Science of the Total Environment 640-641 (2018) 714-725

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

Science of the Total Environment

Contents lists available at ScienceDirect

Science orre
Total Environment

Metabolic and proteomic mechanism of bisphenol A degradation by L))

Bacillus thuringiensis

Check for
updates

Chongshu Li %, Qiying Lu ®, Jinshao Ye **, Huaming Qin ?, Yan Long ?, Lili Wang % Huase Ou?

@ School of Environment, Guangdong Key Laboratory of Environmental Pollution and Health, Jinan University, Guangzhou 510632, Guangdong, China
b College of Biology and Food Engineering, Guangdong University of Education, Guangzhou 510303, Guangdong, China

HIGHLIGHTS

Bisphenol A could be degraded effec-
tively by Bacillus thuringiensis.

BPA altered the expression of ribosomal
proteins and phospholipids.

BPA enhanced C14:0, C16:1»7, C18:206,
C18:109t and C18:0 synthesis.

SasP-1 could be a biomarker to reflect
impairment of spore DNA by BPA.

BPA increased C18:1»9t/C18:1»9c and
ratios of unsaturated/saturated PLFAs.

ARTICLE INFO

Article history:

Received 4 February 2018

Received in revised form 10 May 2018
Accepted 28 May 2018

Available online 5 June 2018

Editor: Kevin V. Thomas

Keywords:
Proteomics
Degradation
Phosphorylation
Fatty acids
iTRAQ

GRAPHICAL ABSTRACT

Bisphenol A ; ! “Membrane , @ PLFAs analysis
\ ' permeablllty- ‘ e analysns + Extracellular

NoAcetylD-s 1
(et "t;lumsemmﬂp Glucomm

. 4 3;';, R A-
- rocde . afGrales G -TplA g’;’@ po

i Citranglyl- cm‘\m pose4—Celighiose 62- \)‘ Yoe' | Infs \ ¢ GlnA |
Biomarker protein 13-~ Ttacony-CoA m m 5‘ b '
. —\ 1 ................... .

Sasp-1 [faconic 3] =

ABSTRACT

Bisphenol A (BPA) is a worldwide, widespread pollutant with estrogen mimicking and hormone-like properties.
To date, some target biomolecules associated with BPA toxicity have been confirmed. The limited information has
not clarified the related metabolism at the pathway and network levels. To this end, metabolic and proteomic ap-
proaches were performed to reveal the synthesis of phospholipids and proteins and the metabolic network dur-
ing the BPA degradation process. The results showed that the degradation efficiency of 1 uM of BPAby 1 gL' of
Bacillus thuringiensis was up to 85% after 24 h. During this process, BPA significantly changed the membrane per-
meability; altered sporulation, amino acid and protein expression, and carbon, purine, pyrimidine and fatty acid
metabolism; enhanced C14:0, C16:1»w7,C18:2w6, C18:1w9t and C18:0 synthesis; and increased the trans/cis ratio
of C18:1w9t/C18:1w9c. It also depressed the spore DNA stability of B. thuringiensis. Among the 14 upregulated
and 7 down-regulated proteins, SasP-1 could be a biomarker to reflect BPA-triggered spore DNA impairment.
TpiA, RpoA, GInA and InfA could be phosphorylated at the active sites of serine and tyrosine. The findings pre-
sented novel insights into the interaction among BPA stress, BPA degradation, phospholipid synthesis and protein
expression at the network and phylogenetic levels.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Bisphenol A (BPA) is an organic synthetic compound belonging to the
group of diphenylmethane derivatives and bisphenols. It exhibits estro-
gen mimicking and hormone-like properties and causes carcinogenicity
(Haighton et al., 2002), reproductive toxicity (Maffini et al., 2006),
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immunotoxicity (Yin et al., 2007), embryotoxicity (Zhou et al., 2011) and
transgenerational influence (Berger et al., 2016; Dong et al., 2018) to var-
ious species. Its worldwide use in the production of synthetic polymers,
including epoxy resins and polycarbonates (Flint et al., 2012), has trig-
gered contamination in packing materials and ecosystems.

At the bimolecular level, some genes associated with the immune sys-
tem in human osteosarcoma cells (Fic et al., 2015) and genes regulated by
miRNAs (Cho et al.,, 2010) in the Sertoli cell line of mice have been found
to be related to BPA resistance. The presence of these target genes is un-
necessary meaning their transcription and translation. Therefore, proteins
with a vast array of functions, including metabolic reaction catalysis, DNA
replication, stimuli response and molecular transport, became a critical
group of target biomolecules. Previous studies have confirmed that BPA
triggered the alteration of retinoblastoma-associated protein, increased
the production of Rho GTPases and cell division cycle protein CDC42
(Williams et al., 2016), and stimulated the expression of prostaglandin
D2 synthase in adult rats (Wu et al,, 2015) as well as dysregulated sera
proteins in rat serum (Betancourt et al., 2014). The proteins apo-Al,
DPPIII and VAT were selected as biomarkers in prenatal mouse immune
organs (Yang et al., 2008) to reflect BPA toxicity.

BPA resistance, transport and transformation are associated with cel-
lular regulatory, signaling and metabolic networks. The limited informa-
tion available on only some individual biomolecules is not enough to
reveal the networks related to BPA degradation. Proteomic technology
is an insightful tool to clarify these types of mechanisms. For example,
two-dimensional gel electrophoresis has been used to investigate a tar-
get enzyme (hydroquinone dioxygenase) for BPA resistance expressed
in Sphingomonas TTNP3 (Collado et al., 2013). Quantitative label-free
technology has also been applied to reveal (Zhou et al., 2015) the differ-
ential expression of proteins possibly associated with BPA transforma-
tion. To date, these investigations didn't reveal the mechanisms of the
metabolic networks and protein interactions related to BPA degradation.

Phospholipid fatty acids (PLFAs) are another important class of bio-
molecules that can be used as biomarkers of responses to stress
(Arisawa et al., 2016). For example, the trans/cis ratio of PLFAs and that
of unsaturated PLFAs/saturated PLFAs has been used to reflect cell stabil-
ity under xenobiotic exposure. In particular, some types of PLFAs could be
split to generate products that function as second messengers in signal
transduction. For example, (4, 5)-bisphosphate phosphatidylinositol
could be catalyzed by phospholipase Cinto triphosphate inositol and diac-
ylglycerol, which initiate the release of calcium ions and the activation of
protein kinase C (Choi et al., 2005; Penniston et al., 2014). Given that both
PLFAs and the proteome have the essential molecular and metabolic func-
tions, their synergetic synthesis will be the critical scientific objective to
clarify the mechanism related to pollutant degradation. Therefore, the
current study will provide insight into the relationship among BPA degra-
dation, PLFA synthesis, protein expression and the metabolic network.

Bacillus thuringiensis is a Gram-positive bacterium that produces in-
secticidal proteins which are widely used as biopesticides in insect control
(Bravo et al., 2017). As an important model microbe, B. thuringiensis con-
tains enzymes that cleave benzene ring-containing pollutants, including
dimethyl phthalate (Brar et al., 2009), fipronil (Mandal et al., 2013) and
triphenyltin (Wang et al., 2017). Therefore, it was used in the current
study to degrade BPA. The metabolic and proteomic responses of cells
were analyzed. The potential findings can present new insights into BPA
degradation by microbes at the proteomic level and the metabolic
network.

2. Materials and method
2.1. Strain and chemicals

B. thuringiensis GIMCC1.817 was an effective strain for the degrada-
tion of multiple pollutants (Tang et al., 2016) and was stored at the

Microbiology Culture Center of Guangdong Province, China. BPA was
purchased from Sigma Aldrich (St. Louis, MO, USA) and was dissolved

in chromatography-grade methanol. Trypsin (Promega, V5280, USA)
and an iTRAQ reagent multiplex kit (Sigma, PN 4352135, USA) were
used in this experiment.

2.2. Microbial culture and bisphenol A degradation

B. thuringiensis was inoculated into a nutrient medium containing
(in g L™'") 5 NaCl, 10 peptone and 3 beef extract at 30 °C in a rotary
shaker at 120 r min~! for 24 h. Cells were separated from the medium
by centrifugation at 6000 r min~! for 5 min and then washed three
times with sterile water. The treatment medium used for BPA degrada-
tion included (in g L™!) 0.03 KH,PO,, 0.07 NaCl, 0.03 NH,4CI, 0.01
MgSQ,, 0.03 beef extract and 0.1 peptone. For BPA degradation, 20 mL
treatment medium containing 1 uM of BPA and 1 g L™! of cells was inoc-
ulated into a 50 mL Erlenmeyer flask in the dark at 30 °C on a rotary
shaker at 120 r min~! for 24 h. A control treatment without cells was
also performed. There were three biological replicates for each sample.
The treatment and control samples were extracted by ultrasound-
assisted liquid-liquid extraction with 20 mL dichloromethane, concen-
trated to 0.5 mL and solvent-exchanged into 4 mL methanol, then
analyzed by high-performance liquid chromatography with a tandem
mass spectrometer (Applied Biosystems SCIEX 5500, USA). Quality as-
surance and quality control included using a laboratory solvent blank, a
matrix blank, a matrix spike and a matrix spike duplicate. The recovery
of BPA in the spiked treatment media was 96 + 2%. The intermediates
of BPA degradation were detected using a time-of-flight HRMS
(TripleTOF 5600, Applied Biosystems SCIEX, USA).

2.3. Carbon substrate metabolism for bisphenol A degradation

Biolog microplates were used to analyze cellular activities of carbon
nutrient metabolism before and after BPA degradation. The plates
contained 96 wells with 31 kinds of carbon nutrients. Briefly, cells
after BPA degradation were diluted 100 times in 0.85% sterilized saline
solution, followed by inoculation of 150 pL of the mixture into each
well of the microplates at 25 °C in the dark. The optical density at
590 nm of each well was determined every 24 h. The network related
to carbon metabolism for BPA degradation was mapped through the
KEGG database (http://www.kegg.jp/).

24. Protein preparation

After BPA treatment for 24 h, cells before and after degradation were
suspended in 1 mL lysis buffer (15 mM Tris-HCl, 7 M urea, 2 M thiourea,
1% w/v dithiothreitol, 4% w/v 3-[(3-Cholamidopropyl)dimethylammonio]
propanesulfonate with 0.2 g L™! phenylmethylsulfonyl fluoride, 2% v/v
IPG buffer and 0.6 g L™ dithiothreitol). After vibration for 10 s, the sam-
ples were frozen thrice in liquid nitrogen for 15 min each time, followed
by ultrasonication for 20 min. Subsequently, a nuclease mix was added
to the lysate at a final concentration of 1% v/v. After the mixture was incu-
bated at 4 °C for 30 min, the cell debris was removed at 4 °C by centrifu-
gation at 12000 r min~' for 1 h. The concentration of protein was
measured using the Bradford method.

2.5. Protein digestion

Proteins from each sample were reduced with 2 pL reducing reagent
in a water bath at 37 °C for 1 h. The cysteines in proteins were blocked
with 1 pL cystein-blocking reagent for 10 min at 25 °C. After adding to
10 kDa Amicon Ultra-0.5 centrifugal filter devices, the protein samples
were separated at 12000 r min~' for 20 min and washed three times
with 100 pL dissolution buffer each time. The samples in the filter de-
vices were digested by 50 pL trypsin at 4% w/w 12 h at 37 °C. Subse-
quently, the samples were centrifuged at 12000 r min~' for 20 min
and digested by 1 pg trypsin for 2 h. After centrifugation, the liquid in
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the collection tube was collected. The concentration of tryptic peptides
was measured using the Bradford method.

2.6. ITRAQ labeling and desalination

Tryptic peptides were labeled with an iTRAQ reagent multiplex kit ac-
cording to the manufacturer's instructions. Briefly, after protein digestion
by trypsin, the peptides of the control sample without BPA and of the ex-
perimental group were labeled with tag 114 and 115. Ethanol at 150 pL
was added to each tube of iTRAQ reagent, followed by vortexing
and spinning. After the tryptic peptides were transferred to a new tube,
100 pL chromatographic-grade water was added to each sample to
stop the reaction. One microliter of solution from each sample was de-
tected by ABI 4800 MALDI TOF/TOF (Applied Biosystems, Foster City,
CA) to determine the labeling efficiency. Subsequently, the iTRAQ-
labeled samples were mixed, vortexed, spun, desalinated with Strata-X
(Phenomenex, USA), and separated by strong cation exchange chroma-
tography. The labeled peptides were dried in a vacuum concentrator.
The samples were then resolved with solution (2% v/v acetonitrile, 0.1%
v/v formic acid), centrifuged at 12000 r min~! for 20 min, and detected
by an AB Sciex Triple-TOF 5600 mass spectrometer (AB Sciex, Framing-
ham, MA, USA) equipped with a Nanospray III source (AB Sciex).

2.7. Protein identification and bioinformatics analysis

Protein identification in the UniProt Database and relative iTRAQ
quantification were performed with ProteinPilot™ Software 4.5 (AB
SCIEX). For iTRAQ quantification, peptides were automatically selected
by the Pro GroupTM algorithm to calculate the reporter peak area, error
factor and p value. A reverse database search strategy was adopted to es-
timate the fault occurrence rate for peptide identification. A strict unused
confidence score of higher than 1.3, which corresponded to at least a pep-
tide confidence level of 95%, was used as the qualification criterion. Iden-
tified proteins with at least two matched peptides at higher than 95%
confidence and an FDR value lower than 1% were used to perform protein
quantification. Subsequently, proteins with at least a 1.2-fold increase or
decrease were identified as the differentially expressed proteins. The
PANTHER Database (http://www.pantherdb.org/) was used to classify
the proteins. The functions, interactions and phosphorylation sites of
these differential proteins were annotated through the PANTHER Classi-
fication System (http://www.pantherdb.org), DAVID Bioinformatics Re-
sources 6.7 (https://david.ncifcrf.gov), STRING 10 (http://string-db.org)
and dbPSP Database (http://dbpsp.biocuckoo.org), respectively.

2.8. PLFAs extraction and membrane potential assay

PLFAs extraction and methylation and membrane potential analysis
were conducted according to a previous study (Wang et al.,, 2017).
PLFAs were detected and analyzed by gas chromatography-mass spec-
trometry (Shimadzu, Japan). The membrane potential was measured by
a FACSAria flow cytometer (BD, USA), with 10,000 cells being acquired
per sample at a flow rate of 10 mL min~'. Fluorescent dye JC-1
(5,5',6,6’-tetrachloro-1,1’,3,3-
tetraethylbenzimidazolcarbocyanineiodide) was used to dye the cells.
The high and low electric potentials formed red fluorescence aggregates
and green fluorescence monomers, respectively. Differences in means of
the data of PLFAs and membrane potential were analyzed by one-way
ANOVA with Duncan's test.

3. Results and discussion
3.1. Bisphenol A degradation and carbon substrate metabolism

The degradation efficiency of BPA at 1 uM in the treatment solution
by comparison with the control was 85% (Table S1). Its potential inter-
mediate 2,2-bis (4-hydroxyphenyl)-1-propanol (C;5H;603, MW = 244)
was identified by LC-MS-MS (Table S2). This finding and previous re-
ports related to BPA degradation by NADPH (Fischer et al., 2010a),
NADH and cytochrome P450 (Sasaki et al., 2005) inferred that BPA
was initially transformed to 2,2-bis (4-hydroxyphenyl)-1-propanol in
pathway I, then to 4-hydroxyphenol and 4-(2-propanol)-phenol in
pathway Il by B. thuringiensis, followed by the generation of 2,3-bis(4-
hydroxyphenyl)-1,2-propanediol, 4-hydroxyphenacyl alcohol and 4-
hydroxybenzoate. The proposed degradation pathway of BPA is shown
in Fig. 1 A. This pathway shows the potential mineralized and degraded
process of BPA by B. thuringiensis.

To reveal the relationship between carbon metabolism and BPA
degradation for the regulation of BPA biotransformation, the cellular
metabolism of 31 kinds of carbon substrates was examined. With
time extension, the enhanced degradation of 2-hydroxybenzoate,
4-hydroxybenzoate, phenylalanine and phenylethylamine clarified
that B. thuringiensis could utilize benzene ring compounds as sole
carbon nutrients (Fig. 1 B and C). It is direct evidence to prove why
this species could degrade BPA effectively. The degradation of BPA
did not trigger a significant difference in the utilization of these com-
pounds. This finding infers that the expression of enzymes for BPA
degradation did not upregulate the transformation of compounds
with similar structures.

The metabolism of p-galactonic acidy-lactone, pyruvate methyl
ester, xylose, galacturonic acid, L-asparagine, Tween 40, Tween 80,
serine, a-cyclodextrin, N-acetyl-p-glucosamine, r-hydroxybutyric acid,
cellobiose, glucose-1-phosphate, ketobutyric acid, lactose, glycerol and
putrescine after BPA degradation was upregulated, whereas that of
glucosaminic acid and itaconic acid was down-regulated.

In the upregulated metabolic pathways, starch and sucrose meta-
bolic transformation of polysaccharides into monosaccharide, glycolysis
conversion of glucose into pyruvate, pyruvate oxidation to generate
acetyl-CoA, fatty acid metabolism connected via acetyl-CoA and glyc-
erol, and amino acid metabolism were also activated by BPA degrada-
tion (Fig. 1D). This finding confirms that the majority of central
metabolic pathways were upregulated by the degradation of BPA,
while the toxicity of BPA at the studied concentration and its intermedi-
ates did not trigger significant inhibitive effects on cellular metabolic
pathways due to the rapid degradation of those compounds.

Extracellular glucosaminic acid needs to be phosphorylated through
catalysis by DgaA during the transportation process. Glucosaminate-
6-phosphate ammonia lyase catalyzes a reaction converting
glucosaminate-6-phosphate to ammonia and 2-dehydro-3-deoxy-
6-phospho-p-gluconate. This product is further transformed to 3-
phosphoglycerate and degraded in the glycolysis pathway. Based on
the fact that glycolysis is upregulated after BPA degradation, it can be
deduced that the cleavage of the carbon nitrogen bond for ammonia re-
moval is the limiting step for the down-regulation of glucosaminic acid
metabolism in the current study. This finding confirmed that BPA
degradation inhibited the activity of ammonia lyase. Another down-
metabolized substrate, itaconic acid, is successively catalyzed by
succinyl-CoA synthetase, itaconyl-CoA hydratase and citramalyl-CoA
lyase during the formation of pyruvate. This process was inhibited by
the degradation of BPA.

Fig. 1. The proposed degradation pathway of bisphenol A by B. thuringiensis and carbon substrate metabolism for the degradation of bisphenol A. (A) Proposed degradation pathway of
bisphenol A by Bacillus thuringiensis (a: 2,2-bis(4-hydroxyphenyl)-1-propanol was identified in this study; b: CoA is coenzyme A; c: Reactions obtained from the KEGG database.
Dotted arrows indicate reactions omitted by the KEGG database). (B) Metabolism of the control cells before bisphenol A degradation. (C) Metabolism of the samples after degradation
of 1 uM of BPA by 1 g L™! of cells for 24 h. (D) Metabolic networks regulated by bisphenol A degradation. Compounds in solid rectangles were upregulated, whereas those in dashed

rectangles were down-regulated.
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Fig. 2. The percentage of 125 proteins in biological processes (A), molecular functions (B) and cellular component (C), respectively.

3.2. Proteins clusters and interaction networks

Among the 125 quantifiable identified proteins (Table S3), 14 and 7 of
them were up and down-regulated (Table S4 and S5), respectively, after
cells were exposed to BPA. Cellular component organization, or biogene-
sis, and localization of biological processes (Fig. 2A) accounted for 67%
and 17% of the related functions, respectively. Regarding molecular func-
tions (Fig. 2B), the proteins related to catalytic activity and binding and
structural molecular activity were 46%, 24% and 16%, respectively. These
proteins mainly came from the cell part (53%) and macromolecular com-
plex (26%) of cellular component (Fig. 2C). The clustering coefficient of
the differentially expressed proteins and the protein-protein interaction
enrichment p-value were 0.741 and 3.94e !, respectively, confirming
that these proteins were significantly enriched in the dysregulated ex-
pression network. Fig. 3A exhibits that the upregulated proteins (RplF,
RpsS, RpIP, RplO, RpsP and InfA) and down-regulated proteins (Tkt,
RpoA and RpmE2) existed in direct interaction.

The upregulated ribosomal proteins RplF, RpsS, RplP, RplO and RpsP
implied that the polypeptide chain of the protein underwent increasing
synthesis during the process of BPA degradation. TpiA and other associ-
ated proteins participated in 5 pathways (Fig. 3B). In these pathways,
TpiA and Yts] were overexpressed in gluconeogenesis, which is consis-
tent with the upregulated metabolism of xylose, ai-cyclodextrin, cellobi-
ose, glucose 1-phosphate and lactose (Fig. 1). The participation of the
key node proteins TpiA, Tkt and GInA in multiple metabolic pathways
(Fig. 3B) demonstrated that BPA enhanced these metabolisms, which
is consistent with Fig. 1. The overexpressed GInA involved in the two-
component system suggested increased nitrogen assimilation, which
further enhanced glutamate metabolism (Fig. S1).

3.3. Differentially expressed ribosomal proteins and ribonuclease

The upregulation of RpsP, RpsS, RplO, RpIP, and RplF and the down-
regulation of RpmE?2 clarified the differential translation of functional

genes regulating the expression of diverse proteins after BPA degrada-
tion (Fig. 4). The down-regulation of RpmE2 and DNA-directed RNA po-
lymerase subunit alpha (RpoA) and the upregulation of translation
initiation factor IF-1 (InfA) suggested that the translation process was
differentially regulated for BPA degradation.

Ribonuclease is a ribonucleic acid (RNA) hydrolase which contrib-
utes to RNA metabolism and homeostasis. During the starvation period,
the ribonuclease RNase PH utilizes phosphate to accumulate rRNA frag-
ments and degrades the total RNAs (Basturea et al., 2011). Thus, its up-
regulation is consistent with nutrient metabolism with time extension.
Exoribonuclease RNase R is involved in mRNA degradation (Basturea
et al., 2011), playing an important role in the quality control of
ribosomes for precise translation (Domingues et al., 2015). Its down-
regulation in the presence of BPA illustrated that BPA affected the
translation process (Liang and Deutscher, 2013).

Synergy was found between cross-regulation and cotranscription of
RNase R and SmpB (Moreira et al., 2012). The binding of RNA-SmpB
stabilized the association of the protease subunit HsIUV with the N-
terminal region of RNase R (Liang and Deutscher, 2012), resulting in
increased degradation of unfolded proteins generated due to down-
regulation of the foldase protein PrsAl. In addition, overexpressed
RNA-binding protein (Hfq) regulated mRNA translation in response
environmental stresses and modulated metabolite concentration by
binding small regulatory RNA and mRNA. These findings inferred that
BPA posed a risk to protein folding and translation.

3.4. Cellular homeostasis analysis with disulfide linkage formation and
sporulation

Thiol-disulfide oxidoreductase (BdbD) is a key factor in determining
protein folding and function (Feng and Coulombe, 2015). Its formation
not only mediates the translocation and oxidation of mitochondrial
transporters (Ramesh et al., 2016) but also promotes enzyme activity
and stability (Lu et al., 2014). Its down-regulation during the process
of BPA degradation revealed that BPA certainly influenced the enzyme
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Fig. 3. (A) The interaction network of the identified differentially expressed proteins in B. thuringiensis after bisphenol A exposure. The thickness of the lines represents the connection
degree. (B) The cellular metabolic pathways associated with differentially expressed proteins under exposure to bisphenol A.
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activity, cellular biological process and cellular components (Fig. 2).
Correspondingly, it coincided with the upregulated HslV involved in un-
folded protein degradation and the down-regulated foldase protein
PrsA 1 associated with protein folding in the presence of BPA. Moreover,
DsbA is an enzyme containing a thioredoxin domain (Erlendsson and
Hederstedt, 2002) which is helpful in protein oxidative folding and is as-
sociated with bacterial spreading in natural environments (Crow et al.,
2009). Its amino acid sequence shared 74 similar positions with BdbD,
which revealed that they were orthologous proteins (Fig. 5A). This

A

finding further confirmed the biological function of BdbD. The above-
mentioned functions revealed that BdbD played an important role in
regulating the cellular homeostatic process under the stress of BPA.
Sporulation is also one of the signals that reflect cellular homeostasis
under environmental stimuli. As an endospore-forming species,
B. thuringiensis forms spores and minimizes cellular metabolism to
resist nutrient limitation (Esfahani et al., 2016), ensuring cellular
survival and evolution under adverse conditions (Tocheva et al.,
2016). SasP are alpha/beta-type small, acid-soluble spore proteins
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Fig. 5 (continued).

that nonspecifically bind to DNA in spores of Bacillus species. They
can protect the bound DNA backbone from chemical and enzymatic
cleavage by reducing the rate of DNA depurination (Setlow et al.,
2006) and are, thus, involved in the high resistance of spores to var-
ious stresses. The down-regulation of SasP-1 (major beta-type SasP)
during the process of BPA degradation in the current study meant
that BPA could pose some cleavage risk to the spore DNA. Therefore,
SasP-1 can be a potential biomarker to reflect pollutant stress to the
stability of spore DNA.

To verify the above inference and determine whether SasP-1 contains
a stable domain or sequence in different species of Bacillus, the homology
of SasP-1 expressed in different strains and species was calculated. Ninety
homologous strains of B. thuringiensis were found in the IMG database
(https://img.jgi.doe.gov). Eighty-two of them (Fig. 5B) contained the
functional gene that expressed this protein. Based on sequence similarity,
42 orthologous proteins of SasP-1 were found (Fig. 5C). The presence of
this protein in these strains with endospores further confirmed that it
could be a biomarker to reflect pollutant stress.

3.5. Relationship between protein phosphorylation and BPA degradation

To date, the limited evidence related to phosphorylation of functional
proteins did not clarify the relation between protein phosphorylation and
pollutant recognition, transport, resistance and transformation. In the cur-
rent study, the serine and threonine phosphorylation sites (Table S6) of
differentially expressed proteins were predicted using NetPhosBac 1.0
Server (http://www.cbs.dtu.dk/services/NetPhosBac/). These phosphory-
lation proteins were verified by dbPSP (http://dbpsp.biocuckoo.org/ (Pan
et al,, 2015)). Different phosphorylation sites were found in 9 proteins
(TpiA, InfA, GInA and Tkt and RpmE2 in Table S6; Tuf, Ndk, SucC and
Eno in Table S7). Phosphorylation sites were found not only in the up
and down-regulated proteins (Table S6) but also in proteins without

differential expression (Table S8), which inferred that phosphorylation
was not a representative posttranslational modification to reflect the in-
fluence of BPA on its target proteins.

Table S6 shows that these phosphorylation sites were mainly concen-
trated on serine, threonine, tyrosine, followed by aspartic acid and argi-
nine. Triosephosphate isomerase (tpiA, upregulation) is a glycolytic
enzyme involved in fructose, mannose and inositol phosphate metabo-
lism. Its serine phosphorylation site is on S213 (Macek et al., 2007).
Other detected glycolytic enzymes, including glucose-6-phosphate isom-
erase (Pgi), pyruvate dehydrogenase E1 component subunit alpha
(PdhA), pyruvate dehydrogenase E1 component subunit beta (PdhB),
and succinyl-CoA ligase [ADP-forming] subunit beta (SucC), were phos-
phorylated on arginine in stressed environments (Schmidt et al., 2014),
whereas their fold-change was not remarkable in the current results.

Phosphotyrosine modification is one significant regulative mechanism
which can modulate transcription, translation and elongation (Macek
et al,, 2007) in eukaryocytes and prokaryotes. RpoA (down-regulation),
RpoB (no obvious difference) and RpoC (none detected) are related to
transcription, which potentially demonstrates that rpoA is easily
phosphorylated in different subunits. Tyrosine-phosphorylated protein
InfA was upregulated, and its phosphorylation motif is Y (tyrosine) 60
in Bacillus subtilis (Jers et al., 2010), which can bind nucleic acids and pro-
mote the two subunits IF-2 and [F-3. In addition, the upregulated GInA
could be phosphorylated on tyrosine 180, 327, 398 and 467, respectively.
The enzyme activity is influenced by tyrosine phosphorylation (Jers et al.,
2010). Therefore, tyrosine phosphorylation plays a certain complicated
role in the bacterial cellular process.

3.6. Characteristic PLFAs and MP analysis

PLFAs were used as characteristic biomarkers to illustrate the cellular
response to stresses (Alvarez-Ordonez et al., 2009). In this study, seven
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saturated PLFAs, two monounsaturated PLFAs and a polyunsaturated
PLFA were detected (Fig. 6A). C16:0 was the most abundant PLFA in
both the control and degradation samples, followed by C18:0. Except for
C14:0 (1.2 times), C16:1®»7 (1.2 times), C18:2m6 (2.2 times), C18:1x9t
(2.6 times, p-value = 0.012) and C18:0 (1.3 times), other PLFAs were
not differently expressed. The ratio (0.28) of total unsaturated to total sat-
urated PLFAs of the degradation samples was higher than that (0.23) of
the control. Additionally, the ratio of trans to cis-PLFAs (C18:1w9t/
C18:1w9c) of the degradation sample was 6.1, whereas that of the control
was 1.8. Changes in the proportion of PLFAs affect the membrane fluidity
and further influence cellular function. The proportion of PLFAs expressed
in Bacillus species could be modified under environmental stresses
(Diomande et al., 2015). Fig. 6A shows that most PLFAs exhibited an in-
creasing trend after BPA degradation. This suggested a decrease in the flu-
idity of the cellular membrane because long-chain PLFAs could stabilize
the lipid bilayer (Arouri et al., 2016).

C18:2m6 is a member of the -6 fatty acids family which is abundant
in the cell membrane (Rodrigues et al., 2016). Its level in the degrada-
tion sample was slightly increased compared with the control.
(20:406 stemming from C18:2w6 was not found in the current results.
Desaturation of PLFAs is a mechanism for organisms to adapt to envi-
ronmental change. Generally, C16:0, C16:1»7 and C18:1»9 are precur-
sors converted to other PLFAs in bacteria. In the current study, the
concentrations of C16:1»w7 and C18:1w9 (C18:1w9t) after BPA degrada-
tion were obviously higher than those in the control (Fig. 6A), whereas
C18:1m9c¢ was slightly depressed by BPA.

The increasing ratio of unsaturated versus saturated PLFAs could
regulate the fluidity of the cellular membrane (Paulucci et al., 2011).
Therefore, the trans/cis ratio and the conversion rate of cis- to trans-
unsaturated PLFAs could be used as additional representatives of
membrane activity (Piotrowska et al., 2016). They have been used as
biomarkers to reflect pollutant concentrations (Piotrowska et al.,
2017) and environmental stresses (Fischer et al., 2010b; Yao et al.,
2014). The significantly increased trans/cis ratios (p-value < 0.01)
(C18:1w9t/C18:1w9c) of the samples after BPA degradation (Fig. 6A)
suggested that BPA induced isomerization of the cis to trans unsaturated

PLFAs and promoted an increase in the trans/cis ratio of unsaturated
PLFAs.

Except for these PLFAs results, other direct evidence that glycerol was
up-metabolized (Fig. 1) and aldehyde dehydrogenase (ywdH) and
octanoyltransferase (lipB/estB) was related to PLFAs metabolism was
also found. YwdH is involved in glycolysis/gluconeogenesis, PLFAs metab-
olism and degradation. Its upregulation suggested the enhancement of
PLFAs metabolism. LipB is associated with lipoic acid metabolism, catalyz-
ing the transfer of octanoic acid from the octanoyl-acyl carrier protein to
the lipoyl domains of lipoate-dependent enzymes. Its overexpression in-
dicated that the cell viability was stimulated, which was consistent with
the result of carbon nutrient metabolism (Fig. 1A, B) before and after
BPA degradation.

The membrane potential (MP) is the difference in electric potential
between the inside and outside of the cell membrane. It is a parameter
reflecting membrane permeability. Although Fig. 6B shows no obvious
difference after BPA degradation (p-value > 0.05), MP was significantly
different with time extension (p-value < 0.05) in both the treatment and
control samples (Fig. 6C). The MP increased to the maximum value at
5 h because the cells were inoculated from the culture medium to the
treatment medium. High concentrations of cations in the degradation
medium triggered their transport, resulting in the high MP. After a sta-
ble resting stage (12th to 18th hours) with depolarization (MP was de-
creased), the MP increased again under the stress of starvation over
time, which was consistent with the result of the enhanced MP in
repopulating cancer cells under starvation (Lee et al., 2016). Alteration
of the MP significantly influenced cell metabolism (Wang et al., 2017),
along with the variation of PLFAs and differentially expressed proteins
in the current study. The difference in the MP further indicated that
BPA promoted cell viability and served as a nutrient for B. thuringiensis
growth and metabolism.

4. Conclusions

B. thuringiensis could effectively degrade BPA and its intermediate.
The upregulated BdbD and down-regulated SasP-1 played important
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roles in maintaining cellular homeostasis. SasP-1 was a potential bio-
marker to reflect the impairment of spore DNA triggered by BPA. More-
over, BPA increased PLFA synthesis. The significantly increased trans/cis
ratio (p-value < 0.01) of C18:1»9t/C18:1w9c confirmed that it could be
a representative of membrane activity and the cellular response to BPA
stress. These findings presented novel insights to the interaction be-
tween BPA transformation and cellular metabolism at the pathway
and network levels.
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