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bacteria. The molecular mechanisms of DMP toxicology in S. aureus were researched by pro-
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teomic and transcriptomic analyses. The results showed that the cell wall, membrane and

Available online 24 February 2021

cell surface characteristics were damaged and the growth was inhibited in S. aureus by DMP.
Oxidative stress was induced by DMP in S. aureus. The activities of succinic dehydrogenase
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(SDH) and ATPase were changed by DMP, which could impact energy metabolism. Based
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on proteomic and transcriptomic analyses, the oxidative phosphorylation pathway was en-
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hanced and the glycolysis/gluconeogenesis and pentose phosphate pathways were inhib-

Cell micro-interface

ited in S. aureus exposed to DMP. The results of real-time reverse transcription quantitative

Oxidative stress

PCR (RT-qPCR) further confirmed the results of the proteomic and transcriptomic analyses.

Energy metabolism

Lactic acid, pyruvic acid and glucose were reduced by DMP in S. aureus, which suggested that

Proteomics and transcriptomics

DMP could inhibit energy metabolism. The results indicated that DMP damaged the cell wall

analyses

and membrane, induced oxidative stress, and inhibited energy metabolism and activation
in S. aureus.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Phthalic acid esters (PAEs) are well-known ubiquitous environmental pollutants (Chen et al., 2018). The global an-

∗

nual production of solid plastics is approximately 300 million tons each year (Garcia and Robertson, 2017; Subedi et al.,
2017). Dimethyl phthalate (DMP) is a type of PAE derivative
(Zhang et al., 2016a). DMP is detected ubiquitously in air, wa-
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ter and soil and poses a major threat to the environment
(Niu et al., 2014; Wang et al., 2015; Philip et al., 2018). Owing to
its serious carcinogenicity and teratogenicity, DMP is listed as
an environmental priority pollutant by the Environmental Protection Agency of US and the National Environmental Agency
of China (Li et al., 2016).
DMP was found to change the community structure of
microorganisms and disturb their genetic information processing and metabolic functions in soil (Wang et al., 2015;
Hemme et al., 2015, 2018; You et al., 2019). The cell wall is the
communication bridge between cells and the outside world
and plays an important role in controlling the signal transduction of cellular materials, as well as material transport and energy transfer (Gilbert et al., 1991; Hobbs et al., 2008; Wang et al.,
2016; Auer and Weibel, 2017). Based on their different cell wall
composition, microorganisms are classified as Gram-positive
or Gram-negative bacteria. DMP was found to damage the cells
of a series of Gram-negative bacteria, including Escherichia coli
K12 and Pseudomonas fluorescens ATCC 13525, destroying their
cell surface structure, changing their internal enzyme activity, and altering their biological functions (Wang et al., 2019a,
2019b). Staphylococcus aureus is a typical model organism representing Gram-positive bacteria (Chiefari et al., 2015), which
is used to research the impacts of contaminants or antibiotics on microorganisms (Feng et al., 2000; Clauditz et al., 2006;
Yao et al., 2019).
Studies on the toxicological effects of DMP on Gramnegative bacteria have been reported; however, the toxic effects and damage mechanisms of DMP in Gram-positive bacteria are still unclear. Due to the structure of the cell wall,
the Gram-positive bacteria tend to be less sensitive to environmental chemicals. Therefore, their activities under DMP
stress are closer to the scenario of environmental pollution.
How they respond to DMP could be meaningful to understanding the effect of DMP pollution on microorganisms. This study
assessed the impacts of DMP on S. aureus.

1.

Materials and methods

1.1.

Materials

S. aureus (No. ATCC 186335) was obtained from the China General Microbiological Culture Collection Center (Beijing, China).
Information on biochemical reagents used in the study can be
found in Appendix A Table S1.
DMP was prepared in acetone at a concentration of
1000 mg/L and stored in the dark at 4°C. The DMP stock solution was added to nutrient broth at different concentrations:
0 (as a control), 5, 10, 20, 40 and 80 mg/L.

1.2.

Growth curves

S. aureus was cultured in 150 mL of nutrient broth (pH 7.0) and
shaken (130 r/min) at 30°C with different DMP concentrations
(0, 5, 10, 20, 40, and 80 mg/L). Cell growth was examined every
hour by measuring OD600 nm to determine the growth curve of
S. aureus.

1.3.

Electron microscopy observation

Five hundred microliters of bacteria at different concentrations were added at the logarithmic growth phase (8 hr), centrifuged at 8000 r/min for 10 min, and washed 3 times using
sterile water. The cells were resuspended at OD600 nm = 1.0
with phosphate buffer (pH 7.0) under different concentrations
of DMP (0, 5, 10, 20, 40, and 80 mg/L), and cultured at 130 r/min
and 30°C for 8 hr. S. aureus incubated with SYTO 9 and PI was
investigated to observe cell death (Zhang et al., 2016b), and
bacterial cell images were subsequently scanned by laser confocal microscopy (LSM) (TCS SP8, Leica, Germany). The 50%
lethal dose (LD50 ) values were determined by evaluation of the
treated biologic signal with RM6240 systems software. Scanning electron microscopy (SEM) was used to observe the damage to the cell surface (Zhang et al., 2016b), and cells were
imaged by a scanning electron microscope (SU 3500, Hitachi,
Japan). The cells were also observed by transmission electron
microscopy (TEM) (H-7650, Hitachi, Japan) (Lin et al., 2014).

1.4.

Determination of cell surface properties

S. aureus incubated for 8 hr at 30°C with different concentrations of DMP was collected by centrifugation at
8000 r/min for 10 min and washed 3 times with sterile water at OD600 nm = 0.8 to detect the ZETA potential (Abbasnezhad et al., 2008), membrane permeability
(Qian et al., 2016), fluidity (Li and Zhu, 2014), chemical composition of the cell surface (Kardas et al., 2014), and hydrophobicity (Hori et al., 2008) of the bacteria (Appendix A Table S2).
Triplicate samples were performed in each concentration.

1.5.

Determination of oxidative stress

S. aureus in the logarithmic phase was incubated for 8 hr at
30°C under different concentrations of DMP. The generation
of intracellular reactive oxygen species (ROS) was determined
using a fluorescence probe (Zhang et al., 2015) (Appendix A
Table S3). The activities of superoxide dismutase (SOD) and
catalase (CAT) were determined using an SOD and CAT assay
kit (Appendix A Table S3).

1.6.

Proteomic assay analysis

Proteomic analysis was performed on bacteria exposed to
0 and 40 mg/L DMP at 8 hr incubation. Triplicate samples
for each concentration were performed. The total protein
of cells was extracted using the cold-acetone method described by Qin et al. (2017). Protein digestion and identification were performed according to the method reported by
Rehman et al. (2018).
The dynamic exclusion time was set as 20 sec for protein
functional annotation and enrichment analysis. To obtain
their functions, proteins were annotated against the Gene
Ontology (GO, http://geneontology.org/), Kyoto Encyclopedia
of Genes and Genomes (KEGG, https://www.genome.jp/kegg/)
and Cluster of Orthologous Groups of proteins (COG,
https://www.genscript.com/molecular-biology-glossary/
547/cluster-of-orthologous-groups-COG) databases. Signifi-
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cance of GO functions and pathways was examined within
differentially expressed proteins (p ≤ 0.05).

1.7.

RNA-Seq analysis
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rate at 8 h (R2 = 0.9311, p < 0.0001) (Fig. 1g). The LD50 value
of DMP on S. aureus was 40.89 mg/L at 8 h in nutrient broth.
Based on LD50 value, the 40 mg/L was used to treat S. aureus
for subsequent experiments.

We performed RNA-Seq on bacteria at 8 hr incubation that
were exposed to 0 and 40 mg/L DMP. Triplicate samples for
each concentration were performed. Total RNA was extracted
by the TRIzol-based method (Life Technologies, CA, USA), and
RNA-Seq library, sequencing, transcriptome assembly and annotation were performed (Sun et al., 2018).
The gene expression level was further normalized to eliminate the influence of different gene lengths and amounts
of sequencing data on the calculation of gene expression.
The differentially expressed genes (DEGs) were identified by
the edgeR package (http://www.r-project.org/) across samples
with fold changes ≥ 2 and a false discovery rate-adjusted p <
0.05. DEGs were then subjected to an enrichment analysis of
their GO functions and KEGG pathways (p < 0.05).

2.2.

1.8.
Real time reverse transcription quantitative PCR
analysis (RT-qPCR)

ZETA potential, hydrophobicity, fluidity, and FT-IR spectrum
analysis was carried out to account for leakage in S. aureus
treated with different concentrations of DMP, and significant
changes were observed (Fig. 3). As shown in Fig. 3a, the rDPH
value increased from 0.14 to 0.17 (p < 0.01), which shows
that DMP can reduce cell fluidity. At the same time, the cells
gradually ruptured, and the nucleic acid concentration began to rise (Fig. 3a). The results indicated that DMP damaged
the cell micro-interface system, the cell membrane changed,
and nucleic acid was leaked. The trend of ZETA potential
showed interesting fluctuations (Fig. 3b), which should be related to the anti-stress response of S. aureus. The first peak
at −26 mV appeared immediately after exposure to 5 mg/L
DMP and then decreased. The second peak at −21 mV appeared at 40 mg/L DMP. However, compared with that of the
control group, the ZETA potential was changed significantly by
increased DMP concentrations. DMP affected the hydrophobicity (Fig. 3b), which decreased to 80% at 80 mg/L DMP. The
absorbance values at 1500–2000 /cm and 2000–2500 /cm were
changed (Fig. 3c). These responses could be attributed to increased lipids, proteins, and unsaturated carbon chains. The
results indicated that cell surface and internal damage occurred with increasing DMP concentration.

The cells were collected after 8 hr incubation. RT-qPCR analysis was performed as described previously by Wang et al.
(2019a). Triplicate samples were performed in each concentration. The information of primers is listed in Appendix A Table
S4. The relative abundance of mRNA versus 16S rRNA gene
was determined according to the 2−CT method (Livak and
Schmittgen, 2001).

1.9.

Metabolomic analysis

The metabolomics of bacteria exposed to 0 and 40 mg/L DMP
were analyzed at 8 hr incubation. The six samples from each
DMP concentration in nutrient broth were evaluated. The extraction procedure was performed by the method published
by Song et al. (2018). The detection methods were performed
as described previously by Liu et al. (2020).

1.10.

Intermediates and enzymes

The activities of ATPase (Na+ -K+ , Ca+ -Mg+ ), succinate dehydrogenase (SDH) and intermediates (lactic acid, pyruvic acid,
and glucose) were measured by an assay kit (Appendix A Table
S3).

2.

Results

2.1.

Cell activity under DMP

The cells were stained with fluorescent dye (PI), and LSM revealed that the number of living cells decreased while the
number of dead cells increased (Fig. 1a-f). After DMP treatment, as the concentration of DMP increased, the bacterial cell
growth curve showed significant inhibition of growth (Fig. 1h).
The cell mortality rate responded to the growth curve to a certain extent (Fig. 1g and h). The concentration of DMP was significantly and positively correlated with the growth inhibition

TEM and SEM observations

SEM images (Fig. 2a-f) and transmission electron microscope
images (Fig. 2g-l) of S. aureus treated with different concentrations of DMP are shown.
It can be seen that the control group (Fig. 2a and h) without
DMP treatment had intact cell edges, a micro-circular shape,
and no breaks or wrinkles. As the concentration increased, the
cells became wrinkled and severely deformed. In particular, at
the high concentration of 80 mg/L (Fig. 2f and l), the bacterial
cell body was deeply deformed, the cell was broken, and the
contents overflowed.

2.3.

2.4.

The surface properties of bacteria

Enzyme activity in bacteria

The intracellular activities of S. aureus treated with different
concentrations of DMP, which include ATPase, SDH, SOD, and
CAT enzyme activities and ROS contents, are shown in Fig. 4.
When the active ATPase was exposed to a low concentration of 5 mg/L DMP, it promoted the hydrolysis of ATP and
changed the intracellular ions. The activities of Na+ -K+ and
Ca+ -Mg+ -ATPase began to increase, reaching maximum activities of 51.8 U/mg prot and 53.2 U/mg prot, then the activity was significantly reduced to 11.9 U/mg prot and 10.9 U/mg
prot, respectively, at 80 mg/L DMP (p < 0.01) (Fig. 4a). The maximum SDH enzyme activity reached 314.8 U/mg prot at 5 mg/L
DMP and decreased to 39.9 U/mg prot at high concentrations
of 80 mg/L (p < 0.01) (Fig. 4b). Interestingly, the two activities
were consistent, both increasing first and then decreasing.
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Fig. 1 – The growth curves and mortality of S. aureus exposed to various dimethyl phthalate (DMP) concentrations. (a)
Fluorescent image under 0 mg/L DMP; (b) Fluorescent image under 5 mg/L DMP; (c) Fluorescent image under 10 mg/L DMP;
(d) Fluorescent image under 20 mg/L DMP; (e) Fluorescent image under 40 mg/L DMP; (f) Fluorescent image under 80 mg/L
DMP (living cells are green, and dead cells are red); (g) Dose-effect relationship between mortality rate of S. aureus and DMP
concentration; (h) Growth curves of S. aureus under various DMP concentrations. Each sample was performed in triplicate,
and the confidence coefficient obtained by statistical analysis was > 95%. Error bars represent standard deviations (n = 3).

ROS content increased from 0.4 to 1.2 with increasing DMP
concentration (Fig. 4c). DMP can increase the oxidative stress
capacity of bacterial cells. Exposure to DMP changed the activity of SOD and CAT, with peaks of 54.2 U/mL and 759.5 U/mg
Hb at 10 mg/L that decreased to 52.1 U/mL and 205.3 U/mg Hb
at 80 mg/L, respectively. After injury to the cell, the activities of
the endogenous antioxidant enzymes CAT and SOD increased
temporarily, and DMP at high concentrations destroyed their
activities.

2.5.

Proteomic and transcriptomic analyses

Proteomic and transcriptomic analyses under DMP treatment
were combined and compared with the control group. When

exposed to 40 mg/L DMP, 12 regulatory pathways were found
to participate in the balance of internal changes in S. aureus.
Bubble maps and radar charts (Fig. 5a and c) of the proteome and bubble maps and radar charts (Fig. 5b and e) of
the transcriptome were screened, and ABC transporters, twocomponent systems, bacterial secretion systems, biofilm formation, quorum sensing, glycolysis/gluconeogenesis, photosynthesis, oxidative phosphorylation, pyruvate metabolism,
pentose phosphate pathway, biosynthesis of secondary
metabolites, and sulfur metabolism were detected. Twelve
common pathways involved in the process of DMP-induced
cell regulation were identified, and most genes were clustered
in the oxidative damage and energy metabolism pathways.
With the combined radar chart (Fig. 5d), 30 major DEGs, regulatory pathways and their changes were screened out.
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Fig. 2 – Typical SEM (a-f) and TEM (g-l) images of S. aureus exposed to various DMP concentrations (50,000 ×). (a, g) under
0 mg/L DMP; (b, h) under 5 mg/L DMP; (c, i) under 10 mg/L DMP; (d, j) under 20 mg/L DMP; (e, k) under 40 mg/L DMP; (f, l)
under 80 mg/L DMP.

2.6.
Gene expression of S. aureus and RT-qPCR analysis
of gene expression
Under the influence of 40 mg/L DMP contamination, the bacteria were found to undergo internal changes, some of which
included altered gene expression. The largest difference was
observed mainly in COGs associated with the transport and
metabolism of carbohydrates, amino acids and lipids (Fig. 6a).
To provide further information on the correspondence between the abundance of proteins and the transcript level of

mRNA, the transcriptome data showed that 21 genes were involved in their own expression changes. The genes isdE, spsB,
ecfA1, ribD, nikC, rbsD, aldA, pgcA, ywqE, argG, purK, secA2, cysE,
hpt, pepA, purD, glnA, gntK, crtP showed some subtle changes
(Appendix A Table S5). The expression levels of isdE and hpt
were high compared to those of the other genes (Fig. 6b).
A number of genes that cause changes in the internal function of S. aureus were screened by 12 pathways to obtain expression data for certain genes. The RT-qPCR analysis results
of eight representative genes in S. aureus were obtained. The
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Fig. 3 – Influences of DMP on the surface properties of S. aureus. (a) The nucleic acids and rDPH of S. aureus exposed to 0, 5,
10, 20, 40, and 80 mg/L DMP; (b) ZETA potential and hydrophobicity of S. aureus exposed to 0, 5, 10, 20, 40, and 80 mg/L DMP;
(c) FT-IR spectra of S. aureus exposed to 0, 5, 10, 20, 40, and 80 mg/L DMP. Each sample was performed in triplicate, and the
confidence coefficient obtained by statistical analysis was > 95%. Error bars represent standard deviations (n = 3). Different
lowercase letters indicate a significant difference (p < 0.05) among DMP concentrations.

gene expression levels, including nikC (nickel ABC transporter
permease), argG (arginine succinate lyase), and pepA (cytosolic aminopeptidase family protein), were reduced significantly
due to DMP treatment. The expression of hpt (hypoxanthine
phosphoribosyl transferase), gntK (gluconate kinase), and glnA
(glutamine synthetase) increased. Interestingly, the expression level of hpt was particularly high. In addition, the gene
expression results were confirmed by the results of transcriptome analysis (Fig. 6c).

2.7.

Metabolite analysis and verification of metabolites

Principal component analysis was used in the supervised
mode with the OPLS-DA model to detect the fit of the metabolites under 0 and 40 mg/L DMP (Appendix A Fig. S1). Intracellular metabolites, which were changed significantly under DMP,
were mainly involved in glycolysis/gluconeogenesis, biosynthesis of secondary metabolites, and pyruvate metabolism.
The metabolic pathway mainly involved 9 metabolites of
the cell’s own metabolic cycle, such as pyruvate, glyoxylate, acetyl-CoA, hydroxyphenylpyruvate, etc. (Fig. 7a). These
metabolites are mainly manifested in the tricarboxylic acid
(TCA) cycle and the glyoxylate cycle pathways. These metabolites have their own regulatory processes in the energy cycle.
In addition, the main metabolites, pyruvic acid (Fig. 7b), glu-

cose (Fig. 7c) and lactic acid (Fig. 7d), were confirmed. It was
found that pyruvate and lactic acid were consumed and reduced simultaneously during the metabolic process, and the
glucose content was also reduced.

3.

Discussion

Cell membrane integrity is considered to be an important indicator of cell activity (Wang et al., 2019a). Changes in cell morphology can be observed under SEM and TEM (Yan et al., 2016),
and DMP significantly inhibits the growth of S. aureus, causing
bacterial destruction and death and affecting the cell structure. A high concentration of DMP affects the proportion of
living and dead cells. As the DMP concentration increases, it
destroys the living environment and the membrane integrity
of S. aureus. The growth inhibition rate indicates that some
cells have lost their ability to reproduce; however, some still
maintain a complete membrane structure (Berney et al., 2007).
DMP can adhere to cells, accumulates gradually on the cell
surface and occupies some hydrophobic sites (Bruinsma et al.,
2001). The hydrophilic part is exposed to the water phase, and
the porin of the membrane surface increases to reduce cell
damage (Liu et al., 2016). Therefore, the survival rate was reduced, and DMP increased the surface hydrophobicity of S. au-
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Fig. 4 – The activities of ATPase, SDH, CAT, and SOD and contents of ROS in S. aureus exposed to 0, 5, 10, 20, 40, and 80 mg/L
DMP. Each sample was performed in triplicate, and the confidence coefficient obtained by statistical analysis was > 95%.
Error bars represent standard deviations (n = 3) (∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001). Different lowercase letters indicate a
significant difference (p < 0.05) among DMP concentrations.

reus at levels of 5, 10 and 20 mg/L. DMP reduced the surface
hydrophobicity of S. aureus at 40 and 80 mg/L levels, and it
could be speculated that the high DMP concentration caused
great damage to the cell structure (Fig. 2). DMP is a member
of a class of organic compounds with sticky and waterproof
properties, and S. aureus also has a certain viscosity. DMP enters the cell, and the membrane lipids and micro-viscosity
of the lipid region on the surface membrane increase in a
short period of time, causing the membrane viscosity to increase and reduce the surface fluidity of S. aureus temporarily
(Panicker et al., 2005). These nucleic acids increased in the extracellular fluid with increasing DMP concentrations, indicating that DMP damages cells, leading to permeability changes,
allowing intracellular nucleic acids to enter the extracellular
fluid through the cell membrane (Ahmed et al., 2019). The increased permeability causes high doses of DMP to enter the
cell, resulting in exposure of protons and electrically neutral
contents to the external environment, which may cause a decrease in electronegativity and change the surface ZETA potential (Liu et al., 2016). It has been noted that ˜1312 cm−1 and
˜1118 cm−1 peaks can also be observed in the infrared subtraction spectrum, which corresponds to lipids (Cakmak et al.,

2006), proteins and RNA (Romih et al., 2015). Changes in functional groups in the infrared spectrum are closely related to
the surface ZETA potential. Therefore, high concentrations of
DMP can destroy membrane structures, change cell surface
characteristics and cause inactivation/death. Similarly, in culture media and cells, a certain amount of DMP accumulates
with certain biological macromolecules (such as proteins and
DNA) until it disrupts the genetic system and destroys the
cell’s internal components (Wu et al., 2018).
It is well known that ROS cause modification of cellular macromolecules through interactions with proteins, and
ROS have been shown to play an important role in cell
death/apoptosis (Castro-Alférez et al., 2017). After exposure
to DMP, the ROS were increased in cells due to destruction of
the antioxidant system and the bacterial oxidative stress response (Liu et al., 2016). SOD is an important antioxidant enzyme that is the first line of defense to prevent oxidation. After
a low concentration of DMP enters the cell, the CAT and SOD
enzyme activities correlates with O2- release, and the enzyme
activity increase temporarily. Both enzymes provide an antioxidant defense for the cell body (Castro-Alférez et al., 2017).
Subsequently, under the action of high concentrations of DMP,
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Fig. 5 – Intergroup difference map of bacteria exposed to DMP compared to the control. (a) Proteomics pathway bubble
diagram; (b) Transcriptomics pathway bubble diagram (the larger the circle, the more different the number of differential
genes and proteins; the redder the color, the greater the difference); (c) Proteomic difference protein radar map; (d)
Differential gene/protein joint radar map; (e) Transcriptome learning difference gene radar graph (from inside to outside: the
innermost is the legend; circle 1 is the line graph of the expression abundance (RPKM value) of each gene in two groups;
circle 2 from inside to outside the two values are the expression abundance (RPKM value) of each gene in group A and group
B; the red in circle 3 indicates upregulation, and the yellow indicates downregulation, and the corresponding number is the
log2 value of the differential expression of the gene. The blue font in the circle indicates genes, and red indicates proteins
(C: 0 mg/L, DMP: 40 mg/L).

the cells are destroyed or killed, and the activity is lowered
(Hao and Liu, 2019). Bacterial growth is inhibited, and intracellular oxidative stress induces protein expression and oxidative DNA damage.
DMP not only affects cell surface characteristics but also
causes changes in intracellular enzyme activity. These enzymes are involved in the energy metabolism of S. aureus. SDH
can provide electrons for the respiratory chain, and its activ-

ity can be used as an index to evaluate the TCA cycle activity (Tabachnikov and Shoham, 2013). Low concentrations of
DMP activate ATP in cells, increasing NA+ -K+ and Ca+ -Mg+ ATPase activity, while increasing Na+ -K+ removes Ca+ -Mg+
in the cytoplasm in exchange for Na+ , and most of the DMP
enters the cell. High DMP concentrations inhibit enzyme activity, therefore reducing the concentration of Na+ -K+ in the
cell (Meira et al., 2015).
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Fig. 6 – Differential gene expression analysis based on proteomics and transcriptome under DMP. (a) COG functional
classification of differentially expressed genes/proteins between control and DMP. Column in the diagram represents a
functional COG classification (denoted in uppercase letters, description on the right); (b) The DEGs of the transcriptome in S.
aureus between control and DMP, eight S. aureus genes, which were marked with the red circles, were selected to verify by
RT-qPCR analysis; (c) Comparison of the expression of eight S. aureus genes with different DMP concentrations by RT-qPCR
analysis, black line represents control gene expression. The data are presented as the means of triplicates +/- one standard
deviation, as shown in Appendix A Table S6 (∗ p < 0.05; ∗∗ p < 0.01). (Control: 0 mg/L, DMP: 40 mg/L).

In this study, it can be seen from the basic experiments that
after DMP invaded cells, oxidative stress reactions occurred,
and some enzyme activities involved in energy processes were
changed. After RT-qPCR verification, 8 genes were found to be
significantly changed, and these genes were also related to oxidative stress (pepA and glnA) and energy metabolism (gntK)
in cells. The downregulated gene pepA is induced by microorganisms through oxidative or nutrient stresses (Li et al., 2008;
Zhao et al., 2002). The presence of aminopeptidase in the cell
proves that an oxidative stress reaction occurs, and then high
concentrations of DMP invade the cell, damage the cell membrane, inactivate the cell, and cause the expression of the gene
controlling aminopeptidase to decline. Upregulated glutamine
synthetase (glnA) (Pahel and Tyler, 1979; Dixon et al., 1984;
Rothstein et al., 1980; Guan et al., 2018) consumes adenosine

triphosphate and interacts with magnesium or manganese
ions. Glutamine can be further used as a donor of ammonia to
react with ketoglutaric acid to form glutamic acid by the action of glutamate synthetase, which is used by cells to synthesize proteins. At the same time, the formation of nucleotides
is controlled. We believe that when contaminants attack cells,
the tightly linked regulatory gene glnA mediates the activation
and inhibition of glutamine synthetase synthesis. When protective bacterial responses themselves are not harmed, a selfenergy metabolism mechanism occurs, and the difference in
the energy metabolism is supported by the upregulation of
gntk (Salvetti et al., 2013). When ATP binds to an enzyme, it
causes a significant conformational change while protecting
the ATPase from being affected. Increasing the consumption
of oxygen, the rate of acetic acid metabolism is accelerated,
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Fig. 7 – Changes in intermediates and enzymes in the energy metabolism of S. aureus under DMP. (a) Network interaction
diagram of 9 metabolites (Appendix A Table S7); (b) pyruvate; (c) glucose; (d) lactose. Error bars represent the standard
deviation of triplicate samples (CK: 0 mg/L, DMP: 40 mg/L) (∗∗ p < 0.01).

energy metabolism is decreased, and the low expression level
of catabolic genes may cause catabolite repression, thus leading to the reduction of energy metabolites (Maeda et al., 2004).
Contaminant invasion changes the arginine succinate
lyase (argG) (Turner et al., 1997; Yu and Howell, 2000), reducing the expression of some arginine biosynthesis genes,
and downregulation of the arginine succinate cleavage gene
causes partial loss of the viability of arginine succinate lyase,
affecting its ability to support chemical reactions. DMP affects
cells, causing internal changes, which was the reason the expression level of hpt was so high.
The ABC transporter is a large and diverse family of proteins in the bacterial plasma membrane. It is a transport
ATPase that transports important molecules for activity (StPierre et al., 2012). The data indicate that the ribosyl ribose
biosynthesis enzyme plays an important role in regulating the
nucleotide synthesis pathway in cell growth. The hpt gene,
which can protect cells, had a high expression level (Van and
Ellis, 1991). The protein in the internal environment is protected from some irreversible effects and promotes the synthesis of nucleotides by catalyzing the transfer of a monophosphorylated ribose (Valsecchi et al., 2016). This has a lot
to do with its own high expression. Studies have shown

that genes such as spsB regulate quorum-sensing pathways
and gene expression and function according to changes in
cell density and play an important role in cell growth and
metabolism as well as biofilm formation (Yeo et al., 2015).
Metabolomic analysis can verify metabolic pathway damage and changes in metabolite utilization in cells. After DMP
treatment of S. aureus, several intermediates were produced
in the glycolytic pathway (EMP) and TCA cycles, and the transcription levels of most catabolic genes were generally more
pronounced. The glycolytic pathway is one of the main pathways of central metabolism in organisms. When NAD+ is converted to NADH (H+ ), a series of glucose glycogens is broken
down into pyruvate with a certain amount of ATP (RodriguezRodriguez et al., 2013). Glucose phosphate isomerase catalyzes the reversible isomerization of glucose-6-phosphate to
fructose-6-phosphate, which is a necessary step in the glycolytic pathway (Boteva et al., 2018; Wang and Yan, 2018;
Geng et al., 2018). Glycogens other than glucose can also be
used as cell fuel. However, in each case, at least a part of the
glucose is oxidized by glycolysis, and the high-energy phosphate produced by 25% glucose oxidation may form glycerol
phosphate. In cells oxidized by NADH, the presence of oxygen will lead to a decrease in glucose consumption and lac-
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tic acid formation. At the same time, the enzyme activity increases during glycolysis, which will lead to a decrease in glucose utilization and a decrease in lactic acid content, which
will affect the circulation of TCA (Chang et al., 1993). Pyruvate is a metabolic intermediate that enters the TCA cycle
and is further oxidized (Wang and Yan, 2018). It is involved in
many other metabolic pathways. These metabolites exist in
energy metabolism pathways, such as the pentose phosphate
pathway and pyruvate metabolism, and regulate changes in
metabolites. The production of lactic acid and pyruvate is reduced, proving that these enzymes are inhibited by DMP and
that the utilization rate is reduced during the metabolic process (Ashiuchi and Misono, 1999).
Acetate, pyruvate, and glyceryl phosphate metabolites are
involved in internal changes in TCA, and nucleotides can be
synthesized in the TCA cycle. This was also the case in a previous study when DMP invaded cells and controlled the nucleotides of genes, causing temporary increase in hpt expression (Kwong et al., 2017). The glyoxylic acid cycle plays an important role in S. aureus metabolism. Pyruvate is acetylated to
form acetyl CoA, which is transferred from the TCA cycle to
the glyoxylate cycle and is accompanied by the production of
a large amount of ATP. At the same time, glyoxylate generates
citric acid under the action of ATP and NADH. The accumulation of citric acid may disrupt the normal function of the TCA
cycle and directly affect the transformation of basic nutrients
in organisms (Zhang et al., 2017; Schaap et al., 2013).
Since DMP pollution inhibits the production of pyruvate,
citric acid does not change much but generates oxaloacetic
acid, and malic acid re-enters into the glyoxylic acid cycle
(Fig. 7). Interestingly, the D-glycerol produced is again an intermediate of EMP (Doi, 2019) and enters the EMP pathway. These
metabolites are affected by the entry of DMP, and the bacteria
themselves are affected. There is a certain change in energy
regulation in the body, which changes the EMP pathway, TCA
pathway and glyoxylate pathway, causing changes in metabolites and reducing the utilization of their intermediates.

4.

Conclusions

This study systematically explored the mechanism of
dimethyl phthalate toxicity in S. aureus. High concentrations
of DMP increased bacterial damage, destroyed the cell surface
morphology, inhibited cell growth, induced cell inactivation/death, and affected cell micro-interface surface activity
and intracellular enzyme activity. In a series of investigations,
the metabolic pathways in cells showed a strong response to
DMP, and the expression of some genes was affected, causing
auto-oxidative stress and energy metabolism changes. This
study also showed that DMP impacts the internal functions
of cells directly, and the toxicological and biological effects
of DMP have far-reaching implications for the health of the
ecological environment in the future.
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