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The relationship between benzo(a)pyrene biodegradation and certain target biomolecules has been investigated.
To regulate the degradation process, the associated metabolism network must be clariﬁed. To this end, benzo(a)
pyrene degradation, carbon substrate metabolism and exometabolomic mechanism of Bacillus thuringiensis were
analyzed. Benzo(a)pyrene was degraded through hydroxylation catalyzed by cytochrome P450 hydroxylase.
After the treatment of 0.5 mg L−1 of benzo(a)pyrene by 0.2 g L-1 of cells for 9 d, biosorption and degradation
eﬃciencies were measured at approximately 90% and 80%, respectively. During this process, phospholipid
synthesis, glycogen, asparagine, arginine, itaconate and xylose metabolism were signiﬁcantly downregulated,
while glycolysis, pentose phosphate pathway, citrate cycle, amino sugar and nucleotide sugar metabolism were
signiﬁcantly upregulated. These ﬁndings oﬀer insight into the biotransformation regulation of polycyclic aromatic hydrocarbons.

1. Introduction

expressed in an engineered Shewanella oneidensis has been veriﬁed to be
an enzyme of catalyzed BaP [12].
The synthesis of heat shock proteins, arginine kinase, glutathione Stransferases, UDP-glucuronosyltransferases and sulfotransferases has
been enhanced to relieve stress from BaP and its intermediates through
conjugation reactions [13–15]. Among these proteins, heat shock proteins have been synthesized in response to exposure to stress while
glutathione S-transferases catalyze the conjugation of the reduced form
of glutathione to xenobiotic substrates for detoxiﬁcation. S-layer proteins, ABC transporters and cysteine synthase with upregulated expression related to BaP transport by Stenotrophomonas maltophilia [16]
and 22 genes in Altererythrobacter epoxidivorans associated with BaP
degradation [17] have also been found. These ﬁndings oﬀer insight into
the relationship between BaP biodegradation and certain individual
biomolecules. To regulate BaP degradation, metabolism networks associated with degradation must be identiﬁed. Metabolites are the end
products of cellular processes catalyzed by functional proteins. The
generation of metabolites and the transformation of nutrients during
BaP degradation provide a direct functional readout of the metabolic
states of functional microbes. Therefore, the functional metabolism
network for the regulation of BaP degradation can be identiﬁed by investigating metabolites, including carbohydrates, organic acids, and
phospholipids.

Polycyclic aromatic hydrocarbons (PAHs) are a class of ubiquitous
organic contaminants characterized by the presence of at least two
fused aromatic rings. PAHs are widely distributed in the environment
through various processes such as the production and combustion of
organic materials from anthropogenic and natural activities [1]. Although the joint eﬀects of chemical oxidation, photolysis and volatilization contribute to PAH removal [2], the low solubility and bioavailability of PAHs results in their accumulation in ecosystems and
organisms. Biodegradation is an environmentally sustainable measure
for the elimination of PAHs from terrestrial and aquatic environments
[3–5]. Some eﬀective microbes have been selected for the degradation
or cometabolic oxidization of high molecular weight PAHs (Table S1).
With cytotoxic, mutagenic, carcinogenic and accumulative properties, benzo(a)pyrene (BaP) is a model compound for the investigation of
metabolic information related to PAH biodegradation [6,7]. Based on
BaP identiﬁed intermediates such as BaP-7,8-diol-9,10-epoxide, BaP1,6-quinone, 1-hydroxy-2-benzoic acid and benzoic acid, the cleavage
pathway of benzene rings has been identiﬁed [8–10]. During cleavage,
the expression of cytochrome P450 s has been induced [8,9] for the
biotransformation of BaP through the aryl hydrocarbon receptor
pathway [11]. A member of this protein family, cytochrome P4501 A,
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microplates at 25 °C in the dark. The optical density at 590 nm of each
well was determined every 24 h. The metabolism network was mapped
using the KEGG database (http://www.kegg.jp/).

Bacillus thuringiensis is a functional strain with crystal proteins that
are highly toxic to susceptible insects. Its functional enzymes like cytochrome P450 s can eﬀectively catalyze the cleavage of benzene rings,
resulting in the degradation of triphenyltin [18], ﬁpronil [19] and dimethyl phthalate [20]. It was used as a model strain to degrade BaP to
identify interactions of BaP biodegradation and cellular metabolic
networks in the present study. BaP degradation, substrate metabolisms
and exometabolomic mechanisms were analyzed. Our ﬁndings oﬀer
insight into the metabolic regulation of PAH biotransformation.

2.5. Phospholipid extraction and analysis
After 7 d of BaP degradation, cells were extracted with 4 mL of
Bligh-Dyer extractant in a horizontal shaker for 2 h at 25 °C. After
centrifugation at 2500 r min−1 for 10 min, the supernatant was transferred to a clean glass centrifuge tube. Then, 1 mL of chloroform and
1 mL of water were added to the tube. The mixture was vortexed for 5 s
and centrifuged for 10 min. After the removal of the upper liquid layer,
the lower layer was evaporated at 30 °C in a speedvac. The extracted
residue was dissolved in 1 mL of chloroform and transferred to a solid
phase extraction cartridge. One milliliter of chloroform and 1 mL of
acetone were used to wash the cartridge. The test tubes were placed in a
vacuum manifold to remove solvents. Phospholipids in the tube were
eluted with a 0.5 mL mixture of methanol: chloroform: H2O (5:5:1) into
a 1.5 mL glass vial, which was incubated at 37 °C for 15 min after
0.2 mL of transesteriﬁcation reagent was added. The, 4.5 g L−1 of acetic
acid and 0.4 mL of chloroform were added to each vial. The bottom
layer at 0.3 mL was transferred to a vial with 4.5 g L−1 of acetic acid
and 0.4 mL of chloroform. After phase separation, 0.4 mL of the bottom
layer was transferred to a vial and then dried at room temperature.
Hexane at 75 μL was used to dissolve the dried sample for GC–MS
analysis. Before BaP degradation the control cells were prepared following the above procedure.
Phospholipids were measured using a GC–MS equipped with a DB5MS (30 m × 0.25 mm × 0.25 μm) quartz capillary column. The conditions of GC–MS analysis were as follows: the column temperature was
set to 140 °C for 2 min and then increased to 260 °C at a rate of 3 °C
min−1. He was used as a carrier gas. The sample inlet and ion source
temperatures were set to 250 °C and 230 °C, respectively. The mass
spectrometry scanning range was set to 50–500 m z−1. Phospholipids
were measured using peak areas.

2. Materials and methods
2.1. Microbe and chemicals
Samples of B. thuringiensis GIMCC1.817, an eﬀective microbe for
pollutant degradation [18], are stored in our lab and at the Microbiology Culture Center of Guangdong Province, China. BaP was purchased from Sigma–Aldrich (St. Louis, MO, USA). Culture medium
contained (in g L−1) 5 beef extract, 5 NaCl, 5 peptone and 0.05 MgSO4.
The M9 medium used for BaP degradation contained (in g L−1) 12.8
Na2HPO4•7H2O, 3 KH2PO4, 0.5 NaCl, 1 NH4Cl, 0.4 glucose, 0.24
MgSO4, 0.01 CaCl2, Wolfe’s vitamin mixture and Wolfe’s trace mineral
mixture. A mixture of retention time markers for exometabolite analysis
was prepared by dissolving fatty acid methyl esters (FAMEs) in
chloroform. C8, C9, C10, C12, C14 and C16 concentrations of FAMES
were measured as 0.8 g L−1 while C18, C20, C22, C24, C26, C28 and
C30 levels were set to 0.4 g L−1. A FAME mixture of 20 μL was added to
1 mL of N-methyl-N-trimethylsilytriﬂuoroacetamide (MSTFA) containing 1% trimethylchlorosilane to prepare a FAMEs/MSTFA mixture
for exometabolite determination.
2.2. Benzo(a)pyrene biosorption and degradation
B. thuringiensis was inoculated into the culture medium at 30 °C in a
rotary shaker at a rotation speed of 120 r min−1 for 24 h. Cells used for
BaP degradation were separated from the medium by centrifugation at
6000 r min-1 for 5 min and then were rinsed three times with sterile M9
medium. Cells were inoculated at 100 r min-1 in ﬂasks with 20 mL of M9
medium containing 0.5 mg L-1 of BaP in the dark at 25 °C on a rotary
shaker. Eﬀects of culturing time, pH values, degradation time and
biomass dosages on BaP biosorption and degradation were assessed. In
the experiments, culturing periods of 0.5 to 6 d, pH was set at 5.0, 5.5,
6.0, 6.5, 7.0, 7.5, 8.0, 8.5 and 9.0, and degradation periods ranged from
1 to 10 d. Biomass dosages were set to 0.01 to 0.50 g L−1. After degradation, cells were separated by centrifugation at 6000 r min−1 for
5 min. Residual BaP in resultant supernatant was detected to determine
removal eﬃciencies while residual BaP in the cells and supernatant was
used to determine degradation eﬃciencies. To reveal the metabolismindependent process of BaP removal, B. thuringiensis at 0.01 to 0.5 g L−1
was inactivated by 2.5% glutaraldehyde for 24 h. These inactivated
cells were then used to absorb BaP for 9 d. After separation, the supernatant was analyzed to determine adsorption eﬃciencies.

2.6. Exometabolite analysis
An exometabolite analysis was performed according to [22]. Before
and after degradation, cells were separated at 14,000 r min−1. The
samples without inoculation were used as control groups. One hundred
microliters of supernatant were transferred to a centrifuge tube followed by the addition of 10 μL of labeled internal standard mixture
(0.025 mM of 13C cellobiose with 0.05 mM of 13C glucose and 13C xylose with 13C vanillic acid, respectively). After lyophilization, 10 μL of
methoxyamine hydrochloride solution was added to each tube and
shaken at 1400 r min−1 at 30 °C for 1.5 h using an Eppendorf thermomixer. Then, 90 μL of FAMEs/MSTFA mixture was added to each tube
and shaken at 1400 r min−1 at 37 °C for 30 min. After separation at
10,000 r min−1, the supernatant was used for exometabolite analysis
with an Agilent 7890 GC connected to an Agilent 5977 MS. Extraction
blanks were prepared following the above procedure but starting with
empty tubes.
Each sample of 2 μL was injected into the 50 °C injector port, which
was ramped to 270 °C at a rate of 12 °C s−1 and held for 3 min. The GC
was ﬁtted with a 30 m long 0.25 mm ID Rtx5Sil-MS column. The initial
oven temperature was set to 50 °C and increased by 5 °C min−1 to 65 °C
and held for 0.2 min, was then increased by 15 °C min−1 to 80 °C and
held for 0.2 min and was ﬁnally increased by 15 °C min−1 to 310 °C and
held for 12 min. MS transfer line and ion source temperatures were set
to 250 °C and 230 °C, respectively. Electron ionization was applied at
70 eV and mass spectra were acquired from 50 to 700 m/z at 8 spectra
per second.
For data analysis FAMEs were used to measure the retention time.
Raw data were deconvoluted into individual chemical peaks via Agilent
MassHunter Unknowns Analysis software v.B.07.00 for Molecular

2.3. Extraction and measurement of benzo(a)pyrene
After degradation, residual BaP in the samples was extracted using a
published method and was measured by gas chromatography-mass
spectrometry (GC–MS, QP2010, Shimadzu) using an Rxi-5MS GC
column (30 m × 0.25 mm × 0.25 μm) [21].
2.4. Carbon substrate metabolism for benzo(a)pyrene degradation
Biolog microplates were used to analyze the metabolism of extracellular carbon substrates. In brief, before and after BaP degradation
cells were diluted in 0.85% sterilized saline solution 100 times followed
by the inoculation of 150 μL of the mixture into each well of
330
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lipid solubility of BaP triggered its adsorption because cellular membrane phospholipids tend to bind organic pollutants due to their hydrophobicity. BaP removal was more eﬃcient than degradation
throughout the process and especially at 0.5 and 6 d. These results
conﬁrm that some BaP accumulated within the cells. While Selenastrum
capricornutum and Scenedesmus acutus also accumulated BaP, biodegradation was identiﬁed as the principal means of BaP removal [23].
Taking BaP removal, degradation levels and culture periods into account, cells cultured for 2 d were used in the following experiments.
The impact of pH values on BaP degradation was more signiﬁcant
than eﬀects on removal levels (Fig. 1b). When initial pH values ranged
from 5 to 9, removal eﬃciencies were maintained at above 80%, and
the ﬁnal pH values of each sample trended toward neutral values. This
occurred because excessive H+ and OH− in the solutions reacted with
cells, preventing the adsorption of BaP at the cellular surface. Moreover, BaP and its derivatives are membrane poisons. Joint exposure to
BaP and excessive H+/OH− had detrimental eﬀects on the membranes.
Similar eﬀects on the morphologies of cell walls and membranes of B.
thuringiensis triggered by phenyltins have also been found [24].
BaP removal proved more eﬃcient than degradation (Fig. 1), conﬁrming that some BaP was absorbed by the cellular surface and accumulated in cytoplasm. Regarding degradation, a trend of increased efﬁciency was observed with pH values increasing from 5 to 7.
Subsequently, a downward trend was observed. The suppression of BaP
degradation in acidic and alkaline solutions primarily occurred due to
eﬀects of excessive H+ and OH− levels on the synthesis of proteome,
which further prevented BaP binding and transformation. Proteomic
regulation induced by tetracycline in solution at diﬀerent pH values
serves as direct evidence of the above inference [25]. Approximately
one hundred proteins involved in ribosomes, bacterial chemotaxis,
carbon metabolism, dicarboxylate metabolism, fatty acid biosynthesis,
secondary metabolite biosynthesis, antibiotics biosynthesis, glycine,
serine and threonine metabolism were downregulated in acidic and
alkaline solutions [26]. Their downsynthesis ﬁnally inhibited pollutant
resistance and transformation.
When the biomass dosage exceeded 0.2 g L−1, the increased eﬃciencies of BaP removal and degradation tended to remain stable
(Fig. 1c). This ﬁnding is partially attributed to limited contact between
a single cell and BaP molecules. More nutrients were also needed to
maintain cellular activity while biomass dosages were high, which accordingly depressed BaP treatment potential by a unit of biomass. This
inference is supported by the metabolism of carbon substrates observed
during BaP degradation (Fig. 3 and Table S2).
To illustrate the contributions of metabolism-independent processes
to BaP removal, the adsorption capacity of BaP by inactivated cells of B.
thuringiensis was investigated. Fig. 1c conﬁrms that BaP can be removed
from solution through metabolically independent activities. The above
ﬁndings show that B. thuringiensis attracted and bound BaP by metabolism-independent adsorption, subsequently transporting it across cell
membranes due to the metabolism or hydrophobicity of BaP and degrading it intracellularly.
To quantitatively measure the dynamic accumulation of BaP, residual BaP in solution and within cells was measured. Fig. 1d shows that
the eﬃciency of BaP removal increased quickly and reached an optimal
value over 3 d. Subsequently, it decreased to some extent followed by
the equilibrium distribution of BaP between B. thuringiensis and the
solution. In addition to resulting from eﬀects of degradation, the accelerated removal process also partially resulted from physicochemical
interactions between BaP and cellular surfaces occurring independent
of cellular metabolic activities. The following equilibrium phase was
related to biological metabolism, through which intracellular BaP could
be released to the solution actively or leaked through the apoptosis of
certain cells under BaP exposure over an extended contact period. The
fact that BaP removal declined to same extent after 4 to 10 d of treatment serves as evidence of the occurrence of BaP release and leakage.
From the contrast observed between curves of removal and

Fig. 1. Degradation of 0.5 mg L−1 of BaP at 25 °C by Bacillus thuringiensis (a)
BaP degradation for 9 d by 0.2 g L−1 of cells separated from medium cultured
for 0.5 to 6 d; (b) BaP degradation at pH 5 to 9 for 9 d by 0.2 g L−1 of cells; (c)
BaP degradation for 9 d by 0.01 to 0.5 g L−1 of cells; (d) BaP degradation for 1
to 10 d by 0.2 g L−1 of cells; (e) Intracellular concentrations of BaP.

Feature Extraction. Compounds were identiﬁed by comparing the mass
spectra and retention times of all deconvoluted peaks with an Agilent
Fiehn Metabolomics Library (2013 version) containing the spectra
proﬁle. A mass spectral match factor of 75 or greater was determined a
putative hit. Data alignment and quality control were performed using
Mass Proﬁler Professional software. The list of metabolites was further
then curated by comparing putatively identiﬁed metabolites to reference standards and by cross-checking mass spectra with the NIST
metabolite database.

3. Results and discussion
3.1. Benzo(a)pyrene biosorption and degradation
Cells cultured for diﬀerent periods of time were used to degrade BaP
for 9 d (Fig. 1a). BaP degradation with an optimal eﬃciency level of
approximately 80% by cells cultured for 30 h exhibited similar trends to
the culture curve. According to data shown in Table S1, the degradation
eﬃciencies of other PAHs such as phenanthrene and anthracene by
certain strains reached up to 90%. These results show that the high
molecular weight of PAHs is diﬃcult to degrade. Cell separation at the
stable phase with vigorous cellular activity resulted in high levels of
degradation eﬃciency. Those in the apoptosis phase with limited capacity in terms of BaP-tolerance induced a decline in degradation efﬁciency.
After degradation, cells were separated by centrifugation at
6000 r min−1 for 5 min. BaP removal was identiﬁed when we observed
in decline in BaP in the resultant supernatant, meaning that removal
behavior involved surface adsorption, intracellular accumulation and
metabolic degradation. Fig. 1a shows that BaP removal did not signiﬁcantly correlate with cellular culture periods because removal primarily depended on levels of metabolism-independent adsorption. The
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Fig. 2. (a) Degradation of 0.5 mg L−1 of BaP by 1 g L–1 of Escherichia coli pET32a-CYP450; (b) Interaction between P450 and BaP; (c) Active site for BaP binding; (d)
Types of interaction between amino acids of active site and BaP.

between this component of BaP and cells, accordingly accelerating
degradation while the later decline of intracellular BaP 3 d induced a
decline in degradation kinetics.

degradation it can be deduced that large volumes of BaP accumulated
in cells in the initial interval. With contact time, accumulated BaP
slowly degraded. To understand this process, intracellular BaP was
identiﬁed. The accumulation of intracellular BaP early on (Fig. 1e)
shows that BaP can be quickly transported into a cell. In this period,
some BaP was adsorbed into the cellular surface. With more exposure
time, a decline in intracellular BaP shows that BaP degradation occurred intracellularly. These results further illustrate trends of BaP
degradation observed throughout the degradation period. High concentrations of intracellular BaP observed early on enhanced contact

3.2. Benzo(a)pyrene degradation by cytochrome P450 hydroxylase
To determine whether cytochrome P450 hydroxylase (P450) expressed in B. thuringiensis served as the enzyme for BaP degradation,
Escherichia coli strain pET32a-P450 was used to degrade BaP. P450 with
404 amino acid residues expressed in E. coli pET32a-P450 was cloned
332
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Fig. 3. Concentrations of exometabolites and phospholipids before or after BaP degradation for 7 d.

phosphoglycerate, citrate, N-acetyl-D-mannosamine, ribose-5-phosphate, glucose-6-phosphate and trehalose of high concentrations were
found in the solution shows that they were upsynthesized and actively
released by cells during BaP degradation (Fig. 3). As carbon substrates,
glucose, pyridoxine and thioctic acid were used up in this situation.
These ﬁndings show that metabolic pathways of glycolysis, the pentose
phosphate pathway, amino sugar and nucleotide sugar metabolism
were upregulated after BaP degradation.
Both the increased use of extracellular glucose and glucose-1phosphate and the enhanced release of glucose-6-phosphate serve as
direct evidence that glycolysis was enhanced during BaP degradation.
Glucose-6-phosphate dehydrogenase with an 85% increase in enzyme
activity resulted in the upgeneration of glucose-6-phosphate [30]. In
the pathway of fructose and mannose metabolism, mannitol was uptransformed through successive catalysis by mannitol 1-phosphotransferase and mannitol-1-phosphate 5-dehydrogenase with the production of fructose-6-phosphate. This product was further used for
upregulated glycolysis in the presence of BaP. Our comparative proteomic analysis shows that many diﬀerential proteins in Microbacterium
sp. cells are involved in glucose, benzene ring, citrate cycling, amino
acid, and lipid metabolism after BaP degradation [31]. These metabolic
proteins catalyzed chemical reactions similar to those observed in our
recent metabolism studies.
In the pathway of amino sugar and nucleotide sugar metabolism,
the enhanced transformation of UDP-N-acetyl-alpha-D-glucosamine
produced more N-acetyl-D-mannosamine and uridine diphosphate
(UDP). Before glucose was transformed into glycogen, enzyme UDPglucose pyrophosphorylase catalyzed a UDP-glucose unit by combining
a glucose-1-phosphate with a uridine triphosphate. Then, the enzyme

from B. thuringiensis [27]. The results show that this strain can degrade
BaP while control cells of E. coli pET32a without P450 do not catalyze
BaP (Fig. 2a). This ﬁnding conﬁrms that P450 enzymes degrade BaP.
To identify potential substrate-binding residues, BaP molecule
docking was performed using Discovery Studio software (version
2017R2). A structural comparison to other P450 s found in the PDB
database (http://www.rcsb.org/) shows that the structure of the P450
studied in the current experiments is similar to the CYP106A2 (PDB:
5xnt) expressed in Bacillus sp. PAMC 23377 [28]. Therefore, the conformation of CYP106A2 likely reﬂected the functionally conformational
state of the P450 studied in the current experiments and was used for
substrate docking calculations. Before transformation, BaP was attracted by the pocket in P450 (Fig. 2b and c). The binding domain
contained amino acids Leu174, Pro175, Glu246, Ser394, Thr396 and Gly397,
which adsorbed BaP through the unfavorable bump. Residue His250
bounded BaP through Pi-Pi interactions. Phe173, 176, Thr247, 392, Asn290,
Leu291, Asp393, Ala395, Gln398, Thr399 and Hoh607 attracted BaP via van
der Walls (Fig. 2d). Then, BaP received an electron from ubiquinone
oxidoreductase [27]. Oxygen was then bound and split into atoms
through the attack of protons from ubiquinone oxidoreductase, forming
the reactive species of P450 [29]. This reactive enzyme ﬁnally catalyzed BaP degradation through hydroxylation.

3.3. Exometabolomics and phospholipid mechanisms of benzo(a)pyrene
degradation
Exometabolites generate via diﬀusion through broken membranes
or active transport. Several ﬂux into extracellular solution as a result of
membrane collapse. In the present study, the fact that only malonate, 3333
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Fig. 4. Metabolism of extracellular carbon substrates. (a) The control cells before BaP degradation; (b) The treated cells after BaP degradation.

decline of glycogen metabolism observed during BaP degradation
(Fig. 3).
The concentrations of all detected phospholipids, including

glycogen synthase combined UDP-glucose units to form a glycogen
chain. The increased release of N-acetyl-D-mannosamine resulted in a
decline in glycogen production. This ﬁnding is consistent with the
334
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Fig. 5. Diﬀerential regulated network of cellular metabolism for BaP degradation.

After BaP degradation, the metabolism of serine, mannitol, Nacetyl-D-glucosamine, cellobiose, glucose-1-phosphate, glycerol and
malate was signiﬁcantly upregulated while the use of arginine, asparagine, phenylalanine, phenylethylamine, xylose, glycogen and itaconic
acid was signiﬁcantly downregulated (Fig. 4b and Table S3b). In the
benzoate degradation pathway, reactions of oxygenation catalyzed by
oxidoreductase and hydrolase were required for benzene ring cleavage.
Enzymes involved in this process were also responsible for BaP transformation. For example, BaP mediated aryl hydrocarbon receptors in
lung cells are required for the stimulation of mitogen activated protein
kinase signaling cascade [11] and for the transformation of aryl compounds. This is why the metabolism of phenylalanine and phenylethylamine was downregulated in the presence of BaP.
For amino acids metabolism, serine was catalyzed by phosphoserine
phosphatase and cysteine synthase, resulting in the generation of cysteine (Fig. 5). The upmetabolism of serine observed in the current
work is consistent with the upsynthesis of cysteine in human bladder
cancer cell line RT4 [29] and in S. maltophilia under BaP exposure [16],
inducing a metabolic shift from glycolysis to the pentose phosphate
pathway triggered by BaP. These results show that key antioxidant
molecule glutathione stemmed from the transformation of cysteine was
upsynthesized through the detoxiﬁcation of reactive oxygen species, the
level of which was enhanced under BaP stress.
Asparagine was transformed into aspartate, which was further degraded by aminotransferase. The produced oxaloacetate generated
various intermediates in several metabolic processes. Amino acid arginine was also transformed into argininosuccinate in the presence of
fumarate and argininosuccinate lyase. Argininosuccinate was catalyzed
by argininosuccinate synthase, generating aspartate, a precursor of the
citrate cycle. Therefore, both asparagine and arginine were catalyzed
through the same pathway after being transformed into aspartate. Thus,
the transformation of asparagine and arginine into aspartate was inhibited by BaP. These results are supported by the interrupted metabolism of asparagine in the rat cerebellum under BaP stress [33]. Although the synthesis of arginine in Pinctada martensii underwent an

myristate, pentadecanoic acid, palmitoleinate, 11-hexadecenoic acid,
palmitate, cis-10-heptadecanoic acid, heptadecanoic acid, elaidate,
stearate, cis-10-nonadecanoic acid and cis-11-eicosenoic acid, were
downsynthesized after BaP degradation. This ﬁnding shows that precursors of phospholipid biosynthesis were transformed to intermediates
used in other pathways. Malonate produced in the pathway of fatty acid
metabolism served as one of these intermediates with enhanced release
patterns.

3.4. Metabolism of carbon substrates after benzo(a)pyrene degradation
Substrates pyruvate methyl ester, xylose, galacturonate, asparagine,
serine, tween 40, tween 80,2-carboxyphenol, 4-carboxyphenol, mannitol, erythritol and N-acetyl-D-glucosamine were easily used by the
control cells before BaP degradation while β-methyl-D-glucoside, αcyclodextrin, 4-hydroxybutyric acid, cellobiose, glucose-1-phosphate,
α-lactose, glycerol and malate were diﬃcult to metabolize (Fig. 4a and
Table S3a). Overtime, the upmetabolism of compounds with benzene
rings including 2-carboxyphenol, 4-carboxyphenol, phenylalanine and
phenylethylamine shows that B. thuringiensis can degrade polycyclic
aromatic hydrocarbon. As compounds with a benzyl group, they were
metabolized through the benzoate degradation pathway [6,10].
In this pathway, 2-carboxyphenol and 4-carboxyphenol were sequentially catalyzed with the production of dihydroxybenzoate, hydroxyquinol, 1,2-benzenediol, cis, cis-muconate, 3-oxoadipate, ethanol
and pyruvate. Regarding molecular structures, 2-carboxyphenol and 4carboxyphenol are compounds with hydroxy and carboxyl groups attached to a benzene ring while phenylalanine and phenylethylamine
have only a connected group. This is why the metabolism of 2-carboxyphenol and 4-carboxyphenol was more active than the metabolism
of the other two. These results conﬁrm that the insertion of one atom of
oxygen into the benzene ring was central to ring cleavage. P450 enzymes include monooxygenase, which catalyzes the transfer of one
atom of molecular oxygen to a substrate [32]. Our carbon metabolism
results are consistent with this function of P450.
335

Journal of Hazardous Materials 366 (2019) 329–337

Q. Lu et al.

Fig. 6. The impact of BaP degradation on cellular metabolism pathways.

β(1→4) bond. It was uphydrolyzed by cellobiose glucohydrolase during
BaP degradation. These ﬁndings conﬁrm that enzymes for the cleavage
of β(1→4) bonds were upsynthesized while 1,4-alpha-D-glucan glucohydrolase and 6-alpha-D-glucanohydrolase for the breakage of α-glycosidic bonds were downexpressed. After its transformation to xylulose,
xylose was successively metabolized through the pentose phosphate
pathway, through the glycolysis of core modules involving three-carbon
compounds, and through pyruvate oxidation and citrate cycling. These
successive pathways and itaconate metabolism via C5-branched dibasic
acid metabolism were depressed by BaP and its intermediates.

upregulated trend [34], the arginine metabolism pathway was found to
be one of the target pathways signiﬁcantly altered by BaP.
Glycogen is a branched biopolymer consisting of linear chains of
glucose residues linked linearly with α (1→4) glycosidic bonds.
Branches of glycogen are linked to the chains from which they are
branch from by α (1→6) glycosidic bonds. During metabolism, glycogen can be catalyzed by glucan 1,4-alpha-glucosidase via glucose
production or degraded by isoamylase, maltodextrin alpha-D-glucosyltransferase and maltooligosyltrehalose trehalohydrolase to form
trehalose. The disappearance of extracellular glucose and the increased
release of trehalose observed on the seventh day conﬁrm that glucose
was consumed through pathways of glycolysis and polysaccharide
synthesis.
During glycolysis, glucose was converted into pyruvate. In another
pathway, trehalose formed from 1,1-glucoside bonds between glucose
units. This ﬁnding is consistent with the upsynthesis of S-layer glycoprotein during BaP degradation by Stenotrophomonas maltophilia [16].
Its upsynthesis conﬁrms that glycosylation was upregulated and glycogen metabolism was downregulated during BaP degradation. A metabolomic analysis also reveals changes in levels of glycogen and glucose observed in the hepatopancreas of male green mussels, inferring
that BaP exposure aﬀected energy metabolism [35].
Cellobiose is a disaccharide with two glucose units linked with a

3.5. Pathway enrichment related to benzo(a)pyrene degradation
To quantitatively clarify the impact of BaP degradation on cellular
metabolism pathways, the pathway enrichment of the metabolic data
was analyzed through the metaboanalyst database (http://www.
metaboanalyst.ca/). Fig. 6 shows that the degradation process was
signiﬁcantly correlated with cysteine, lactose and trehalose degradation, aspartate metabolism, phosphatidylethanolamine, sphingolipid,
glycerolipid and fatty acid biosynthesis, and the transfer of acetyl
groups into membrane and pentose phosphate pathways. Phosphatidylethanolamine, sphingolipid and glycerolipid are three diﬀerent families of phospholipids. Acetyl groups are commonly transferred from
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acetyl-CoA to coenzyme A. Acetyl-CoA converted into malonyl-CoA by
catalysis of acetyl-CoA carboxylase initiates the synthesis of fatty acids
[36]. Proteins involved in acetyl group transfer in membranes are responsible for providing such groups. These results show that phospholipid metabolism is a major target pathway associated with BaP degradation because phospholipid compositions are central to the
production of BaP metabolites [37]. The decreased expression of
sphingolipid and free fatty acids in an alveolar type II cell line induced
by 4 μM of BaP at 6 h also shows that lipid metabolism serves as a target
pathway [38].

[12]

[13]

[14]

[15]

4. Conclusions

[16]

Bacillus thuringiensis can eﬀectively metabolize compounds with
benzene rings, including BaP, 2-carboxyphenol, 4-carboxyphenol,
phenylalanine and phenylethylamine. During BaP degradation, phospholipid synthesis, polysaccharide degradation, asparagine, arginine,
itaconate and xylose metabolism were downregulated while glycolysis,
the pentose phosphate pathway, citrate cycling, amino sugar and nucleotide sugar metabolism were upregulated. Phospholipid metabolism
was found to be the main target pathway associated with BaP degradation.
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