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� The accuracy of JCe1 use in Bacillus thuringiensis is verified.
� Spores in B. thuringiensis act as an indicator for MP and cellular activities.
� DMA at 1 mg L�1 promotes cellular metabolism increasing TPT degradation to 90%.
� DMA enhanced cellular and spore activity, and ion and phospholipid metabolism.
� Coexisting DMA and TPT depress FA synthesis but increase membrane permeability.
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a b s t r a c t

Degradation pathway and surface biosorption of triphenyltin (TPT) by effective microbes have been
investigated in the past. However, unclear interactions among membrane components and TPT binding
and transport are still obstacles to understanding TPT biotransformation. To reveal the mechanism
involved, the phospholipid expression, membrane potential, cellular mechanism and molecular dy-
namics between TPT and fatty acids (FAs) during the TPT degradation process in the presence of D-malic
acid (DMA) were studied. The results show that the degradation efficiency of 1 mg L�1 TPT by Bacillus
thuringiensis (1 g L�1) with 0.5 or 1 mg L�1 DMA reached values up to approximately 90% due to the
promotion of element metabolism and cellular activity, and the depression of FA synthesis induced by
DMA. The addition of DMA caused conversion of more linoleic acid into 10-oxo-12(Z)-octadecenoic acid,
increased the membrane permeability, and alleviated the decrease in membrane potential, resulting in
TPT transport and degradation. Fluorescence analysis reveals that the endospore of B. thuringiensis could
act as an indicator for membrane potential and cellular activities. The current findings are advantageous
for acceleration of biosorption, transport and removal of pollutants from natural environments.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The global use of organotins has induced their widespread
exposure in various ecosystems (Clarke and Smith, 2011; Fortibuoni
et al., 2013). Triphenyltin (TPT), a representative organotin with
endocrine behavior (Podratz et al., 2015), has resulted inworldwide
ental Exposure and Health of
versity, Guangzhou, 510632,

om (J. Ye).
contamination (Cole et al., 2015; Gui et al., 2016).
The reduction of phenyltins with thermal stability in a natural

environment not exposed to ultraviolet radiation is primarily
dependent onmicrobial communities. Therefore, selecting effective
microbes, increasing degradation efficiency by adding exotic ma-
terials (Huang et al., 2014), and revealing TPT degradation pathways
are of interest for researchers. Huang et al. (2014) had clarified that
tea saponin significantly increased phenyltin solubility, biosorption
and transport, and regulated cell metabolisms, such as improving
protein expression, cell growth and ion use, accordingly stimu-
lating phenyltin biodegradation. In addition, in a previous study,
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the process of TPT adsorption and transport through cell walls and
membranes was verified through molecular calculation and ex-
periments (Tang et al., 2016). As ametabolic inhibitor (Fickova et al.,
2015), TPT may depress cellular metabolism, including the syn-
thesis of fatty acids (FAs), which are the main components of cell
membranes. Whether this inhibition influences the interaction
between membrane components and TPT transport is still unclear
and needs to be revealed.

FAs are biomarkers for the evaluation of physicochemical ac-
tivity and material transport under various stresses (Bernat and
Dlugonski, 2012). Therefore, it is important to determine how TPT
influences FA metabolism, and changes phospholipid components
and structures by regulating related enzymes to resist environ-
mental stresses; how FA changes further influence other metabolic
pathways, such as ion metabolism, cell growth and apoptosis; and
how this variation regulates FA metabolism.

Ten types of nutrients, including amino acids (L-threonine, L-
asparagine, glutamic acid and glycine), organic acids (DMA, gal-
acturonic acid and methyl pyruvate), a carbohydrate (D-cellobiose),
an amine (putrescine) and an ester (tween40), were found to
enhance the growth of Bacillus thuringiensis, a TPT degradation
bacterium (Tang et al., 2016). TPT biodegradation is a metabolism-
mediated process, some studies have tried to activate cellular
metabolism involving organotin degradation through the addition
of exotic materials (Huang et al., 2014; Tang et al., 2016). However,
information regarding the influence of these nutrients on the TPT
biodegradation mechanism is limited. Particular questions are how
the nutrients interacted with TPT and FAs assisting TPT transport
through the membrane and how they were used to influence FA
synthesis and membrane potential (MP). It is thus vital to study the
regulation of cellular metabolism, membrane composition, FA
expression and MP in the presence of carbon nutrients during the
TPT biodegradation process, which is of advantage for the accel-
eration of biosorption, transport and removal of pollutants from
natural environments.

The relation between TPT degradation and 10 types of nutrients
was investigated in this study. DMA was chosen for further studies
due to its enhancement of TPT degradation. Cell surface element, FA
metabolic pathway, spore fluorescence and MP were analyzed to
determine cellular metabolic responses during the TPT degradation
process by B. thuringiensis in the presence of DMA.

2. Materials and methods

2.1. Strain and chemicals

B. thuringiensis GIMCC1.817 was an effective microbe for TPT
degradation (Tang et al., 2016) and was stored at the Microbiology
Culture Centre of Guangdong Province, China. TPT was purchased
from SigmaeAldrich (St. Louis, MO, USA). Lysogeny broth (LB), a
nutritionally rich medium primarily used for the growth of bacte-
ria, was selected to culture B. thuringiensis in the current study,
which contained 3 g L�1 beef extract, 10 g L�1 peptone and 5 g L�1

NaCl, individually. The concentrations of KH2PO4, NaCl, NH4Cl and
MgSO4 in the mineral salt medium (MSM) were 30, 20, 30 and
10 mg L�1, respectively. Extracellular Kþ and intracellular Naþ

regulate cellular Naþ/Kþ-ATPase activities; NH4
þ acts as a compo-

nent of some biomolecules, like the N-terminal tail of peptidogly-
cans and proteins; Mg2þ is indispensable for enzymatic activity,
metabolic regulation and nucleotide structural stability; PO4

3� is
involving in energy metabolism; and sulfur not only plays key roles
in cell metabolism, but also acts as an essential structural constit-
uent embedding in a great number of proteins (Wang et al., 2016).
Therefore, these ions were used as the components of MSM for TPT
degradation.
2.2. Biodegradation experiments

After 12 h of culture in LB medium at 30 �C and 130 r min�1, B.
thuringiensis was separated at 3500�g for 5 min and used to
degrade 1 mg L�1 TPT. The biodegradation was performed at 130 r
min�1 and 30 �C for 2 d in 20 mL of MSM with 0e20 mg L�1

L-
threonine, L-asparagine, glutamic acid, glycine, DMA, galacturonic
acid, methyl pyruvate, D-cellobiose, putrescine and tween40,
respectively. After biodegradation, the total residual TPT was
analyzed to determine the biodegradation efficiency (Huang et al.,
2014). The residual DMA and some ions in the MSM medium were
evaluated. Briefly, the solutions were centrifuged at 3500�g for
10 min. The concentrations of DMA, Cl�, SO4

2� and PO4
3� in the su-

pernatant were detected using an ICSe2500 ion chromatography
system (Dionex, Sunnyvale, USA). OD600nm and pH values of each
sample before and after TPT degradation were also determined.

2.3. Cellular surface element change

The energy spectra of the control cells and those after TPT
degradation with or without 1 mg L�1 DMA were detected using a
scanning electronmicroscope (SEM; JSMe7001F) equippedwith an
energy-dispersive X-ray fluorescence spectrometer (QX200). To
observe the actual cell status, samples without preliminary fixation
were filtered using a 0.22-mm polyether sulfone filter and freeze-
dried before SEM detection.

2.4. FA analysis

The species and content of FAs in the control cells and samples
after TPT degradation with or without 1 mg L�1 DMA were
analyzed. Briefly, 2 mL of methyl alcohol containing 2% H2SO4 were
added to each sample. Subsequently, the sample tubes were filled
with nitrogen. All samples were heated in an 80 �C water bath for
1 h. After cooling the samples to room temperature, 4 mL of a
mixture of n-hexane and pure water (1:1, V/V) were added, and
then the samples were vortexed. The organic portionwas collected,
dried by nitrogen, and concentrated with 1 mL of chromatographic
class n-hexane containing 5 mL of methyl nonadecanoate for anal-
ysis. Parallel samples freeze-dried directly were prepared for
quantification by measuring cell mass.

FAs were detected by gas chromatography-mass spectrometry
(Shimadzu, Japan) using electronic ionization (70 eV) in scan mode
(50e500 m/z) with a DBe5MS capillary column
(30 m � 0.25 mm � 0.25 mm). Splitless injection of 1 mL of a sample
was carried out with an autosampler. Helium was used as the
carrier gas at a flow rate of 1 mLmin�1. The ion source and interface
temperatures were set to 230 and 250 �C, respectively.

2.5. MP analysis

The control cells and those after TPT degradation with or
without 1 mg L�1 DMAwere harvested and suspended in 200 mL of
5,5',6,6’-tetrachloro-1,1'3,3’-tetraethylbenzimidazolcarbocyanine
iodide (JCe1) to obtain a cell concentration of approximately
106 cells per milliliter. Subsequently, samples were placed in the
dark at 37 �C for 15 min and analyzed using flow cytometry (FCM)
to measure the MP.

FCM analysis was performed on a FACSAria flow cytometer (BD,
USA) with 10,000 cells being acquired per sample at a flow rate of
10 mL min�1. Green fluorescence (from JCe1 monomers; FLe1) and
red fluorescence (from JCe1 aggregates; FLe2) were captured
through 527 and 590 nm long-pass filters, respectively. Fluores-
cence data of cells stained with JCe1 were recorded by confocal
laser scanningmicroscopy (CLSM; Zeiss, Germany) and analyzed by
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FACSDiva (BD, USA).

2.6. Computational methods

To further determine the interaction between TPT and FAs with
or without DMA, the three-dimensional structures of these com-
pounds were created using ChemBio3D Ultra version 15.0. Subse-
quently, the energy of these structures was minimized by
molecular mechanics until the root-mean-square gradient became
smaller than 0.01 kcal mol�1 Å. The interaction between TPT and
FAs with or without DMA was calculated by molecular dynamics.
The step interval, frame interval and termination point of the
calculation were 2 fs, 10 fs and 10,000 steps, respectively.

The biosynthesis of FAs and metabolism of cell membrane
phospholipids were analyzed by KEGG Pathway (http://www.
genome.jp/kegg/pathway.html) combined with the whole
genome sequencing of B. thuringiensis.

2.7. Statistical analysis

All of the experiments were performed in triplicate, and the
mean values were used in the calculations. MP was calculated by
analysis of variance (ANOVA).

3. Results and discussion

3.1. TPT biodegradation with different carbon nutrients

Fig. 1a shows that amino acids, especially glycine but not glu-
tamic acid at 0.5 and 1 mg L�1, at low concentrations depressed TPT
biodegradation. The influence of pH on TPT degradation was not
obvious here (Figs. S1aed). Based on the mineral absorption
pathway (http://www.kegg.jp/kegg-bin/show_pathway?
map04978), additional glycine tends to inhibit mineral absorp-
tion, which might be partially responsible for the decrease in TPT
degradation. Regarding glutamic acid, it has been reported that this
Fig. 1. Relation between carbon nutrients and TPT degradation. a: amin
compound dissolved copper efficiently and enhanced its bio-
sorption by heterotrophic bacteria (Kostudis et al., 2015). This
characteristic of glutamic acid could also increase the solubility and
utilization of TPT (Graceli et al., 2013).

Exotic organic acids such as galacturonic acid significantly
reduced TPT degradation efficiency (Fig. 1b), which might be a
result of the inhibiting effect of excessive Hþ on cell metabolism
and Hþ adsorption on the cell membrane (Fig. S1e). On the other
hand, cells tend to utilize easily transported and degraded nutrients
rather than xenobiotics. The recovery of pH in high galacturonic
acid concentrations was consistent with it. Galacturonic acid was
one of those nutrients that could be easily used with the expression
of a galacturonic acid transporter and an intracellular metabolism
enzyme (Niu et al., 2015) leading to low TPT degradation rate.
However, 0.5 and 1 mg L�1 DMA dramatically promotes TPT
biodegradation, which might be primarily attributed to its biolog-
ical functions, such as regulating FA synthesis and degradation by
Hþ and NADPH metabolism (Fig. 2a), and relating to glyoxylate and
dicarboxylate metabolism, pyruvate metabolism and citrate cycle
(http://www.kegg.jp).

Fig. 1c illustrates that the effect of D-cellobiose and tween40 at
different concentrations on TPT biodegradation was not obvious,
while amine (putrescine) at concentrations above 3 mg L�1

decreased TPT biodegradation. According to its degradation
pathway, putrescine was successively transformed to 4-
aminobutyraldehyde, 4-aminobutyrate and succinate by the
catalysis of putrescine specific amine oxidases accompanied with
4-aminobutyraldehyde dehydrogenase (Fostera et al., 2013).
Therefore, the pH value in the medium would recover in some
degreed. Fig. S1i showed that pH values recovered to neutral which
means that cells tended to use putrescine instead of TPT.

3.2. The effect of DMA on cell metabolism

DMA in the studied concentrations effectively enhanced TPT
biodegradation. Therefore, DMA was chosen for further studies.
o acids; b: organic acids; c: D-cellobiose, tween40 and putrescine.

http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
http://www.kegg.jp/kegg-bin/show_pathway?map04978
http://www.kegg.jp/kegg-bin/show_pathway?map04978
http://www.kegg.jp


Fig. 2. The effect of DMA on cell metabolism. a: DMA use, pH and OD values; b: ion concentrations in MSM at 2 d.
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Fig. 2a shows a gradually increasing DMA use when DMA in the
concentration from 0.5 to 16 mg L�1. However, the use of DMA at
20 mg L�1 decreased because of the inhibiting effect induced by
high concentrations of Hþ and the fierce competition among the
cells at high biomass dosages for nutrients. Biomass in MSM with
16mg L�1 DMA after 2 d higher than that of 0 d was consistent with
this inference. When the DMA concentration in the medium was
high, cells tended to use DMA rather than TPT, which caused rela-
tively low TPT degradation efficiency in this condition (Fig. 1b).

After 2 d of degradation, the pH in the medium with low con-
centrations of DMA was neutral, which was related to the regula-
tion of Hþ metabolism by malic enzymes (Fig. 2a), whose activity
could decrease the flux of pentose phosphate pathway, affect the
ratios of redox cofactors, and then aerobically increase NADPH
production to reduce Hþ in the medium (dos Santos et al., 2004).
However, the pH of MSM with high concentrations of DMA in 2 d
was not neutral, which implies that cell metabolism was signifi-
cantly depressed in this condition. This is why TPT biodegradation
efficiency and DMA use in high DMA concentrations were low.
Furthermore, high levels of protons would compete with TPT to
occupy cell surface binding sites, depress TPT biosorption, and thus
reduce TPT biodegradation (Ye et al., 2013).

The effect of different concentrations of DMA on anion meta-
bolism (Fig. 2b) was not distinct, which indicates that DMA at the
studied concentrations did not significantly influence ion transport.
Compared with their initial concentrations, the decreased values of
Cl�, SO4

2� and PO4
3� in MSM at 2 d illustrate that cells assimilated

these ions during TPT degradation. Except for a concentration
gradient, SO4

2� and PO4
3� assimilation was primarily due to cellular
Fig. 3. Cell surface element analysis. a: samples
metabolism. TPT transport and degradation required PO4
3e-con-

taining polymers to provide energy and SO4
2� to form sulfur-

containing molecules, such as proteins.
3.3. Cell surface element analysis

To further illustrate the results on ion metabolism (Fig. 2b),
energy-dispersive X-ray fluorescence spectroscopy was used to
analyze the variation of cellular elements after TPT degradation in
the presence of DMA at 1 mg L�1. The major elements of each
sample were sulfur, carbon and oxygen, which are essential ele-
ments for organisms. Nitrogen, phosphorus and potassium were
detected on the surface of the control cells in the MSMwithout TPT
and DMA at 0 d (Fig. 3a). Cells tend to metabolize nitrogen to form
proteins, assimilate phosphorus to maintain energy metabolism
and transport potassium by Naþ/Kþ pump to hold MP. However,
cells prefer to deactivate ion transporters under sudden stress
resulting in the decrease of elements detected. For example, con-
centrations of the three elements reduced immediately when cells
were in contact with TPTor DMA (Fig. 3a). Chlorinewas detected on
the surface of the cells in contact with DMA, which means that the
inhibiting effect of DMA for ion transports in 0 d was smaller than
that of TPT. The study performed by Zdravkovic et al. (2012) had
revealed that Cl� was crucial to transport by prepping the active
site of enzymes in membrane for subsequent ion or substrate
binding, and further Cl� binding translated to proper positioning,
forming the most energetically favorable ion or substrate binding.
Thus DMA might enhance TPT degradation by increasing TPT ab-
sorption onmembrane proteins. Element metabolism of cells in the
treated for 0 d; b: samples treated for 2 d.
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medium with TPT or DMA recovered to some degree after 2 d
(Fig. 3b) because these molecules act as nutrients. Nevertheless,
elementmetabolism of the control cells decreased after 2 d (Fig. 3b)
compared with the other three samples, which was due to nutrient
deficiency.

3.4. FA analysis

To analyze the interaction between membrane structure,
composition, cellular metabolism and TPT transport, FAs were
detected in the current study. Except for unsaturated omega-9 Fas
(Fig. 4d, palmitoleic acid, PAA, C16:1ne9; Fig. 4h, oleic acid, OA,
C18:1ne9) and omega-6 FA (Fig. 4g, linoleic acid, LA, C18:2ne6),
five of themwere long-chain saturated FAs, including myristic acid
(MA, Fig. 4b, C14:0), pentadecanoic acid (PEA, Fig. 4c, C15:0), pal-
mitic acid (PA, Fig. 4e, C16:0), heptadecanoic acid (HA, Fig. 4f, C17:0)
and stearic acid (SA, Fig. 4i, C18:0). PA (Fig. 4e, up to
42,468mg kg�1) and SA (Fig. 4i, up to 16,186mg kg�1) were the two
major FAs among them. The composition of different FAs in the
cellular membrane is directly related to membrane fluidity, cellular
signal transduction, cell adhesion, proliferation and survival. Poly-
unsaturated FA levels in normal cells were low and almost unde-
tectable because they inhibited enzyme metabolism involved in
drug and xenobiotic transformation (Yao et al., 2006). There were
no such FAs detected in the current samples, which indicates that B.
thuringiensis survived well even though suffering from starvation
or the toxicity of TPT and its metabolites for 7 d.

FAs modulated cellular responses, which were essential to
glucose homeostasis, and played a significant role as energy sub-
strates for cells (Rodrigues et al., 2016). In general, the results of
Fig. 4bei were opposite to those of Fig. 4a. FAs would increase
under stresses when biomass decrease, which was the main reason
that FAs were biomarkers indicating the response of microbes to
environmental changes (Yao et al., 2015). The current finding also
illustrates that the inhibitory influence of starvation on cells was
more severe than that of TPT toxicity, which was consistent with
the results of Fig. 3. TPT with DMA significantly depressed MA, LA
and SA production, which indicates that cells in the medium with
TPT and DMA were more active than in other treatments. Fig. 4e
and h shows the significant effect of TPTon FA synthesis. It has been
reported that both PA and OA could modulate the production of
reactive oxygen compounds resulting in cell oxidative damage and
even inducing the apoptosis of some cells (Carrillo et al., 2011;
Guerra and Otton, 2011; Hidalgo et al., 2011), which illustrates
that TPT had a detrimental effect on cells by changing the con-
centrations or species of FAs. Although the biomass under TPT
stress in the MSM significantly decreased (Figs. 2 and 4a),
approximately 50% of the cells were still viable. This finding sug-
gests that the cytoplasm released by cells after apoptosis was used
by viable cells. In the meantime, the permeability-enhancing effect
of PA and OA helped cells to utilize extracellular nutrients by the
generation of transient pores to maintain mass balance (Arouri and
Mouritsen, 2013). Nevertheless, the unfavorable elastic tension
formed during the pore formation process could ultimately cause
pore disintegration (Teixeira et al., 2012) resulting in cell mass
decrease in the samples without TPT. Fig. 4b, g and i exhibit the
positive influence of DMA on the membrane under TPT stress. SA
could also trigger the production of reactive oxygen species (Guerra
and Otton, 2011). Themetabolite of LA in bacterial cells was 10-oxo-
12(Z)-octadecenoic acid, which increased adiponectin production,
glucose uptake and energy metabolism by regulating the activity of
peroxisome proliferator-activated receptors (Goto et al., 2015). The
low LA concentration in the medium containing TPT and DMA
indicates that cells produced more 10-oxo-12(Z)-octadecenoic acid
and energy. The energy generated by DMA assimilation in this
condition could be used to enhance TPT transport and degradation,
which was consistent with the results of Fig. 1b. MA in the proper
concentrations led to an increasing expression of peroxisome pro-
liferator activated receptor, mRNA and adipose-related genes, like
glucose transporter, FA binding protein, FA translocase, acetyl-CoA
carboxylase and FA synthase (Huang et al., 2012; Puhl et al., 2012).
Specifically, MA promoted the glycolysis, influenced FA transport
and FA de novo synthesis, and increased the content of saturated
FAs (Lu et al., 2014). Thus, the content of SA and LA could be
influenced by MA.

FAs are composed of an aliphatic chain and a carboxylic acid
moiety. Their synthesis is regulated by acetyl-CoA or malonyl-CoA,
which then converts into acetyl-[acyl-carrier-protein] (acp) and
malonyl-acp. The enzymes involved in this process include acetyl-
CoA carboxylase, malonyl CoA-acyl carrier protein transacylase, 3-
oxoacyl-acp synthase, 3-oxoacyl-acpreductase, 3-hydroxyacyl-
acpdehydratase, enoyl-acpreductase and acyl-acp-hydrolase
(http://www.kegg.jp/kegg-bin/highlight_pathway?scale¼1.
0&map¼btb01212). The majority of the myristoyl-acps reacted
with malonyl-acp to successively form hexadecanoyl-acp, palmi-
toyl-acp and PA. The same enzymes also participated in the syn-
thesis of different FAs. Hence, a high PA concentration in cells was
due to high substrate concentrations. Among these carrier proteins,
hexadecanoyl-acp transformed to stearoyl-acp, stearic-acp and SA,
sequentially. Except for the formation of SA with a mass ranking
second in the current study, stearoyl-acp also converted into
oleoyl-acp and then OA. The generated oleoyl-acp further formed
linoleoyl-acp and LA. Compared with PA synthesis, only a minority
of myristoyl-acps reacted with acetyl-acp to form PEA, and small
amounts of hexadecanoyl-acp formed PAA and HA.

A FA chain forms one 1-acyl-sn-glycerol-3-phosphate (ASGP)
and generates phosphatidic acid (1,2-diacyl-sn-glycerol-3-
phosphate, DSGP) for further reaction with acyl-CoA by ASGP
acyltransferase (EC 2.3.1.51) (Equation (1)). In addition, two FA
chains interact with one ethyl alcohol to produce 1,2-diacyl-sn-
glycerol (DSG) and subsequently combine with PO4

3- to form DSGP
under the catalysis of diacylglycerol kinase (EC2.7.1.107) (Equation
(2)). Finally, DSGP interacts with some special groups (such as
choline) under catalysis of alkaline phosphatase (EC 3.1.3.1) to
generate membrane structure compounds such as phosphatidyl-
choline (Equation (3)). The FA content of cells in MSM without TPT
was in general higher, which means that the above-mentioned
compounds were higher as well. ASGP is related to absorption
and degradation of lipids and vitamins. Fat degradation caused
biomass decrease due to starvation (Fig. 4a), while TPT was
assimilated as a nutrient by the cells. Fig. 5b and c shows that TPT
enlargedmembrane permeability accelerating transport. Moreover,
vitamins are tightly bound to enzymes serving as part of prosthetic
groups. Biotin for example, as part of enzymes involved in FAs
synthesis, conversely formed FAs to increase FA content in the
samples without TPT (Bolander, 2006). DSG was connected to
inositol phosphate metabolism and also involved in fat breakdown,
cell growth and apoptosis (Cario et al., 2015). The phosphorylation
compound DSGP plays an important role for cAMP-dependent
pathway (http://www.kegg.jp/kegg-bin/show_pathway?
map04024þC00416). cAMP can lead to the activation of cyclic
nucleotide-gated ion channels transporting Ca2þ or Naþ into cells
and phosphorylating an enzyme that converts glycogen into
glucose. Therefore, DSGP accumulation in the mediumwithout TPT
resulted in the decrease of MP by depolarization. Apart from acyl-
acp-hydrolase, all of the other proteins were found in B.
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Fig. 4. The change of cell mass and FAs with time.
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Fig. 5. The interactions among FAs, TPT and DMA.
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thuringiensis by genome sequencing, which demonstrates the ve-
racity of the FA synthesis pathway and phospholipid metabolism.
Although the existence of double bonds in a FA chain varied the
structure (Fig. 5a), there was no significant difference in distances
between FAs and TPT when they were in a stable state (Table S1). In
addition, there was no significant difference in TPT bond energy
under varying conditions (Table S2). Fig. 5b and c shows that TPT or
the mixture of DMA and TPT enhanced membrane permeability,
which was another reason for the recovery of element metabolism
in the samples with TPT or DMA (Fig. 3b). For example, the distance
between two LA chains increased from 6.5 Å to approximately 13 Å
in the presence of TPT with or without DMA (Fig. 5c). The combi-
nation of DMA and TPT significantly altered the topological struc-
ture of PA (Fig. 5b) compared with LA (Fig. 5c). Therefore, TPT or the
mixture of DMA and TPT not only was used as nutrients and
reduced FA synthesis but also increased membrane permeability,
thus accelerating material transport.
3.5. MP analysis

The results of FAs reveal that the structure and composition of
the membrane (Figs. 4 and 5) would change under the stress of
pollutants or starvation, which certainly affected microbial meta-
bolism and the interaction with pollutants (Fig. 2). Ion selection by
ion transporters results in unbalanced ion distribution between
inside (negative charge) and outside (positive charge) of the cell
membrane and forms a potential difference, which is called MP.
This difference is related to signal transduction, ATPase and proton
pump activities. It will change when cells are under stresses. If the
alteration goes beyond a certain range, the cell functions would be
damaged (David et al., 2012).
JCe1 is a lipophilic cationic fluorescent dye, which forms red

fluorescence-emitting J-aggregates when MP is high and forms
green-emitting JCe1 monomers in the opposite condition. The re-
sults shown in Fig. 6a were consistent with those in Fig. 4a, which
reveals the accuracy of this method for B. thuringiensis. The initially
decreasing MP (Fig. 6a) was due to the change of membrane
structure and composition, triggering by TPT toxicity or starvation
(Figs. 4 and 5). The ANOVA results show that the effect of DMA on
MP was limited because DMA in the medium was used fast and
DMA did not have a significant inhibitory influence on cells. The
similar effect of TPT illustrates that TPT altered cellular elements, FA
composition and membrane structure but it only had limited in-
fluence on MP. The combination of TPT and DMA significantly
relieved MP decrease, which was one reason that DMA promoted
TPT degradation (Fig. 1b).

The change in MPwould influence Hþ-ATP synthase serving as a
core hub in energy metabolism and cell death regulation
(Martínez-Reyes and Cuezva, 2014; Lee et al., 2016; Silvestri et al.,
2016), which both significantly affected cell metabolism and TPT
biodegradation. The excess Hþ provided by DMA in high concen-
tration (Fig. 2a) inhibited the transfer of intracellular Hþ to the
periplasm leading to low MP and further inhibiting other cellular
metabolisms, which was another reason for low TPT degradation
rate in the meantime.

It has been observed from CLSM that red and green fluorescence



Fig. 6. MP analysis. a: MP change with time; b: JCe1 fluorescence analysis, (a): green fluorescence reflecting the monomeric state of JCe1 within the cells; (b): red fluorescence
reflecting JCe1 aggregation within the cells; (c): cells shown without fluorescence; (d): cells shown with red and green fluorescence. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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intensity would change with the addition of TPT or DMA. However,
fluorescence-emitting areas all focused on endospores (Fig. 6b).
This finding means that endospores could serve as an index to
evaluate the cellular physiological and biochemical situation. The
spore wall has three layers, including an outer protein shell, a
middle peptidoglycan cortex containing a large number of 2,6-
pyridine dicarboxylic acids, and a peptidoglycan lining. When the
spore wall is integrated, JCe1 forms red fluorescence-emitting J-
aggregates in the spore wall. However, JCe1 forms green-emitting
JCe1 monomers in the spore cytoplasm when the spore wall is
damaged. This method could therefore not only be used to evaluate
cellular activity but also served as a new way to reveal the state of
endospores.

4. Conclusions

The assimilation of DMA at concentrations of 0.5 and 1 mg L�1

could dramatically promote TPT biodegradation to approximately
90% by regulating Hþ metabolism, cellular element metabolism, FA
synthesis, membrane permeability, membrane structure and spore
activity. The main FAs synthesized by B. thuringiensis were PA and
SA. Although they could induce the production of reactive oxygen
compounds, their proper increase could enlarge transient pores
and stimulate the assimilation of extracellular carbon source. In
addition, the interaction between TPT and FAs could also enhance
membrane permeability directly. TPT with DMA significantly
depressed MA, LA and SA production, while TPT alone notably
reduced PA and OA, whichmeans that TPTand DMAwere beneficial
to cellular survival compared to starvation. Endospores could act as
an indicator for MP and cellular activities through fluorescence
analysis.
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