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A B S T R A C T

Erythromycin is one of the most widely used macrolide antibiotics. To present a system-level understanding
of erythromycin stress and degradation, proteome, phospholipids and membrane potentials were in-
vestigated after the erythromycin degradation. Bacillus thuringiensis could effectively remove 77% and de-
grade 53% of 1 µM erythromycin within 24 h. The 36 up-regulated and 22 down-regulated proteins were
mainly involved in spore germination, chaperone and nucleic acid binding. Up-regulated ribose-phosphate
pyrophosphokinase and ribosomal proteins confirmed that the synthesis of protein, DNA and RNA were
enhanced after the erythromycin degradation. The reaction network of glycolysis/gluconeogenesis was
activated, whereas, the activity of spore germination was decreased. The increased synthesis of phospho-
lipids, especially, palmitoleic acid and oleic acid, altered the membrane permeability for erythromycin
transport. Ribose-phosphate pyrophosphokinase and palmitoleic acid could be biomarkers to reflect ery-
thromycin exposure. Lipids, disease, pyruvate metabolism and citrate cycle in human cells could be the
target pathways influenced by erythromycin. The findings presented novel insights to the interaction among
erythromycin stress, protein interaction and metabolism network, and provided a useful protocol for in-
vestigating cellular metabolism responses under pollutant stress.

1. Introduction

Antibiotics have a strong market demand as medicines used in
the treatment and prevention of bacterial infections. Owing to in-
appropriate use or abuse of antibiotics, partial microbes conduct
evolutionary processes to acquire antibacterial-resistance genes,
triggering the emergence of resistance to antibiotics. Some mole-
cular mechanisms related to the resistance have been mentioned.
For example, acquired resistance derives from a mutation in a
chromosome or the acquisition from exotic DNA in other species
(Haaber et al., 2016). The spread of antibacterial resistance often
occurs in the environments where are frequently under the stresses
of antibiotics through mutations or horizontal gene transfer
(Penesyan et al., 2015). Cross-resistance to antibiotics with similar
structure may also occur when antibiotics or bactericides are
abused (Fleitas and Franco, 2016). The ineffective therapy results in
antibiotics accumulation and emission in environment leading to
harmful effects.

Erythromycin, as one of the most widely used macrolide anti-
biotics, is produced by a strain of Streptomyces erythreus. It can

inhibit protein synthesis through its binding to ribosomal proteins
(Cetecioglu et al., 2015; Siibak et al., 2009). Currently, bacterial
resistance has caused the extensive concern for the erythromycin
abuse. In general, erythromycin resistance is mediated by efflux
pump proteins, ribosomal methylase and modifying enzymes. Drug
efflux pumps and CYPs have been found jointly adjust bioavailability
of macrolides, causing reduced drug intake and failed treatment (Pal
and Mitra, 2006). For example, erythromycin can be excreted out of
cells through the regulation of MsrA in staphylococci (Reynolds et al.,
2003). In Streptococcus pneumoniae CP1000, a lower-level ery-
thromycin resistance is resulted in mutations clustered in the carbon
terminus (Canu et al., 2002). A L22 protein RplV is considered to be a
functional molecule related to macrolide resistance in various bac-
teria (Cagliero et al., 2006). A ribosomal RNA methylase ErmB in
Campylobacter coli ZC113 is responsible for high-level macrolide re-
sistance (Qin et al., 2014). Two members of erythromycin esterase
superfamily, EreA and EreB, have been confirmed inactivating ery-
thromycin (Qin et al., 2014). The ATP binding cassette transporters
and ComD are the key proteins for erythromycin uptake in quorum-
sensing (Zhao et al., 2015).
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To alleviate their negative impacts and develop metabolic ap-
proaches for the biological control of antibiotics, their biodegradation
were studied. The previous investigations found that erythromycin A
could be degraded by Ochrobactrum sp. WX-J1 with the production of
four intermediates, including 3-depyranosyloxy erythromycin A, 7, 12-
dihydroxy-6-deoxyerythronolide B, 6-deoxyerythronolide B and pro-
pionaldehyde (Zhang et al., 2017). With 1.8 μgmL−1 esterase treatment
for 16 h, the degradation efficiency of erythromycin at 100 μgmL−1

reached to 52% (Llorca et al., 2015).
These previous reported mechanisms at biomolecular level related

to the resistance, transport and transformation of antibiotics are in-
vestigated based on the functions of individual target genes or proteins
(Blair et al., 2015). To present a global understanding, omics technol-
ogies are the insightful approaches to clarify the cellular metabolism
network associated with antibiotic resistance and biodegradation. The
isobaric tag for relative and absolute quantitation (iTRAQ) technology
for proteome identification, characterization and quantification is one
of those mentioned approaches to clarify the system-level under-
standing of erythromycin resistance and biotransformation. The results
would provide basic evidence associated with the metabolic network of
target species under antibiotics stresses.

Bacillus thuringiensis GIMCC1.817 could serve as an efficient
strain for erythromycin degrading. It is a gram-positive bacterium
producing insecticidal proteins commonly used as biological pes-
ticides. It is also a functional microbe for the degradation of pol-
lutants, such as dimethyl phthalate (Brar et al., 2009), fipronil
(Mandal et al., 2013) and triphenyltin (Wang et al., 2017). In-
vestigating the relationship between antibiotic degradation and
proteome expression can reveal the key scientific mechanisms re-
lated to the synergetic control of insects and pollutants. That is why
this species was selected as a model microbe in the current study.
Proteome, phospholipids, membrane characteristics and carbon
substrate metabolism were studied after the erythromycin de-
gradation. Some target biomolecules reported in the previous re-
searches and differentially expressed proteins found in the current
study were analyzed in the reactome database (http://www.
reactome.org/) to predict metabolic impact of erythromycin on
human cells.

2. Methods

2.1. Strain and chemicals

Bacillus thuringiensis GIMCC1.817 was an effective strain selected by
our group for the degradation of multiple pollutants (Tang et al., 2016)
and was stored at the Microbiology Culture Centre of Guangdong Pro-
vince, China.

Erythromycin was purchased from Sigma Aldrich (St. Louis, MO,
USA), which was dissolved in chromatography grade methanol. Trypsin
(Promega, V5280, USA) and iTRAQ reagent multiplex kit (Sigma, PN
4352135, USA) were used in this experiment. The common broth
medium for cells culture contained 3 g L−1 beef extract, 10 g L−1 pep-
tone and 5 g L−1 NaCl. The composition of mineral salt medium (MSM)
for erythromycin exposure was 30mg L−1 KH2PO4, 20mg L−1 NaCl,
30 mg L−1 NH4Cl and 10mg L−1 MgSO4, respectively.

2.2. Microbial culture and erythromycin degradation

B. thuringiensis was inoculated into the MSM at 100 r min−1 on a
rotary shaker for 6–96 h. Subsequently, cells were separated from the
medium by centrifugation at 6000 r min−1 for 10min and then washed
three times using sterile phosphate buffer solution (pH 7.4).

Twenty milliliter MSM with 0.1–3.0 g L−1 cells and 1 µM ery-
thromycin were inoculated into 20mL MSM in the dark at 30 °C on a
rotary shaker at 100 rmin−1. After treatment for 24 h, residual ery-
thromycin in the resultant supernatant was detected to determine the
removal efficiency, and the total erythromycin in the supernatant and
cells was used to determine the degradation efficiency.

2.3. Erythromycin analysis

The quantitative analysis of erythromycin was performed using a
high performance liquid chromatography with a tandem mass spec-
trometer (HPLC/MS2, TripleQuad 5500, Applied Biosystems SCIEX,
USA) (Perez et al., 2017). The detailed analysis procedure is presented
in Text S1.

2.4. Genome sequencing, assembly, and annotations

Cells were sent to Sangon Biotech (Shanghai, China) for high-
throughput sequencing of paired-end and mate-pair in the IIIumina
Hiseq. 2000 platform. Quality control of the raw data was performed
after sequencing detection. High-quality bases (Phred score, > 20)
were reserved as valid data, and a total of 10,000 reads were ran-
domly selected from the high-quality data to the nt database for
comparison. High-quality bases obtained from paired-end and mate-
pair sequencing were 2,378,013,607 bp and 1,243,334,169 bp
without obvious pollution. De novo assembly and annotations were
analyzed by SPAdes and RAST, respectively. Gapcloser and GapFiller
software were selected to close gaps from the raw scaffolds obtained
from SPAdes software.

2.5. Proteomics analysis

After the erythromycin treatment, cells were separated and
washed using phosphate buffer solution for protein extraction (Text
S2). The control samples without erythromycin were also treated in
the same condition. The extracted proteins were digested (Text S3),
labeled and desalinated (Text S4), respectively. After dryness in a
vacuum concentrator, the samples were resolved with solution (2%
v/v ACN, 0.1% v/v formic acid), centrifuged at 12,000 r min−1 for
20 min, and detected by an AB Sciex Triple TOF 5600 mass spec-
trometer (AB Sciex, Framingham, MA, USA) equipped with a
Nanospray III source (AB Sciex). LC-MS-MS data were analyzed
with Protein Pilot software (4.5version, AB SCIEX, Foster City,
USA) and matched the database with following criteria: significance
threshold p < 0.05 (with 95% confidence) and ion score or ex-
pected cut-off less than 0.05 (with 95% confidence). Peptides from
the control samples and erythromycin-degraded samples were la-
beled by tag 114 and 115, respectively. A protein with concentra-
tion alteration (115:114)≥ 1.2 or ≤ 0.83 was considered to be
differentially up or down expressed.

2.6. Phospholipids detection

Phospholipids were analyzed according to a reference (Yang et al.,
2017) by gas chromatograph tandem mass spectrometer (SHIMADZU
GCMS-QP 2010 Ultra) with a DB-5MS (30m×0.25mm×0.25 µm)
quartz capillary column. The scanning range of mass spectrometer and
electron energy of electron ionization were 50–500m/z and 70 eV, re-
spectively. The column temperature was set to 140 °C for 2min, then,
heated to 260 °C with 3 °C per minute. The sample inlet temperature
and ion source temperature were 250 °C and 230 °C, respectively. Peak
area and internal standard curve method were used for quantification.
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2.7. Membrane potential analysis

Membrane potential analysis was conducted according to the pre-
vious study (Wang et al., 2017). Briefly, cells were collected and sus-
pended in 200 μL of JC-1 dye solution followed by incubation at 25 °C
for 15min in a dark place. Subsequently, cells were analyzed by a
FACSAria flow cytometer (BD, USA). The JC-1 monomers emitted green
fluorescence, while the aggregates emitted red fluorescence. These two
kinds of fluorescence were captured through 527 and 590 nm long-pass
filters, respectively.

3. Results and discussion

3.1. Erythromycin degradation

The optical density of cells in the culture medium at different cul-
ture times was detected to determine bacterial growth phases. Fig. 1A
illustrated that there was almost no lag phase, inferring that B. thur-
ingiensis adapted to the culture medium in a short time. After cells grew
exponentially between 2 and 12 h, a stable phase between 12 and 48 h
was followed by an apoptotic phase. To confirm the optimal time points
to harvest cells for erythromycin degradation, cells cultured for dif-
ferent time were separated from the culture medium and were used to
degrade erythromycin.

The removal efficiency was determined by the decrease in con-
centration of erythromycin in the treatment solution. It included
metabolic degradation, surface adsorption and intracellular accu-
mulation. In Fig. 1A, the relative stable curve of the removal ran-
ging from 77% to 86% implied that the erythromycin removal was
not primarily depended on cellular metabolism, whereas, the

degradation up to 53% was relied on the phases of cellular growth.
Cells with the optimal activity of erythromycin degradation har-
vested at 24 h were therefore used in the following experiments. It
was reported that erythromycin biodegradation was fast with 50%
removal within 13 h by the enriched activated sludge culture
(Terzic et al., 2018) and 97% degradation by an Ochrobactrum sp.
after 72 h (Zhang et al., 2017). Safety assessment of the residual
erythromycin and its products were studied by performing bacterial
density and toxic effects on algae. The results showed low growth
inhibition and less toxicity after erythromycin degradation for a
certain period of time (Terzic et al., 2018).

Both curves of the removal and degradation after erythromycin
treatment by different dosages of biomass for 24 h and ery-
thromycin treatment at different time showed initial increasing
tendencies followed by stable phases (Figs. 1B and 1C). The de-
gradation contributed approximately 50% of erythromycin removal
meant that there were still half of removed pollutant adsorbed or
accumulated by cells (Fig. 1B). Initially, the removal efficiency was
far more significant than degradation (Fig. 1C). Subsequently, the
degradation efficiency continued to increase to 55% at 24 h, nar-
rowing the gap between removal and degradation. This finding
suggested that the removal process was initially dominated by
biosorption, and degradation gradually increased the contribution
of erythromycin removal.

3.2. Predicted genes and identified proteins classification

To reveal the functional genes related to erythromycin de-
gradation, the cellular genome was analyzed. It consisted of
5,713,790 base pairs with an average GC content of 34.86%.
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Fig. 1. (A) Effect of cellular culture time on degradation of erythromycin at 1 µM by 1 g L−1 cell for 24 h; (B) Degradation of erythromycin at 1 µM by 0.1–3 g L−1 cell
for 24 h; (C) Degradation of erythromycin at 1 µM by 1 g L−1 cell for 0.5–72 h.
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Protein-coding sequences, GC content and GC skew were depicted
in Fig. 2A. GO function classification of genes was mainly clustered
in cellular process and metabolic process, cell and cell part, binding
and catalytic activity (Fig. 2B).

To reveal whether there were some genes related to pollutant de-
gradation or metabolism, the reactions catalyzed by the encoded pro-
teins were mapped in the KEGG metabolic network (Fig. S1). Some

functional genes in B. thuringiensis were found enriched in metabolic
pathways, such as drug metabolism by other enzymes, and xenobiotics
and drug metabolism by cytochrome P450s. Among these metabolic
reactions, oxidoreductases catalyze bisphenol A to 1, 2-bis (4-hydro-
xyphenyl)-2-propanol (Eq. (1)). Anthracene can be transformed to an-
thracene-9, 10-dihydrodiol and 9, 10-Dihydroxyanthracene (Eqs. (2)
and (3)) by catalysis of oxidoreductases and alcohol dehydrogenase,
respectively.

(2)

(3)

(1)
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P450 expressed in B. thuringiensis was involved in triphenyltin de-
gradation through splitting a carbon-tin bond, generating a phenol and
a diphenyltin, which would further be transformed to monophenyltin
and tin (Wang et al., 2017; Yi et al., 2017). Triphenyltin has been used
extensively as algicides and molluscicides in antifouling products for
decades. With the similar function as triphenyltin, erythromycin is
supposed to be transformed by the same pathway. Erythromycin served
as a substrate of CYP 3A4 is an evidence for this inference (Carls et al.,
2014). CYPs are also the enzymes catalyzing the process of ery-
thromycin synthesis and transformation (Eqs. (4) and (5)). One of CYPs,
EryG methylates the precursor erythromycin D, forming erythromycin
B, which is then converted to the most active form of erythromycin
(erythromycin A).

Peptide methionine sulfoxide reductase MsrA (EC 1.8.4.11) and
macrolide efflux protein (EC 2.7.7.2) were reported to be erythromycin
resistance proteins in Enterococcus faecalis (Chouchani et al., 2012). The
genes encoding these proteins and an esterase (EC 3.1.1.1) were found
in B. thuringiensis through the genome analysis. This finding inferred
that B. thuringiensis used in the current study can be a functional strain
for erythromycin degradation. The results of some key influence factors
related to the erythromycin degradation were the direct evidence of this
inference (Figs. 1A and 1C).

To demonstrate the relationship between erythromycin degradation
and cellular metabolism network of B. thuringiensis, proteome of cells

from the control and treatment groups were compared. The sig-
nificantly different expression of 58 proteins, 36 up-regulated and 22
down-regulated proteins were induced after erythromycin degradation
(Table S1). As shown in Fig. 2C, the molecular functions of these pro-
teins involved were catalytic activity (35.4%), structural molecule ac-
tivity (31.3%), binding (27.1%), transporter activity (4.2%) and
translation regulator activity (2.1%). In Fig. 2D, the biological pro-
cesses were related to metabolic process (46.2%), cellular process
(38.5%), cellular component organization or biogenesis (7.7%), loca-
lization (8.8%), biological regulation (1.9%), response to stimulus
(1.9%). Most of the proteins played a role of catalytic activity to reg-
ulate the cellular metabolic process. The proteins involved in the cel-

lular process were mainly ribosomal proteins, which could bind with
RNA for translation regulation to mediate protein synthesis. The protein
directly related to response to stimulus was identified as chaperone
protein DnaK, which was essential to strengthen the microorganisms
against external stress, such as heat, acid and cold stresses, antibiotic
treatment (Chiappori et al., 2015; Jiao et al., 2015). Cold shock-like
protein CspD was overexpressed in the treatment group. Up-regulated
cold shock proteins can increase bacterial adaptation to external stress,
not just cold stimulation (Keto-Timonen et al., 2016). It seemed that
CspD could enhance the adaptability of B. thuringiensis under

(4)

(5)
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erythromycin or other substances stress, and it would facilitate the
degradation of erythromycin.

3.3. Spore proteins and chaperone proteins

An endospore is a dormant and non-reproductive structure pro-
duced by certain bacteria. It can be activated to the vegetative state at a

favorable environment. In this germination process, spore germination
proteins served as a germinant receptor for identifying germination
agent (Paredes-Sabja et al., 2011). In the current result, a spore ger-
mination protein GerE, a transcription factor, connected with the
sporulation process (Errington, 2003; McKenney et al., 2013) was
dramatically decreased in concentration. The different expression of
this protein led to spore phenotype diversity (Sturm and Dworkin,
2015). Stage IV sporulation protein SpoIVA was a spore coat protein
assembled into the basement layer of the coat, with the use of energy
from ATP hydrolysis (Kim et al., 2006; Ramamurthi and Losick, 2008).
SpoIVA can affect the localization of SpoVM and the synthesis of pep-
tidoglycan. Down-regulation of this protein inferred the inhibition of
peptidoglycan synthesis, thereby inhibiting the growth of the cells.

GrpE and chaperone protein DnaK associated with the process of
protein synthesis, transport, folding and degradation were the co-ex-
pression proteins with slightly down regulation (Fig. 3). They involved
in protein disaggregation (Doyle et al., 2015) were linked to down-
regulated leucine-tRNA ligase LeuS and serine-tRNA ligase SerS (Fig. 3).
GrpE promoted the circulation of DnaK between ATP-DnaK and ADP-
DnaK. This seemed to be detrimental for cells to resist the adverse en-
vironment, whereas, other overproduced proteins could alleviate the
adverse effects induced by down-regulated chaperone proteins (Zhang
et al., 2016).

3.4. Metabolic pathways analysis

The metabolic network, including amino acid metabolism, the gly-
colysis/gluconeogenesis pathway, citrate cycle and pentose phosphate
pathway, catalyzed by the differentially expressed proteins was shown
in Fig. 4.

For amino acid metabolism, L-lysine 2, 3-aminomutase KamA,
cryptic catabolic NAD-specific glutamate dehydrogenase GudB and ar-
ginase RocF were up-regulated, whereas, SerS and LeuS were down-
regulated. KamA is an enzyme in lysine degradation pathway, cata-
lyzing the conversion of the L-lysine to L-β-lysine, which will further
transform to 3, 5-diaminohexanoate, 5-amino-3-oxohexanoic acid, L-3-
aminobutyryl-CoA, crotonoyl-CoA, acetoacetyl-CoA and acetyl-CoA,
successively. Its over-expression meant the increased production of
acetyl-CoA. Acetyl-coenzyme A synthetase AcsA catalyzes the inter-
conversion of acetate and acetyl-CoA through a two-step reaction. It
was down-regulated, resulting in the decrease in the transformation of
acetyl-CoA to acetate, which further triggered the accumulation of
acetyl-CoA.

GudB converts glutamate to α-ketoglutarate, producing ammonium
as a byproduct. Normally, GudB will be up regulated at starvation to
increase the production of α-ketoglutarate, which can be catalyzed in
the citrate cycle with ATP generation. RocF is the final enzyme in the
urea cycle converting arginine to ornithine and urea. These three in-
creased proteins facilitated the production of acetyl-CoA, which parti-
cipates in various biosynthetic pathways, and acts as a signal of growth
and proliferation (Cai et al., 2011; Song et al., 2016). That is why the
concentrations of phospholipids C16:1ω7 and C16:0 were increased
(Fig. 7A).

Regarding carbohydrate metabolism, the differentially expressed
proteins were involved in glycolysis/gluconeogenesis, citrate cycle and
pentose phosphate pathway. Among these proteins, fructose-bispho-
sphate aldolase FbaA is a glycolytic enzyme catalyzing a reversible
reaction that converts the aldol and fructose 1, 6-bisphosphate into the
triose phosphates dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate, which occurs as an intermediate in pentose phosphate
pathway, fructose and mannose metabolism and glycolysis/gluconeo-
genesis. Glyceraldehyde-3-phosphate dehydrogenase 1 Gap1 catalyzes
glyceraldehyde-3-phosphate to 1, 3-bisphosphoglycerate with NAD+
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reduction into NADH. The synergetic up-regulated biosynthesis of FbaA
and Gap1 confirmed that the glycolysis/gluconeogenesis pathway was
significantly enhanced during the exposure to erythromycin, whereas,
pentose phosphate pathway, and fructose and mannose metabolism
might be depressed due to the transformation of glyceraldehyde 3-
phosphate to 1, 3-bisphosphoglycerate. The up-regulated expression of
Gap1 was also consistent with the inference that the concentration or
activity of Gap1 would be enhanced in response to stresses (Roland
et al., 2014). Lactate dehydrogenase found in nearly all living cells can
be used as a model enzyme for biochemical adaptation. Lactate dehy-
drogenase 3 Ldh3 converts the reversible reaction of pyruvate to lactate
with concomitant interconversion of NADH and NAD+. Its enhanced
expression combined with the above findings confirmed that the che-
mical reaction network of glycolysis/gluconeogenesis pathway and
pyruvate metabolism was activated in response to erythromycin de-
gradation.

The pyruvate dehydrogenase complex PdhC is composed of three
enzymes, pyruvate decarboxylase (E1), dihydrolipoyllysine acetyl-
transferase (E2) and dihydrolipoyl dehydrogenase (E3). PdhC links
glycolysis/gluconeogenesis metabolism to citrate cycle due to its
function of producing acetyl-CoA. AcsA initially combines acetate with
ATP to form acetyl-adenylate followed by the transfer of the acetyl

group from acetyl-adenylate to the sulfhydryl group of CoA, producing
acetyl-CoA. In the current study, PdhC and AcsA were down-expressed,
resulting in the reduction of acetyl-CoA transformation through this by-
pathway, whereas, the up-regulated pyruvate metabolism is the main
pathway for acetyl-CoA generation, ensuring the enhanced synthesis of
this compound. Acetyl-CoA further delivers the acetyl group to the ci-
trate cycle to be oxidized for the production of energy and some low
molecular organic acids, such as succinate. The up-regulated expression
of succinyl-CoA ligase [ADP-forming] subunit beta SucC catalyzing
succinyl-CoA to succinate with energy production is the direct evidence
of acetyl-CoA transformation. Except acetyl group transfer, acetyl-CoA
participates in many biochemical reactions in lipid and amino acid
metabolism, which could be certified by the different synthesis of
serine, leucine, arginine, lysine, glutamate, ornithine and phospholipids
in the current study.

The pentose phosphate pathway provides the precursors for the

biosynthesis of nucleotides, lipids and amino acids. Transketolase Tkt
catalyzes the reversible transfer of a two-carbon ketol group from a
ketose donor to an aldose acceptor in this pathway. The analysis of its
molecular function in the KEGG metabolism database revealed that Tkt
in B. thuringiensis catalyzes the reaction between beta-D-fructose 6-
phosphate and D-xylulose 5-phosphate. Therefore, its down-regulation
resulted in the low synthesis of ATP, CoA and NAD(P)+ (Jung et al.,
2015), and the suppression of glycolysis and pentose phosphate
pathway.

Ribose-phosphate pyrophosphokinase Prs, belonging to the ribose-
phosphate pyrophosphokinase family, catalyzes D-ribose 5-phosphate to
the phosphoribosyl pyrophosphate (PRPP) with ATP consumption (Eq.
(6)). In this process, Mg2+ is used as the activating cation (Hove-Jensen
and McGuire, 2004). PRPP is the key node metabolite for the synthesis
of RNA and DNA, and the metabolism of purine, pyrimidine and pyr-
idine nucleotides (Hove-Jensen et al., 2017). The increase of Prs sug-
gested an enhanced transport of Mg2+, and an increase in the pro-
duction of PRPP, which then up-regulated the synthesis of RNA,
inferring that erythromycin accelerated DNA transcription of B. thur-
ingiensis. This finding was further confirmed by the up-regulated ex-
pression of 20 ribosomal proteins in the current study. Therefore, Prs
can be a biomarker to reflect erythromycin toxicity.

Among these fourteen 50S subunit proteins and six 30 S subunit
proteins, most of them had close relationship with Prs. Some previous
studies reported that most antibiotics affected the normal cellular me-
tabolism by inhibiting energy generation (Liu et al., 2014; Lobritz et al.,
2015). Overexpression of ribosomal proteins in the current study fa-
cilitated protein synthesis and energy generation for antibiotic re-
sistance and transformation. One of the significantly up-regulated
proteins, 50 S ribosomal protein L22 RplV related to macrolide re-
sistance (Fyfe et al., 2016) was chosen for phylogenetic tree analysis to
determine whether it could be a biomarker to reflect erythromycin
stress. The phylogenetic relationship (Fig. 5) suggested that RplV of B.
thuringiensis has the same function as other bacteria, such as Staphylo-
coccus aureus and Staphylococcus haemolyticus, with homology up to
73.2% and 74.1%. It can be assumed that the up-regulated Prs and ri-
bosomal proteins, enhanced the synthesis of bacterial protein, DNA and
RNA for resistance to erythromycin stress.

(6)
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3.5. Potential target metabolic pathways affected by erythromycin on
human cells

To predict whether the exposure and degradation of ery-
thromycin conduct similar metabolic impacts on human cells, some
biomarkers reported in the previous researches and differentially
expressed proteins found in the current study were analyzed in the
reactome database (Fig. 6A). Among these 74 proteins, 48 of them
were involved in glycerophospholipid biosynthesis, phospholipid
metabolism and phosphatidic acid synthesis (Fig. 6B, Table S3).
CYP4F11 can relief the mitochondrial fatty acid β-oxidation damage
by regulating the oxidation of 3-hydroxy fatty acids (Dhar et al.,
2008). In the presence of cholesterol, the catalytic domain of a
membrane-anchored protein CYP3A4 and its position in the lipid
membrane were altered (Navratilova et al., 2015). Both CYP4F11
and CYP3A4 were related to lipid metabolism. The alteration of their
expression and position in membrane directly influence the substrate
uptake in cells. As an inhibitor of CYP3A4, erythromycin decreased
lignocaine clearance (Orlando et al., 2003). The phosphatidic acid
worked with other proteins, regulate the activity of enzymes, in-
cluding Type I phosphatidylinositol 4-phosphate 5-kinase, to adapt
to different environments (Cockcroft, 2009). In the process of ery-
thromycin therapy, the phosphatidic acid synthesis might be altered
in human cells. The change in phosphatidic acid concentration re-
sulted in the alteration of enzyme activity, which further regulated
cellular adaptability.

In disease pathway, the Hsp90 co-chaperone CDC37 was involved in
signaling. The level of this protein was reported higher in human breast
cancer tissues, and it could act as a new target protein for the disease
diagnosis or therapy (Kim et al., 2014). The same function protein of
CDC37 in B. thuringiensis was the DnaK, which was down regulated for
the toxicity of erythromycin. When patients were treated with ery-
thromycin, CDC37 is worth our attention for it was the target proteins
of erythromycin therapy or resistance.

In the pyruvate metabolism and citrate cycle, the L-lactate de-
hydrogenase and succinate-coA ligase were marked in Fig. 6C.
Upregulated lactate dehydrogenase could serve as a significant
marker in predicting patients with organ or tissue damages caused
by arsenic (Karim et al., 2010). Succinate-coA ligase caused a re-
duced mitochondria DNA content in blood samples of the patients
with mitochondrial DNA depletion syndromes (MDDSs) (Dimmock
et al., 2010). Increased L-lactate dehydrogenase activity in epithe-
lial cells after exposed to e-cigarette vapor, induced cell damage,
which might cause oral infections (Rouabhia et al., 2017). The
amino acid sequence alignment of these two proteins (EC 1.1.1.27,
EC 6.2.1.5) in B. thuringiensis and Homo sapiens were showed in
Fig. 6D with the identity of 34.8%, 46.8%, and the similarity of
71.5%, 77.7%. These findings inferred that when treated with er-
ythromycin, these two proteins might also be differentially regu-
lated in human cells.

3.6. Expression of phospholipids and changes of membrane potential

Alteration of phospholipid synthesis directly changes the cellular
membrane mobility, which can affect the signal transmission and a
series of metabolic activities in cell. It was reported that Enterococci
resisted to daptomycin by decreasing the C18:1ω7c phospholipid, in-
creasing rigidity of cell membrane (Mishra et al., 2012). In this ex-
periment, seven phospholipids (Fig. 7A), myristicacid (C14:0), penta-
decanoic acid (C15:0), palmitoleic acid (C16:1ω7), palmitic acid
(C16:0), linolelaidic/linoleic acid (C18:2ω6), oleic acid (C18:1ω9c) and
stearic acid (C18:0) were detected. Among them, palmitoleic acid and
palmitic acid increased remarkably. Palmitoleic acid is a biomarker to
reflect environment stress. For example, changes in lipid metabolism,
especially palmitoleic acid up-regulation, were intended to modulate
the homeostasis of retinal pigmented epithelial cells under 4-hydro-
xynonenal stress (Gutierrez et al., 2016). The increase of unsaturated
fatty acids, enhanced membrane permeability to some degree,

Fig. 3. The interaction of 17 down-regulated proteins.
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facilitating the exchange of ions between the inside and outside of
cellular membrane. The transport of erythromycin as a carbon source
might also be accelerated.

The synthesis of fatty acids consumes ATP, NADPH and a large
amount of acetyl-CoA, which are primarily generated through the
glycolytic pathway and the pentose phosphate pathway. In this

experiment the over-expressed proteins FbaA, Gap1 and Prs accelerated
the metabolism of the above pathways. Although enoyl-[acyl-carrier-
protein] reductase [NADH] FabI associated with fatty acid synthesis
remained no significant change, the total amount of fatty acids detected
as well as the proportion of unsaturated fatty acids to saturated fatty
acids increased. This phenomenon was primarily due to an increase in

Fig. 4. Metabolic network of cells in response to erythromycin stress. Up-regulated proteins were shown in red marker. Down-regulated proteins were shown in violet
marker. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3-oxoacyl-[acyl-carrier-protein] synthase II FabF, 3-oxoacyl-(acyl-car-
rier-protein) reductase FabG, and beta-hydroxyacyl-[acyl carrier pro-
tein] dehydratase FabZ (Fig. 7B, Table S4) which were directly regu-
lated fatty acid synthesis.

The changes of membrane potential can influence the distribution of
specific proteins which are associated with cell division, thus affect the
growth of bacteria (Strahl and Hamoen, 2010). After incubation for 5 h,
the cell membrane potential was increased in both the control and
degradation groups compared with that of 0 h (Fig. S2), and this might
be caused by a replacement of MSM culture.

The membrane potential of the treatment samples at 12, 18 and 24 h
kept the same level with 0 h (Fig. S2). Compared with the control, the
membrane potential of the treatment samples had no significantly
changes at 0, 5, 12, 18 h (Fig. S2). It showed that the toxicity of ery-
thromycin on cell membrane potential was limited.

4. Conclusions

After the degradation of erythromycin at 1 µM for 24 h, the removal
and degradation efficiencies were up to 77% and 53%, and 36 and 22
proteins were up-and down-regulated, respectively. These proteins al-
tered amino acid metabolism, citrate cycle, glycolysis/gluconeogenesis,
and pentose phosphate pathway in B. thuringiensis. The synthesis of
proteins, DNA and RNA were facilitated by the over-expressed Prs and
20 ribosomal proteins. The prediction of erythromycin influence on
Homo sapiens presented insight into drug metabolism in human cells.
Membrane potential detection results were consistent with the results of
phospholipids, indicating increased cell membrane permeability. The
Prs and palmitoleic acid could be biomarkers to reflect erythromycin
toxicity.
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Fig. 5. Phylogenetic relationship of species contained rplV.

P. Zhou et al. Ecotoxicology and Environmental Safety 160 (2018) 328–341

337



Fig. 6. (A) The related pathways in reactome pathway database; (B) 48 proteins involved in lipids metabolism, the detailed explanation of the numbers were
illustrated in attachment; (C) Amino acid sequence alignment of DnaK and CDC37, Ldh3 and LDHAL6, SucC and SUCLA2; (D) The pyruvate metabolism and citrate
cycle regulated by the target functional proteins related to erythromycin treatment.
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