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a b s t r a c t
Triclosan is a common antibacterial agent widely applied in various household and personal care products. The
molecule, cell, organ and organism-level understanding of its toxicity pose to some target organisms has been investigated, whereas, the alteration of a single metabolic reaction, gene or protein cannot reﬂect the impact of triclosan on metabolic network. To clarify the interaction between triclosan stress and metabolism at network and
system levels, phospholipid synthesis, and cellular proteome and metabolism of Bacillus thuringiensis under 1 μM
of triclosan stress were investigated through omics approaches. The results showed that C14:0, C16:1ω7, C16:0
and C18:2ω6 were signiﬁcantly up-produced, and 19 proteins were differentially expressed. Whereas, energy
supply, protein repair and the synthesis of DNA, RNA and protein were down-regulated. PyrH and Eno could
be biomarkers to reﬂect triclosan stress. At network level, the target proteins ACOX1, AHR, CAR, CYP1A,
CYP1B1, DNMT1, ENO, HSP60, HSP70, SLC5A5, TPO and UGT expressed in different species shared high sequence
homology with the same function proteins found in Homo sapiens not only validated their role as biomarkers but
also implied the potential impact of triclosan on the metabolic pathways and network of humans. These ﬁndings
provided novel insights into the metabolic inﬂuence of triclosan at network levels, and developed an omics approach to evaluate the safety of target compound.
© 2017 Published by Elsevier B.V.
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As an antimicrobial agent and bactericide with a broad spectrum of
antimicrobial activity, triclosan is widely used in personal care products,
medical supplies and household cleaning products. Triclosan easily enters
the natural environments through wastewater discharge and has been
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detected in most of the environmental samples due to its widespread use
and incomplete removal from wastewater treatment plants (Amariei et al.,
2017). For decades accumulation in natural ecosystems, its concentration in
the aquatic environments, sediments and biosolids is up to 26.8 μg·L−1,
800 μg·kg−1 and 30 mg·kg−1, respectively (Dann and Hontela, 2011).
The biological toxicity and potential inﬂuences of triclosan on some
species have been investigated. For example, in mammals, triclosan
acted as an endocrine disruptor that reduced the expression of enzymes
in thyroid hormone of rat and further affected brain development
(Axelstad et al., 2013). For aquatic organisms, triclosan showed a potential risk against hemocytes of the marine gastropod Haliotis tuberculata
(Gaume et al., 2012). At a concentration of 1 μM, it could ﬂuctuate the
lysosomal membrane of the mussel Mytilus galloprovincialis (Canesi
et al., 2007). For bacterial, triclosan could disrupt the stability of bacterial membranes, leading to structural disturbances and loss of permeability barriers (Phan and Marquis, 2006). At molecular level, triclosan was
found block bacterial fatty acid synthesis via inhibiting acyl carrier protein reductase (Levy et al., 1999). It was also reported that triclosan induced the transcriptional regulation of fabI, an efﬂux pump in
Pseudomonas, and posed inﬂuences on the transport of substituted
acyl-CoA reductase in Alcaligenes xylosoxidans (Meade et al., 2001).
However, each metabolic reaction, gene or protein is only a single
node in a complicated metabolic network. The differentially expressed
regulation of a single biomolecule does not imply the corresponding alteration of the related pathway or network. Omics aims at the collective
characterization, function and quantiﬁcation of all biomolecules produced in target cells or organisms (Mayer et al., 2011). It could be an insightful approach to reveal global metabolic response of organisms
under various stresses. To clarify the interaction between triclosan
stress and cellular metabolism at network and system levels, and develop an omics approach to evaluate the toxicity of target compounds, the
current study would investigate the protein, phospholipid and metabolism response of target organism to triclosan stress using proteomics
and lipidomics technologies. Triclosan is a chlorinated aromatic compound that has functional groups representative of both ethers and phenols. The potential ﬁndings related to its omics responses will present an
insightful reference to the compounds with the same functional groups.
The Gram-positive bacterium Bacillus thuringiensis is famous for
forming insecticidal crystal proteins, which have highly toxic effect to
some susceptible insects (Treitz et al., 2015). In insect midgut, crystal
proteins can activate cellular signaling thereby lead to cell death by
binding the midgut cadherin-like protein (Zhang et al., 2005). Due to
this insecticidal effect, B. thuringiensis has been widely used as a biopesticide employed in agriculture (van Frankenhuyzen, 2009). Moreover, B.
thuringiensis owns unique gene families related to the degradation of pollutants (Tang et al., 2016) and the regulation of complicated metabolic
network under a wide range of environmental ﬂuctuations (de Been
et al., 2006). Therefore, it would be a perfect modal microbe for investigating the metabolic network response of cells under triclosan stress.
The aim of this work is to explore the interaction between triclosan
stress, protein interaction and cellular metabolism of B. thuringiensis at
pathway and network levels. To this end, the membrane potential, phospholipids and proteome expression of B. thuringiensis under triclosan
stress were investigated through ﬂow cytometry, gas chromatographymass spectroscopy and Sciex Triple TOF 5600 mass spectrometer analysis.
The metabolic impact of triclosan on the different species and human was
also studied through phylogenetic and reactomic approaches. The ﬁndings would provide novel insights into the metabolic inﬂuence of triclosan on cells at system and network levels.
2. Materials and methods
2.1. Strain and chemicals
B. thuringiensis GIMCC1.817 was an effective microbe for the degradation of multi-pollutants and was stored at the Microbiology Culture
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Centre of Guangdong Province, China. Triclosan (CAS registration number 3380-34-5) was purchased from Sigma–Aldrich (St. Louis, MO,
USA), and was dissolved in the chromatographic grade of methanol to
prepare a stock solution at 1 g·L−1. Lysogeny broth used for cell culture
contained (in g·L−1) 5 beef extract, 5 NaCl and 10 peptone. The treatment medium for cellular exposure to triclosan contained (in g·L−1)
0.03 beef extract, 0.1 peptone, 0.07 NaCl, 0.03 KH2PO4, 0.03 NH4Cl and
0.01 MgSO4, respectively.
2.2. Microbial culture and triclosan treatment
The cells of B. thuringiensis GIMCC1.817 were inoculated into lysogeny broth medium and cultured at 100 r·min−1 on a rotary shaker at 30
°C for 12 h. After separation from the medium by centrifugation at 1300
× g, the cells were washed three times by sterile phosphate buffer
(pH 7.4).
The washed cells were then used to prepare a cellular suspension by
adding sterile phosphate buffer. Immediately, the bacterial suspension
was added to the treatment medium at the ﬁnal biomass of 1.5 × 1012
colony-forming unit. Subsequently, the triclosan stock solution at
1 g·L−1 was pipetted into the treatment medium, in which the initial
concentration of triclosan was 1 μM. All samples were cultured in the
dark at 30 °C on a rotary shaker at 100 r·min−1. The cells in two groups
of samples were collected in 0, 5, 12, 18 and 24 h, respectively, and were
utilized to measure membrane potential. In addition, the cells in two
groups of samples collected in 24 h were used to extract phospholipids,
proteins and RNA.
2.3. Analysis of membrane potential
The BD™ MitoScreen kit (BD, San Jose, US), which consists of lyophilized JC-1 reagent, dimethyl sulfoxide (DMSO) and 10-fold assay buffer,
was designed for use in ﬂow cytometry. Brieﬂy, the lyophilized JC-1 reagent was dissolved at room temperature with 125 μL DMSO per vial to
yield a JC-1 stock solution. The 1-fold assay buffer was prepared by diluting the 10-fold assay buffer in deionized water. Next, the JC-1 dye solution was prepared by diluting the JC-1 stock solution 1:100 with 1fold
assay buffer.
After the collected cells were suspended in 200 μL of JC-1 dye solution, all the samples were incubated at 25 °C for 15 min in a dark
place. Subsequently, the stained cells were pipetted to tubes with BD
CaliBRITE™ beads and analyzed by FACSAria ﬂow cytometer (BD,
USA). Brieﬂy, 10,000 cells of each sample were analyzed by the laser
beam at the excitation wavelength of 488 nm individually. The detector
measured emission intensity was set at 605 to 625 nm. For each cell, the
scattered light was detected by a photo diode at 2 different positions
(forward and side scattered light) and converted into electric signals
and ﬂuorescence intensity. The JC-1 monomers emitted green ﬂuorescence, whereas, the aggregates emitted red ﬂuorescence. These two
kinds of ﬂuorescence were captured through 527 and 590 nm longpass ﬁlters, respectively. The mean values of three parallel samples
were statistically analyzed by SPSS version 17.0 using the one-way
ANOVA method.
2.4. Extraction and determination of membrane phospholipids
The extraction method of phospholipids was referred to reference
(Yang et al., 2017). After extraction, phospholipids were analyzed
using gas chromatograph tandem mass spectrometer (GC-MS)
(SHIMADZU GCMS-QP 2010 Ultra) equipped with a DB-5MS (30 m ×
0.25 mm × 0.25 μm) quartz capillary column. The condition of GC-MS
analysis was as follows: the column temperature was 140 °C, remained
2 min and heated to 260 °C at a rate of 3 °C·min−1. The carrier gas was
He. The sample inlet temperature and ion source temperature were set
to 250 °C and 230 °C, respectively. The mass spectrometry scanning
range was 50–500 m·z−1. Quantiﬁcation of phospholipids was used

510

Y. Li et al. / Science of the Total Environment 615 (2018) 508–516

peak area and internal standard curve method. All of the experiments
were performed in triplicate, and the mean values were used in the ttest calculations.
2.5. Extraction and digestion of proteins
The extraction and digestion of cellular proteins were based on the
published method (Ye et al., 2017). Brieﬂy, the cells before and after exposure to triclosan were suspended in 1 mL lysis buffer (15 mM TrisHCl, 7 M urea, 2 M thiourea, 1% w/v DTT, 4% w/v CHAPS) added with
0.2 g·L−1 phenyl methyl sulfonyl ﬂuoride, 2% v/v IPG buffer and
0.6 g·L− 1 DTT. After vibration thrice with 10s per time, the samples
were frozen in liquid nitrogen for 15 min, followed by ultrasonication
for 20 min. Benzonase nuclease (HaiGene, C2001) at 25 KU was added
to the lysate at a ﬁnal concentration of 1% v/v mixture, and incubated
at 4 °C for 30 min. Subsequently, the cell debris was removed at 4 °C
by centrifugation at 16700 ×g for 1 h. Protein concentrations were determined using the Bradford (Silverio et al., 2012).
The obtained 100 μg proteins from each sample were reduced by 2
μL of 54.4 mM tris (2-carboxyethyl) phosphine (AB Sciex, Framingham,
USA) at 37 °C for 1 h. The cysteines were blocked with 1 μL cysteinblocking reagent for 10 min at room temperature. The protein samples
were then centrifuged using 10 KD Amicon Ultra-0.5 ﬁlters at 13200 ×g
for 20 min and washed three times with 100 μL dissolution buffer
(pH 8.5) (AB Sciex, Framingham, USA), which mainly consisted of 1 M
tetraethylammonium bromide. The samples in ﬁlter devices were
digested overnight using 50 μL dissolution buffer contained 2 μg of trypsin (Promega, V5280, USA) at 37 °C after removal of the liquid collected
in tube. Subsequently, the released peptides were collected by centrifugation at 13200 ×g for 20 min, followed by trypsin digestion in a washing ultraﬁltration tube with 50 μL dissolution buffer for 2 h.
2.6. iTRAQ labeling and strong cation exchange fractionation.
The tryptic peptides were labeled with an iTRAQ reagent multiplex
kit (Sigma, PN 4352135, US) according to the manufacturer's protocol
(Ye et al., 2017). Brieﬂy, the concentration of the collected peptides
was detected by Bradford method and then the same amount of peptides was used for labeling. The control samples and those after exposure to triclosan were labeled with reagents 114, and 115,
respectively. Ethanol at 150 μL was added to each tube of iTRAQ reagent,
followed by vortex. After the tryptic peptides were transferred to a new
tube, chromatographic-grade water at 100 μL was added to each sample
to stop the reaction. One microliter of solution from each sample was
detected by ABI 4800 MALDI TOF/TOF (Applied Biosystems, Foster
City, CA) to determine the labeling efﬁciency. Subsequently, all the
iTRAQ-labeled peptide mixtures were mixed, vortex, and then desalinated with Strata-X (Phenomenex, USA). Subsequently, peptides were
eluted with solution (98% v/v ACN, 0.1% v/v formic acid), and detected
by an AB Sciex Triple TOF 5600 mass spectrometer (AB SCIEX, Framingham, MA, USA) equipped with a Nanospray III source (AB SCIEX) using
the following parameter settings: spray voltage, 2.3 kV; sheath gas (nitrogen) pressure, 30 psi; collision gas (nitrogen) pressure, 15 psi; vaporizer temperature, 120 °C. Survey scans were acquired in 250 ms, and up
to 30 product ion scans were collected if they exceeded a threshold of
120 counts per second (counts/s) with a 2 + to 5 + charge-state. A
sweeping collision energy setting of 35 ± 5 eV coupled with iTRAQ adjusted rolling collision energy was applied to all precursor ions for
collision-induced dissociation. Dynamic exclusion was set for half of
the peak width (18 s), and the precursor was then refreshed off the exclusion list.
2.7. Protein identiﬁcation and bioinformatic analysis
The data were searched in Mascot 2.2 (Matrix Science, Boston, MA,
USA) for calculating the false discovery rate (FDR) of identiﬁed peptides.

The raw ﬁles were converted to MASCOT generic format (.mgf) ﬁles via
Proteome Discoverer 1.4 software (Thermo Fisher Scientiﬁc) with default settings for proteome analysis. A strict cutoff with FDR b 1% and
ion score b 0.05 (with 95% conﬁdence) were set to minimize false positive results of protein identiﬁcation.
The Universal Protein Resource (Uniprot, http://www.uniprot.org)
was used to obtain gene ontology (GO) annotations of the identiﬁed
proteins. The Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.7 Bioinformatics tool (http://david.abcc.ncifcrf.gov)
was used to analyze protein clustering. Moreover, the differentially
expressed proteins (DEPs) were analyzed by PANTHER (http://www.
pantherdb.org) to describe their biological process, cellular component,
molecular function and protein class. For further exploring metabolic
reaction network catalyzed by the identiﬁed enzymes, metabolic pathways were mapped out Kyoto Encyclopedia of Genes and Genomes
(KEGG, http://www.genome.p/kegg/) and REACTOME pathway database (http://www.reactome.org/). The interaction networks of all the
identiﬁed proteins were assigned using the STRING database version
9.1.
2.8. Protein validation by qPCR
For total RNA extraction, the cells cultured for 24 h according to the
above conditions were collected with centrifugation at 8000 × g for
2 min at 4 °C and washed three times by sterile phosphate buffer. Immediately, the collected cells were suspended in 1 mL TransZol Up reagent
(TRANS®) for lysis. Next, the target total RNA was extracted according
to the instructions of the TransZol Up plus RNA kit (TRANS®). In addition, the purity of RNA was detected by measuring the OD value on a
nucleic acid detector. For determining the integrity of the total RNA extraction, 1 μL RNA sample was used to run gels through 1% agarose gel
electrophoresis, followed by a gel imaging.
The 5-fold All-in-one RT MasterMix (with AccuRT Genomic DNA Removal Kit) (abm®) was used for genomic DNA removal and ﬁrst-strand
cDNA synthesis. In brief, 2 μL of 4-fold AccuRT reaction mix (abm®) and
nuclease-free water were added into a PCR tube contained 2 μg extracted RNA followed by incubation at 25 °C for 5 min. After the addition of 2
μL 5-fold AccuRT Reaction stopper (abm®) and a reverse transcription
reaction reagent (4 μL 5-fold All-in-One RT MasterMix and 6 μL
nuclease-free water), the mixture was subsequently incubated at 25
°C for 10 min, and further incubated at 42 °C for 15 min.
The cDNA product was applied as a template in a standard qPCR. The
primer sequence of the target protein was designed online on NCBI
(https://www.ncbi.nlm.nih.gov/) and indicated in Table S4. The qPCR
ampliﬁcation was performed at 95 °C for 10 min, followed by
35 cycles at 95 °C for 15 s, and 35 cycles at 60 °C for 1 min by using a
CFX96™ Real-time PCR system (BIO-RAD).
3. Results and discussion
3.1. Membrane potential
According to the sporulation cycle of B. thuringiensis, the membrane
potential of the treatment samples and control samples at 0, 5, 12, 18
and 24 h was detected. The results showed that membrane potential
at 5, 12 and 18 h reduced under the stress of triclosan, and did not recover until the spores matured at about 24 h (Figs. 1, S1). This ﬁnding implied that triclosan induced the depolarization in B. thuringiensis
before spore maturation. With depolarization enhancement, the ion
channels on the cell membrane were regulated to inhibit the outﬂow
of intracellular K+ and the inﬂux of extracellular Na+, or to transport
K+ into the cells (Bortner et al., 2001).
As an important component of the cell membrane, phospholipids
perform an important role not only in maintaining the ﬂuidity and stability of biological membranes, but also regulating cellular signal transduction, and thus affecting cell function. Studies have pointed out
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Fig. 1. Change of membrane potential of B. thuringiensis with time under triclosan stress.
Control indicates the sample has no triclosan, and the same lowercase letter stands for
no signiﬁcant difference among the groups (P N 0.05), different lowercase letter
represents signiﬁcant difference among the groups (P b 0.05).

phospholipids can regulate ion channels through direct and indirect
effects (Kim and Pleumsamran, 2000; Ordway et al., 1991). The direct pathway refers to the fact that phospholipids can interact with
channel proteins or alter ionic channel activity. The indirect approach is that unsaturated phospholipids regulate ion channel activity through metabolic pathways, protein kinase pathways and other
signaling pathways (Ordway et al., 1991). All these indicated that
there was a deﬁnite relationship between membrane potential
with membrane phospholipids and membrane proteins for controlling ion efﬂux and transport.
3.2. Phospholipid biosynthesis
In the control and treatment samples of this experiment, seven kinds
of phospholipids were detected, including C14:0 (Myristic acid), C15:0
(Pentadecanoic acid), C16:1ω7 (Palmitoleic acid), C16:0 (Palmitic
acid), C18:2ω6 (Linoleic acid), C18:1ω9 (Oleic acid) and C18:0 (Stearic

acid) (Fig. 2). The concentrations of myristic acid, palmitoleic acid,
palmitic acid and linoleic acid were increased signiﬁcantly in the treatment samples with triclosan. The unsaturation level was also raised in
the treatment samples due to increase in the content of palmitoleic
acid and linoleic acid.
Linoleic acid is a stress factor for many bacteria, resulting in inhibition of the cell growth and cytotoxicity of the cell membrane (Zheng
et al., 2005). Linoleic acid has been proved to reduce K+ current through
the protein kinase system in rat cells (Feng et al., 2006). Changes in
phospholipid composition and membrane ﬂuidity were proposed as a
mechanism for the alteration of ion channel functions, and Na+, K+ATPase activity (Cornelius, 2001). Long chain phospholipids, especially
myristic acid and linoleic acid, inhibited the Na+, K+-ATPase
(Morohashi et al., 1991). These meant that although the increase in
phospholipid concentration induced by triclosan was harmful to cell
growth, it could effectively inhibit the leakage of K+ and lead to repolarization of membrane potential. The speciﬁc regulation mechanism
needed further analysis of proteome.
In addition, bacterial phospholipids synthesis is catalyzed by a series
of independent enzymes, each of which catalyzes a speciﬁc reaction.
The acyl carrier proteins are responsible for the translocation of acyl intermediates between enzymes. For functional proteins, malonyl-CoA,
long-chain acyl-CoA synthetase, FabD, FabF, FabG, FabH, FabI and FabZ
were involved in B. thuringiensis phospholipids synthesis.
3.3. Protein function and interaction
Among the 56 identiﬁed proteins (Table S1), 19 of them were significantly differential expressed with the ratios of the treatment samples
versa the control samples higher that 1.2 or lower than 0.83
(Table S2). These DEPs were further classiﬁed by PANTHER Classiﬁcation System into four subcategories, including biological process, cellular component, molecular function and protein classiﬁcation (Fig. S2).
Compared with down regulated proteins, the up-regulated ones were
mainly ribosomal proteins. The functions of these ribosomal proteins
were primarily involved in binding and structural molecular activity,
which were linked to the structural proteins on the cell membrane
and the formation of peptidoglycan.
For better understanding the metabolic function of the downregulated proteins, all proteins obtained in this experiment (Table S1)
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were clustered. Four main pathways, namely, ribosome, glycolysis, citrate cycle and pyrimidine metabolism, were mapped in the metabolism
network with b0.05 p-valve (Table S3, Fig. 3). In this network, glycolysis
and pyruvate metabolism catalyzed by the down-regulated
triosephosphateisomerase (TpiA), phosphopyruvatehydratase (Eno),
branched-chain alpha-keto acid dehydrogenase subunit E2 (PdhC)
and dihydrolipoamide dehydrogenase (PdhD) inferred triclosan depressed the central carbohydrate metabolism of B. thuringiensis. Based
on the down-regulation of nucleoside diphosphate kinase (Ndk) and
pyrimidine-nucleoside phosphorylase (Pdp) associated with pyrimidine metabolism, and dihydrolipoamide dehydrogenase (PdhD) participated in the TCA cycle, these two pathways were also suppressed
(Fig. 3).
The protein-protein interaction analysis conﬁrmed that the downregulated proteins Eno, TpiA, PdhC, PdhD, Dnak, FusA, RpIJ, PyrH and
Ndk could enrich in an interaction network (Fig. 4). This ﬁnding revealed that some functional proteins with close relationship would
show a global network response to triclosan stress. The molecular functions of these closely related proteins were further clariﬁed.
Enolase (Eno) has been found to act as a membrane protein involved
in the hydrogenation of polyunsaturated fatty acids and play an important role in cellular detoxiﬁcation. For example, Eno in Lactobacillus
plantarum participates in the complex hydrogenation of linoleic acid,
which catalyzes the formation of conjugated linoleic acid and contributes to the virtuous cycle of intracellular metabolism (Ortega-Anaya
and Hernandez-Santoyo, 2016). However, phospholipid (Fig. 2) results
showed that Eno might not effectively alleviate the potential toxicity
of linoleic acid to cells with the down-regulation of Eno and the upproduction of linoleic acid in the current experiment. For another
down-regulated protein TpiA in glycolysis, it has the function of catalyzing carbon nutrients for energy production or glycerol synthesis.
The pdhACD operons can transfer pyruvate into acetyl-CoA in the
carbohydrate metabolism pathways. Among these operons, the pdhA,
pdhC and pdhD encode pyruvate decarboxylase (E1α),
dihydrolipoamideacetyltransferase (E2) and dihydrolipoamide dehydrogenase (E3) subunits of the pyruvate dehydrogenase complex

(Wang et al., 2013a). Compared with the control samples, the PdhC
and PdhD subunits in the treatment samples were down-regulated by
0.79 fold and 0.52 fold, respectively, whereas, the PdhA subunit
remained unchanged in 24 h. In addition, the PdhC subunit of B.
thuringiensis with binding speciﬁcally to promoter regions can positively modify transcription of cry1 class genes (Walter and Aronson, 1999).
PdhC can also promote the formation of parasporal crystal by consuming a large amount of energy and material (Wang et al., 2013b). According to the speciﬁc function of these down-regulated proteins (Eno, TpiA,
PdhC and PdhD), triclosan clearly inhibited the glycolytic metabolic
pathway of B. thuringiensis, and which might even affect the synthesis
of insecticidal crystal of B. thuringiensis. Perhaps this was also the selfregulation and repair of B. thuringiensis during the process of spore maturation. Although the presence of triclosan-induced linoleic acid damaged the membrane, the inhibition of the glycolytic metabolic process
could promote the peptidoglycan synthesis, thereby preventing triclosan against B. thuringiensis membrane damage.
The proper protein folding in the protein synthesis process and quality controlling systems can ensure proteins display normal biological
functions. Molecular chaperones and general proteolysis acts as two
main strategic response to protein folding stress in bacteria (Moliere
and Turgay, 2009). The molecular chaperon DnaK, owning the characteristics of refolding denatured protein and rescuing misfolded protein,
is involved in the important chaperone protease systems of B.
thuringiensis (Jiao et al., 2015). Dnak in Bacillus pumilus enhancing the
output of recombinant protein, forming and disassembling protein
complexes is an evidence to conﬁrm the above mentioned function
(Kumar et al., 2014). As a typical 70-kDa heat shock protein (Hsp70)
in bacteria, DnaK induced the formation of a defense system in the presence of external stresses (Jiao et al., 2015) is another evidence for this
inference.
The elongation factor G (FusA) can facilitate translational elongation
by releasing the elongation-factor-G-guanosine diphosphate complex
on the ribosome (Wang et al., 2013a). In this study, the synergetic
down-regulated expression of FusA and ribosomal protein RpIJ
inhibited the protein synthesis in B. thuringiensis. The down-regulation

Fig. 3. Metabolic network catalyzed by differentially expressed proteins and other identiﬁed proteins. TpiA, GpmI, Eno, PdhA, PdhC and PdhD are involved in glycolysis; SucC and PdhD are
involved in citrate cycle; Ndk, PdP, RpoB and RpoC are involved in pyrimidine metabolism; RpIN, RpIL, RpIJ, RpsB, RpsD, RpsG, RpsP, RpsJ, RpsS and RpsH are involved in ribosome
metabolism. (Green indicates up-regulated protein, and Red stands for down-regulated protein.)
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Fig. 4. Protein-protein interaction network between differentially expressed proteins and other identiﬁed proteins. The conﬁdence score of protein-protein interaction network was set to
high level N 0.7. The black circle represents the up-regulated proteins, while the red circle represents the down-regulated proteins. Arrows refer to the three-dimensional structures of
protein.

of Dnak, FusA and RpIJ involved in protein modiﬁcation means that triclosan could hinder the repair and synthesis of the damaged proteins.
Nucleoside monophosphate kinases (PyrH) can catalyze the reversible transformation of nucleoside phosphate and nucleoside diphosphate for the synthesis of nucleic acids and nucleotidyl intermediates.
As a member of this protein family only found in bacteria, PyrH with
unique substrate characteristics becomes an ideal target of antimicrobial agents (Robertson et al., 2007). For example, PyrH has been reported
to be a target for the inhibition of Staphylococcus aureus (Doig et al.,
2013). That is why PyrH was used as an inhibited target biomolecule
when new broad-spectrum antibiotics were developed (Ford et al.,
2014). To further analyze the phylogenetic relationship of PyrH in different species, the amino acid sequences of PyrH from three species
were obtained in the Uniprot database (Fig. 5). By sequence analysis
of PyrH expressed in B. thuringiensis compared with Staphylococcus aureus and Yersinia pestis, the identiﬁcation scores were 75.1% and 48.6%,
respectively. This high similarity inferred that PyrH in B. thuringiensis
could also be a target of triclosan stress based on its function and downward expression in the treatment sample.
The size and balance of the deoxynucleotide triphosphate (dNTP)
pools determine the replication ﬁdelity, while the imbalance of which
will lead to an increase in mutagenesis. Nucleoside diphosphate kinase
(Ndk), converting dNDP to dNTP, is involved in purine/pyrimidine metabolism and associated with the biosynthesis of DNA and RNA
(Tabanelli et al., 2014). Based on the molecular function of Ndk in pyrimidine metabolism and protein synthesis, the expression of Ndk

under triclosan stress by qPCR was explored and validated in the present study (Table S4). The down-regulation of Ndk in qPCR validation
was consistent with the proteomic results, which conﬁrmed that the
proteomic approach used in the current study is reliable. This ﬁnding
provided a strong evidence that triclosan posed a threat to regulation
of pyrimidine metabolism in B. thuringiensis. Besides, pyrimidinenucleotides phosphorylase (Pdp) acts as an adjuvant enzyme involved
in nucleotide salvage, catalyzing the reversible transfer of phosphate
on the pyrimidine nucleotide glycoside (Szeker et al., 2012). The synergetic down-regulated expression of PyrH, Ndk and Pdp conﬁrmed that
triclosan inhibited the synthesis of DNA and RNA, whereas, this inhibitory effect was beneﬁcial for providing carrier UDP to assist the transmembrane transport of peptidoglycan monomer.
Brieﬂy, the effect of triclosan on the cellular metabolism of B.
thuringiensis was mainly induced the down-regulation of proteins involved in the glycolytic and pyrimidine metabolic pathways, triggering
the inhibitory effect on the synthesis of DNA/RNA and protein. The protein repair and energy metabolism were also suppressed. Whereas, the
up-regulation of a small amount of ribosomal proteins, and the use of
additional carbon nutrients and UDP were beneﬁcial for the synthesis
and transmembrane transport of peptidoglycan.
3.4. Target biomolecule network related to triclosan stress
To reveal the biomarker network related to triclosan stress on
human and other species, the target genes or proteins associated with
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Fig. 5. The amino acid sequences of PyrH from B. thuringiensis, Staphylococcus aureus and Yersinia pestis. Black indicates the consistency of the same sites between amino acid sequences.
Cyan indicates that the similarity between the same sites in the amino acid sequence is high, and the yellow stands for that the similarity between the same sites of the amino acid
sequence is low.

the response to triclosan stress were summarized in Table S5, and the
metabolic network catalyzed by them was shown in Fig. 6. The main target metabolic pathways affected by triclosan were lipid metabolism,
carbohydrate metabolism, nucleotide metabolism and amino acid metabolism, which was consistent with Fig. 3. To determine whether the
same functional genes or proteins existed in human cells, the above target biomolecules found in previous papers and differential expressed
proteins in the current study were analyzed in REACTOME database focusing on human biology. Fig. 7 clariﬁed that these biomarkers were involved in ﬁfteen pathways in human metabolic network, including
immune system, signal transduction, development biology, metabolism
of RNA, hemostasis, metabolism, transmembrane transport of small molecules, organelle biogenesis and maintenance, cellular responses to external stimuli, extracellular matrix organization, vesicle-mediated transport,
protein metabolism, gene transcription, diseases and neuronal system, respectively. This ﬁnding illustrated the potential toxicity of triclosan to
humans, especially RNA metabolism, organelle biogenesis and maintenance, cellular responses to external stimuli, gene expression and transcription. Thirty one branches in these pathways were screened out at
P-values b 0.05 (Table S6) that could match the database statistically signiﬁcantly. To further conﬁrm whether the above results can correctly reﬂect the potential impacts of triclosan on human metabolism, the
sequence homology of these proteins in non-human cells was compared
with that of in human cells (Table S7).
Among these proteins, ACOX1, AHR, CAR, CYP1A, CYP1B1, DNMT1,
ENO, HSP60, HSP70, SLC5A5, TPO and UGT found in human and other

species shared high percentage of homologous sequences conﬁrmed
that they did perform the same molecular function. This ﬁnding revealed that some target proteins found in other species could be biomarkers to reﬂect the metabolic impact on human cells, and the
current proteomic study offered an insightful evidence of the potential
impact of triclosan on human at molecule, pathway and network
perspective.
3.5. Phylogenetic evolution of protein Eno
Eno in B. thuringiensis and Homo sapiens sharing high sequence homology illustrated that this protein could be a wide spectrum biomarker
in different species to reﬂect the cellular response to stress. To conﬁrm
this inference, the phylogenetic relationship of Eno in procaryotic and
eucaryotic organisms was analyzed based on the amino acid sequences
(Fig. 8). The result would reveal that the homologous correlation among
various species, indicating the impact degree of triclosan on human and
different target species.
These species, including B. subtilis, Clonorchis sinensis and
Haemonchus contortus etc., were screened for homology analysis based
on the similarity of amino acid sequences. The identiﬁcation scores for
all target species exceeded 40%, which validated the high homologous
sequence of the protein Eno mentioned in the previous literature. This
ﬁnding clariﬁed that triclosan could be a disturbed compound to energy
metabolism (Wang et al., 2014) and membrane recognition (Mundodi
et al., 2008) of various species.
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Fig. 6. Metabolic network catalyzed by phospholipid synthesis proteins, proteins or genes in Tables S2 and S5. The square red dot in the metabolic network represents the metabolite. The
bold lines in the metabolic network represent the proteins involved in the pathway.

4. Conclusions
According to the repolarization of membrane potential, the signiﬁcant increase of 4 phospholipids and the differential expression of 19
proteins, the intracellular energy supply and the synthesis of DNA,
RNA and proteins in B. thuringiensis were reduced under the stress of triclosan. PyrH and Eno in B. thuringiensis cells could be biomarkers to reﬂect triclosan stress. Moreover, 12 target proteins with high sequence
homology in Homo sapiens validated their role as biomarkers and implied the potential impact of triclosan on human at network level. This
experiment provided novel insights into the interaction among

triclosan stress, protein interaction and cellular metabolism of B.
thuringiensis at pathway and network levels on the basis of omics
approaches.
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Fig. 8. Phylogenetic relationship of different species contained ENO. It was conducted by
using the MEGA6.06 software according to the amino acid sequences of ENO. The
numerical values represent the similarity of amino acid sequences among different
species.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.10.004.
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