experiments were designed to
detect necrotic cells after pyrene treatment by PI dye. When cells
are damaged, PI dye can go through the membrane to trigger red
fluorescence which can be detected by FCM (Chen et al., 2014). The
results in Fig. 5a showed that proportion of necrotic cells in both
pyrene and control system turned downward up to 120 h, on ac-
count of the fact that B. brevis has adapted to the surroundings.
This finding further confirmed that B. brevis formed spores in-
tracellularly under nutrients-limited condition and spores utilized
released intracellular materials in the solution as energy source for
growth. Thus intact cells still accounted for the vast majority of B.
brevis after 120 h. Although SEM observation showed that cell
surface morphology was affected by pyrene, these intact cells
continued to produce corresponding enzymes to degrade pyrene.
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Therefore, pyrene removal could still increase after 120 h.
The mortality of cells in pyrene containing system was only

2.8% after 120 h (Fig. 5a), which was much lower than the control
(13.5%). This implied that B. brevis might utilize pyrene as carbon
source. There were two ways for microorganisms to degrade PAHs,
either by utilizing PAHs as the only carbon and energy source or by
assimilating an alternative carbon source. To date, only a few
isolates have been reported to be able to degrade PAHs by utilizing
it as a sole carbon source (Chen et al., 2013; Juhasz et al., 2000). It
is evident from Fig. 5b that B. brevis could make the best of pyrene
as a sole carbon source. The proportion of necrotic cells of B. brevis
after dealing with pollutant, especially with high level pyrene for
96 h, was apparently lower than that in MSM system. When pyr-
ene concentration was 5 mg/L, only 1.3% necrotic cells occurred in
pollution system, closing to the mortality in nutrient medium
system. The results indicated that B. brevis could utilize relative
high level pyrene for growth and metabolism to a certain extent.
This finding was consistent with previous investigations that
white-rot fungi utilized pyrene as carbon source (Chen et al.,
2010).

3.6. Effect of pollutant on characteristics of cells

The common kinds of scattered light to be utilized during FCM
analysis are forward scattering (FSC) and side scattering (SSC).
FSC–SSC diagram during FCM analysis can help to determine cel-
lular characteristics, as FSC is closely related to the square of the
cell diameter and SSC represents intracellular particle density
(Czechowska et al., 2008; Chen et al., 2014). It was found that cell
population in both pollutant and control systems changed ob-
viously after 120 h, with the bacterial cells scattering (Fig. 6). The
SSC value in the control was smaller compared with that in the
pollution system, which revealed that more cell cytoplasm was
released in the system without pyrene (Chen et al., 2014). Our
previous investigation also verified that B. brevis could ultilize
pyrene as carbon source for growth, which manifested as more
plump cells than the control ones after dealing with pyrene.

In comparison with the same system, it was found that cell size
in pollutant system decreased with the ascending time, with the
FSC value becoming smaller. And the internal structure of bacterial
cells changed after 120 h as SSC value decreased. Combined with
the results of SEM, the collapse of cell structure after 120 h was
severe. This implied that pyrene greatly affected the cell of B.
brevis. Cell membrane functioned in regulating osmotic pressure,
enzymatic reaction and material transport (Ye et al., 2014). The
exposure of B. brevis to pyrene increased the cell membrane per-
meability after 48 h, which caused intracellular materials such as
ions, proteins and sugars to be easily released to the MSM.
Therefore, cell size and intracellular particle density decreased
over incubation time.
4. Conclusions

Pyrene was initially adsorbed by B. brevis and subsequently
transported across the plasma membrane into the cell. Then, part
of pyrene was degraded under the action of related enzymes, yet
another small part of it still accumulated intracellularly. During
this process, pyrene removal was primarily dependent on biode-
gradation. Although the presence of pyrene affected surface mor-
phology of cell, B. brevis could utilize pyrene as carbon source for
growth, and cells regrew after 96 h. Moreover, proportion of ne-
crotic cells in pyrene containing system was only 2.8% after 120 h,
and cell size and intracellular particle density changed, due to the
influence of contaminant.
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