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Dimethyl phthalate destroys the
cell membrane structural
integrity of Pseudomonas
fluorescens
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A Gram-negative bacteria (Pseudomonas fluorescens) was exposed to
different concentrations (0, 20, and 40 mg/L) of dimethyl phthalate (DMP)
for 8h, and then Fourier transform infrared spectroscopy (FTIR) analysis,
lipopolysaccharide content detection, analysis of fatty acids, calcein release
test, proteomics, non-targeted metabolomics, and enzyme activity assays
were used to evaluate the toxicological effect of DMP on P. fluorescens.
The results showed that DMP exposure caused an increase in the
unsaturated fatty acid/saturated fatty acid (UFA/SFA) ratio and in the release
of lipopolysaccharides (LPSs) from the cell outer membrane (OM) of P
fluorescens. Moreover, DMP regulated the abundances of phosphatidyl
ethanolamine (PE) and phosphatidyl glycerol (PG) of P. fluorescens and
induced dye leakage from an artificial membrane. Additionally, excessive
reactive oxygen species (ROS), malondialdehyde (MDA), and changes in
antioxidant enzymes (i.e., catalase [CAT] and superoxide dismutase [SODI)
activities, as well as the inhibition of Ca2*-Mg2+t-ATPase and NaT /Kt -ATPase
activities in P. fluorescens, which were induced by the DMP. In summary, DMP
could disrupt the lipid asymmetry of the outer membrane, increase the fluidity
of the cell membrane, and destroy the integrity of the cell membrane of P.
fluorescens through lipid peroxidation, oxidative stress, and ion imbalance.

KEYWORDS

dimethyl phthalate, Pseudomonas fluorescens, cell micro-interface, oxidative stress,
toxicological effect

Introduction

Phthalic acid esters (PAEs) as plasticizers have caused ecological and environmental
risks (Chen et al., 2020), of which dimethyl phthalate (DMP) is the most extensively
used compound for manufacturing various products (Li et al., 2016; Zhang et al.,
2016), and has also been widely detected in the ecological environment, such as surface
water, groundwater, atmosphere, and soil (Wang et al, 2015a; Zhang et al., 2015).
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Based on the published literatures, the acute toxicities
of DMP to different aquatic organisms were in the
range of 29.0-337.0 mg/L (Gao et al, 2021), and the
concentrations of DMP up to 2, 50, and 250 mg/kg in
sediment, soil, and sludge, respectively (Pietrini et al., 2022).
Additionally, DMP can accumulate in the environment
and organisms because of its intractable degradability
(Wang et al, 2018; You et al, 2019). Therefore, the
toxicological effects of DMP on the ecosystem and organisms
were studied.

Microbes can sense and respond to changes in the
surrounding environment, in which cell walls and membranes
are important barriers against external disturbances, sustain
basic cell metabolism and protect cells (Auer and Weibel, 2017),
and the effect of DMP on the micro-interface of Gram-positive
and Gram-negative bacteria has been reported. For instance,
DMP exposure disrupted the cell membrane of Escherichia coli
K-12, including surface properties and membrane compositions
(Wang et al., 2019b); when DMP contacted with Staphylococcus
aureus, some of it was accumulated on the surface of
the cell membrane and destructed the permeability of the
cell membrane, and some entered the cell and interacted
2021).
agricultural systems, Pseudomonas fluorescens (P. fluorescens)

with macromolecular substances (Zhu et al, In
plays a vital role in soil pollution repair and biological
fertility (Bensidhoum et al, 2016; Shinde et al, 2017;
Lopes et al, 2018), and the abundance of P. fluorescens
has been significantly reduced by 20 and 40 mg/kg of
soil contamination with DMP (Wang et al., 2015a, 2018).
Furthermore, 20 and 40 mg/L of DMP caused the morph
of the cell membrane, which in turn inhibited the growth
and glucose utilization of P. fluorescens (Wang et al., 2019a).
Thus, the mechanism of DMP on membrane damage of
P. fluorescens was researched in this study, which provides
a theoretical basis for understanding the impact of DMP
on beneficial soil bacteria, and provides a public alerting
function for understanding the influence of DMP on the
soil environment.

We hypothesized that DMP affected the structure of
cell walls and membranes of P. fluorescens, leading to the
inhibition of key enzyme activities of the cell membrane. In this
study, we used Fourier transform infrared spectroscopy
(FTIR),
of fatty acids, liposome preparation, calcein release test,

lipopolysaccharide content detection, analysis
proteomics, non-targeted metabolomics, and enzyme activity
assays to evaluate the impact of DMP on the structure
of cell walls and membranes of P. fluorescens, the results
of which are expected to provide additional data and a
theoretical basis for identifying the toxic mechanism of
DMP to microorganisms and evaluating their risks to

the environment.
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Materials and methods

Materials

Information on the test organism, P. fluorescens
ATCC 13525, and biochemical reagents [DMP, acetone,
(PG), (CL),
and phosphatidylethanolamine provided in

phosphatidylglycerol cholesterol, cardiolipin
(PE)] is
Supplementary Table 1.

Dimethyl phthalate solutions were prepared in acetone at
a ratio of 1:9 (v/v), and then the DMP solution was added
to Luria-Bertani medium (LB) at final concentrations of 0,
20, and 40 mg/L, with each treatment performed in triplicate.
After autoclaving and cooling, the activated P. fluorescens were
inoculated at a 1% dose. The bacteria were grown at 30°C for 8h

with shaking at 130 rpm.

Fourier transform infrared spectroscopy
(FTIR) analysis

After 8h of incubation, the P. fluorescens was collected by
centrifuging (10,000 rpm, 30 min, 4°C), and then washed three
times with physiological saline solution (Liu G. et al., 2016).
After being freeze-dried under a vacuum, the bacteria were
mixed with KBr, and the spectral scanning was within the range
of 400-4,000 cm™! by FTIR (Spotlight 400, USA).

Extraction and purification of
lipopolysaccharides (LPSs)

Lipopolysaccharides (LPSs) were collected by a modification
of the thermal phenol method (Wang et al., 2015b). The wet
cells were gathered by centrifuging (6,000 rpm, 10 min). After
resuspending in sterile deionized water, an equal volume of
90% aqueous phenol was added, and the mixture was stirred
vigorously (70°C, 30 min). The aqueous phase was centrifuged
and collected, and an equal volume of deionized water was
added and the extraction was repeated. Then, the aqueous phase
was collected. After being centrifuged at 8,000 rpm for 15 min,
each suspension was mixed with 1 ml of 3M sodium acetate.
Subsequently, LPS was precipitated by adding two volumes of
ethanol and lyophilized (Ahamad and Katti, 2016).

Extraction and analysis of fatty acids

The bacteria were collected, washed two times, and
resuspended in sterilized deionized water. After the
saponification at 100°C for 25min with 1 ml of 15% NaOH-
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methanol solution, 2ml of 25% HCl-methanol solution was
added, and then incubated at 80°C for 10 min. Subsequently,
the mixture was mixed with 2ml of 1:1(v/v) hexane: methyl
tert-butyl ether, and the organic phase was concentrated to
0.5ml under a stream of nitrogen gas. Finally, the fatty acid
composition was separated and quantified using a GC-MS
6890-5975 system (Agilent Technologies, Palo Alto, CA, USA)
(Wang et al., 2019).

Liposome preparation and calcein
release test

Calcein-loaded liposomes were prepared according to
literature methods with minor modifications (Pu and Tang,
2017). After dissolving liposomes in chloroform, the solution
was dried by rotary evaporation to a thin film, after which
a dye solution (60mM calcein, 50mM TES, 100 mM NaCl,
and pH 7.4) was added. The mixture was repeated by blow
until homogeneous, and then extruded 11 times using a
0.22mm polycarbonate membrane. Subsequently, DMP stock
solutions with various concentrations (0, 20, and 40 mg/L)
were added to the purified calcein liposome suspension, and
the leakage of calcein was measured by an F-7000 fluorescence
spectrophotometer (HITACHI, Japan). The excitation and
emission wavelengths were 485 and 515nm, respectively. To
induce 100% dye release, 10 ml of 10% (v/v) Triton X-100 was
added to dissolve the vesicles for 18 min. The percentage leakage
value was calculated using the following formula:

dye leakage (%) = 100 x (F — F0)/(Ft — F0) (1)

where, F is the fluorescence intensity by DMP treatment, Ft is
the fluorescence intensity corresponding to 100% leakage, and
FO is the fluorescence intensity of the intact liposome.

Determination of oxidative stress

The generation of reactive oxygen species (ROS) and
malondialdehyde (MDA), and the activities of superoxide
dismutase (SOD) and antioxidant enzymes catalase (CAT) were
measured using assay kits (Supplementary Table 2) (Chen et al.,
2016; Ulloa-Ogaz et al., 2017).

According to the operating instructions of the assay Kkits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
the content of MDA and the activities of SOD and CAT were
calculated based on Egs. (2-4) below:

6.45 x (ODs32 ym — ODg00 nim)

MDA (nmol/mg prot) = b (2)
s0D (Uy ) (OD1 — OD2) x 134 x P 3)
mg prot) =
24 OD1
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CAT (U/mg prot) = C x ? x 0.05 x P (4)
where, P is crude enzymes concentration, which is measured
by the Bradford method using bovine serum albumin
(BSA) as a standard, OD1 is the value of the control
group, OD2 is the value of the sample in this experiment,
C is the consumption content of HyOj, and T is the
response time.

Effect of DMP on the key enzyme activity
of P. fluorescens cell membrane

The ATPase activity was measured using an ATPase
assay kit (Supplementary Table 2) (Waugh, 2019). The activity
of ATPase was calculated in ODggyp nm based on Egs.
5and 6:

Nat — K+ — ATPase (U/mgprot) = % X

[46.8 = P] ®)
Ca>* — Mg?* — ATPase (U/mgprot) = OP4-0D2
[46.8 = P] (©)

Where, OD1 is the standard reference, OD2 is the blank value,
OD3 and OD4 are the measured values, and P is the crude
enzyme concentration.

Multiomics analysis and statistical
analyses

After 8h of incubation, the P. fluorescens were collected
and then washed three times with sterile water for proteomics
analysis. Three replicates were used for each treatment and
all samples were treated with an appropriate buffer which
contained a cocktail (1% SDS, 200mM DTT, 50 mM Tris-
HCI, and pH 8.8) at 100°C for 10min, then transferred to
the ice for 30 min. After each suspension was centrifuged and
collected, a 5-fold volume of pre-cooled acetone was added
to precipitate protein at —20°C overnight. Subsequently, the
mixture was centrifuged, and the precipitate was collected and
washed two times with 90% acetone. The precipitate was then
resuspended in lysis buffer (1% SDS, 8 M urea, cocktail) and
then sonicated for 3 min. Furthermore, the concentration of
protein in all samples was determined using the bicinchoninic
acid (BCA) method, and the protein was digested with a
trypsin solution. The digested peptides were separated and
analyzed using a nanoLC-MS/MS (Thermo Fisher Scientific,
Massachusetts, USA). Finally, the tandem mass spectrometry

frontiersin.org


https://doi.org/10.3389/fmicb.2022.949590
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

(MS/MS) spectra were searched by ProteomeDiscovererTM
software against Pseudomonas fluorescens database. The highest
score for a given peptide mass was used to identify the parent
protein (Thippakorn et al., 2018).

The metabolites in 50 mg samples (lyophilized supernatant)
were extracted using 1 ml of methanol: water (4:1, v/v) solution.
In total, five replicates were used for each treatment, and all
samples were ground at 60 Hz for 1h. Before centrifugation at
12,000 rpm for 15min at 4°C, the supernatant was pipetted
into a 5-mm vial for subsequent liquid chromatography-mass
spectrometry (LC-MS) analysis. Briefly, a chromatographic
column (100 mm x 2.1 mm, i.d., 1.7 wm; Waters, Milford, USA)
separation was performed with acetonitrile and 0.1% formic
acid as the mobile phase. A 5-95% gradient of acetonitrile over
16 min was used, with an injection volume of 20 pl and a
flow rate of 0.4 ml/min. The positive ion mode and negative
ion mode were performed by mass spectrometry (MS) using a
scan time of 0.03 s and a 50-1,000 m/z scan range. In addition,
Mass Profiler software (Agilent, California, USA) was used to
extract features from the metabolomics data, and the differential
metabolites were identified based on the combination of the
variable importance in projection (VIP) value obtained from the
PLS-DA model and a p-value determined based on the raw data
(Thippakorn et al., 2018).

Moreover, one-way ANOVA followed by Tukey’s HSD test
was performed to detect the significant differences among all the
experimental treatments, with p < 0.05 denoting significance,
and all analyses were performed in R software.

Results

Effect of DMP on the cell wall of P.
fluorescens

Fourier transform infrared spectroscopy is an efficient tool
to examine DMP-induced toxicity in P. fluorescens. In this
study, compared with the control samples (0 mg/L), spectral
differences were observed mainly in the absorption bands
of lipids and fatty acids in the range of 1,500-1,640 cm™!
and 3,014 cm™!, and those proteins in the range of 750-
1,358 cm™!. However, the FTIR spectroscopy of P. fluorescens
between 20 and 40 mg/L DMP treatment was no different
in Figure 1A.

To evaluate how DMP influences the micro-interface
of P. fluorescens, the proteomics and metabolomics were
measured. One advantage of this method was that all
the omics analyses used the same samples, which could
provide strong links between the datasets. As depicted
below and visible from the principal component analysis
(PCA; DMP
influenced the proteome and metabolome of P. fluorescens,

Supplementary Figures 1A,B), profoundly

which indicated that the protein expression and functional
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characteristics of P. fluorescens were significantly altered
by DMP treatment. Moreover, the proteomics results of all
significantly changed proteins are presented in Supplementary
Table 3.

The proteomics analysis and the yield of crude LPS
were used to investigate the effects of DMP treatment
on the LPS transporter and the yield of P. fluorescens.
In Figure 1B, the abundance of LPS export ATP-binding
cassette (ABC) transporter ATP-binding protein was increased
by DMP treatment with 20 and 40 mg/L. At the same
time, the content of crude LPS was enhanced, and the
increasing concentration of DMP was positively correlated
with the yield of crude LPS in Figure 1C (R* = 0.9026,
p < 0.0001).

Effect of DMP on fatty acid in the cell
membrane

Fatty acids as energy substrates are metabolized and

synthesized during biological responses. In Figure 2A,

the abundance of long-chain acyl-CoA dehydrogenase
was decreased in P. fluorescens with the increase in DMP
concentration. Then, the ratio of UFA/SFA was analyzed as
shown in Figure 2B. The ratio of UFA/SFA of P. fluorescens was
increased by DMP treatment with 20 and 40 mg/L, and these

two DMP treatments were not different.

Effect of DMP on the phospholipid and
integrity of cell membrane of P.
fluorescens

In this study, proteomics, metabolomics, and artificial
plasma membrane were used to study the effect of DMP
on the cell membrane, and the result is shown in Figure 3.
Compared with 0 mg/L DMP treatment, the expression of
outer membrane (OM) lipid asymmetry maintenance protein
(Figure 3A), phosphatidyl ethanolamine (PE, Figure 3B), and
phosphatidyl glycerol (PG, Figure 3C) were decreased by DMP
treatment with 20 and 40 mg/L. Finally, the calcein release test
was introduced to study the effect of DMP on the cell membrane
structure of P. fluorescens, which showed that before the reaction
of 18 min, the leakage of calcein in liposomes was 5.2, 54.6,
and 62.3%, respectively. However, when 10% Triton X-100 was
added, calcein quickly leaked from the liposome and the leakage
was completed in 30 min as shown in Figure 3D.
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FIGURE 1
Effects of dimethyl phthalate (DMP) on the cell surface functional groups, lipopolysaccharide (LPS) transporter and LPS content of
Pseudomonas fluorescens (P. fluorescens). (A) shows DMP changed the cell surface functional groups; (B) shows that DMP increased the
expression of LPS export ATP-binding cassette (ABC) transporter ATP-binding protein abundance through proteomics, and (C) shows LPS
content of P. fluorescens. Different letters represent significant differences between treatments.

Effect of DMP on the oxidative reactive
kinase system

In this study, compared with 0 and 20 mg/L, the abundance
and activity of catalase (Figures4A,B) were decreased by
DMP treatment with 40 mg/L, and then, the ROS fluorescence
intensity, malondialdehyde content, and the activity of

Frontiers in Microbiology 05

superoxide dismutase (SOD) were analyzed, and the results
are shown in Figures 4C-E. For ROS fluorescence intensity
(Figure 4C) and malondialdehyde content (Figure 4D), conform
to dose effects that were increased with the increase of DMP
concentration, and the activity of SOD was increased by DMP
treatment at 20 and 40 mg/L, with the 20 mg/L being higher
than the 40 mg/L.
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FIGURE 2
The expression of proteins in the fatty acid metabolism pathway and the ratio of UFA/SFA of P. fluorescens were altered by DMP contamination.
(A) shows that DMP inhibited the expression of long-chain acyl-CoA dehydrogenase abundance through proteomics, and (B) shows that the
ratio of UFA/SFA of P. fluorescens was changed by DMP treatment. Different letters represent significant differences between treatments.

Effects of DMP on key enzymes on the The outer membrane of Gram-negative bacteria provides the
cell membrane cell with a permeability barrier that is effective against external
harmful agents, and a tightly packed layer of LPS exists on

In Figure 5A, compared with 0 mg/L DMP treatment, the the surface of the outer membrane plays a key role in this
abundance of K™ -transporting ATPase was decreased by DMP process (Zhao et al., 2011; Cui et al., 2019; Sperandeo et al.,
treatment with 20 and 40 mg/L, and these two treatments had 2019; Zhou et al., 2021). After biosynthesis, bacterial LPS are
no difference, after which the activities of NaT-KT-ATPase, and transiently anchored to the outer leaflet of the inner membrane,
Ca2t —Mg2+ -ATPase were studied, and the results are shown in and the ABC transporter transports LPS molecules to the outer
Figures 5B,C. Those activities conform to dose effects that were membrane (Luo et al,, 2017). In this study, the abundance of
decreased with the increase of DMP concentration. LPS export ABC transporter ATP-binding protein (Figure 1B)

and the release of LPS from the cell outer membrane of P.
Discussion fluorescens (Figure 1C) was increased by DMP. LPS has high
chemical stability after the death of bacterial cells (Pourmadadi
et al., 2019), and the number of dead cells was increased by
DMP (Wang et al., 2019a), which may be another reason for the

Knowledge of the effects of DMP on the micro-interface
of microbes has accumulated rapidly over the past few years

(Wangetal,, 2019a,b; Zhu et al., 2021). In a previous study, DMP increase in LPS.

induced the deformations of the cell membrane of P. fluorescens The cell membrane maintains a dynamic balance and

(Wang et al., 2019a). Therefore, in this study, we focused on the plays a critical role in maintaining a normal state for

mechanism of DMP damage to cell walls and cell membranes growth, metabolism, and stress resistance (Li et al, 2019).

and its adverse effect on P. fluorescens. FTIR peaks are related Many studies have reported the correlation between the cell

to the vibration of a particular chemical bond, and are used membrane and active cell responses to environmental stresses.
)

to characterize the changes in the macromolecular functional When Lactobacillus delbrueckii subspecies bulgaricus CFL1 was

groups on the cell surface (Movasaghi et al., 2008). In Figure 1A, exposed to stress conditions, the composition of the lipid bilayer

DMP treatment can promote the stretching vibration of protein of the cell membrane would maintain an optimal level of fluidity

lipids, and fatty acids of P. fluorescens, which indicates that (Gautier et al., 2013). For the Lactobacillus casei strains, the acid-

DMP exposure will change the contents of protein, lipids, and resistant mutant strain has a higher proportion of UFA, and

better fluidity and integrity than those of the wild type (Wu

metabolomics, LPS, and fatty acid content were used to study etal., 2012). In Figure 2B, the ratio of UFA/SFA of P. fluorescens
the effect of DMP on the cell micro-interface. was increased by DMP treatment with 20 and 40 mg/L, which

fatty acids (Simsek Ozek et al.,, 2014). Therefore, proteomics,

Frontiersin Microbiology 06 frontiersin.org


https://doi.org/10.3389/fmicb.2022.949590
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

10.3389/fmicb.2022.949590

A B (o]
Outer membrane lipid asymmetry : 1 <
maintenance protein Phosphatidyl ethanolamine Phosphatidyl glycerol
1.30 b B b b »
* 200004
26 o 200001
B © 15000+ i ©
L o o
Py c £
g a 3 3
8 £ 10000 £
2 3100004
29 0 04
0 20 40 0 20 40 0 20 40
The concentration of DMP (mg/L) The concentration of DMP (mg/L) The concentration of DMP (mg/L)
D =®- 0 mg/L =8~ 20 mg/L =& 40 mg/L
1004
T 754
©
17}
<
L
© 504
s
K
=2
S 25
0- @ © ® . i e
0 3 6 12 15 18 21 24 27 30
Time (min)
FIGURE 3
The effect of DMP on the phospholipid and integrity of cell membrane of the P. fluorescens. (A) indicates that DMP inhibited the expression of
outer membrane (OM) lipid asymmetry maintenance protein abundance through proteomics; (B,C) indicate that the abundance of phosphatidyl
ethanolamine (PE) and phosphatidyl glycerol (PG) were decreased by DMP treatment through metabolomics; (D) indicates that the integrity of
the cell membrane of P. fluorescens was changed by DMP treatment by the calcein release test. Different letters represent significant differences
between treatments.

is commonly used for assessing the membrane fluidity. A high
UFA/SFA ratio is usually associated with high membrane fluidity
(Gautier et al, 2013). In Figure 1A, the position of the lipid
symmetric CHj stretching vibration band at approximately
2,850 cm~! is a measure of membrane lipid state generally
related to membrane fluidity (Gautier et al., 2013). Thus, the
fluidity of the cell membrane of P. fluorescens was increased by
DMP treatment.

The outer membrane (OM) of Gram-negative bacteria is
an extremely asymmetric bilayer, which is maintained by the
OM phospholipase A2, the LPS palmitoyl transferase, and
the maintenance of the outer membrane lipid asymmetry
system (Abellon-Ruiz et al, 2017; Yeow et al, 2018). The
accumulation of LPS (Figure 1C) and downregulated expression
of outer membrane lipid asymmetry maintenance protein
(Figure 3A) by DMP treatment, indicated that DMP could
disrupt the lipid asymmetry of the outer membrane. In a
previous study, E. coli balances the quantity of PG and
Pseudomonas aeruginosa increases the length of the lipid chains
as a response to environmental signals (Hoyo et al., 2019). In
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Figure 3B and C, P. fluorescens regulated the abundances of
PG and PE as a response to DMP contamination. Moreover,
DMP contamination increased the rates of dead cells and
hypoactive cells, which indicated that DMP increased the
membrane permeability and damaged membrane integrity
(Wang et al., 2019a). Furthermore, DMP-induced dye leakage
from artificially simulated the liposomes of P. fluorescens
in Figure 3D, which indicated that the integrity of the cell
membrane was compromised by DMP (Sun et al., 2015).

Since lipids are responsible for maintaining the integrity
of cell membranes, significant lipid peroxidation changes
the assemblage, composition, structure, and dynamics of
lipid membranes (Gaschler and Stockwell, 2017). As an end
product of lipid peroxidation, the formation of MDA as
an index to measure lipid peroxidation (Dubovskiy et al,
2008; Liu N. et al.,, 2016), and the increased concentration of
MDA by DMP treatment in Figure 4D, indicated the DMP
pollution resulted in lipid peroxidation of P. fluorescens.
The aldehyde groups of MDA can interact with amino
groups in proteins and phospholipids, which result in altered
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The effect of DMP on key enzymes on the cell membrane of the P. fluorescens. (A) indicates that DMP inhibited the expression of
K*-transporting ATPase abundance through proteomics; (B,C) indicate that the activities of Nat-K+-ATPase and Ca?*-Mg®*-ATPase of P,
fluorescens were changed by DMP treatment. Different letters represent significant differences between treatments.

membrane permeability, lipid organization, and cellular lipid peroxidation in Figure 4C, resulting in the leakage
dysfunction (Chauhan et al, 2002). Additionally, high of cell contents, loss of respiratory activity, and cell death
concentrations of ROS cause membrane damage through (Yuetal, 2019).
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As an important components of the antioxidant defense
system in cells, SOD can eliminate excess ROS to maintain
intracellular oxidation-reduction equilibrium, and catalyze the
dismutation of superoxide into molecular oxygen and hydrogen
peroxide (H2O03) (Arts et al, 2015; Liu N. et al, 2016; Wu
et al., 2017; Wang et al,, 2020; Gao et al., 2021). SOD enzyme
activity increases after DMP contamination (Figure 4E), which
suggested that DMP caused oxidative stress and stimulated
SOD activity to scavenge the fast-producing ROS (Wu et al,
2017; Gao et al., 2021). Thus, we assumed that DMP’s increased
SOD activity would result in an increased H,O; concentration.
Furthermore, fatty acid oxidation-driven H O3 is a major source
of oxidative stress, the long-chain acyl-CoA dehydrogenase,
which catalyzes a key step in mitochondrial fatty acid oxidation,
the expression of which (Figure 2A) is significantly related
to HyOy (Zhang et al, 2019). In this study, the abundance
(Figure 4A) and activity (Figure 4B) of CAT were significantly
decreased, as a result of the high level of superoxide radical
generation during oxidative stress (Dubovskiy et al,, 2008).
Excessive ROS inhibits the activities of catalase, resulting in lipid
oxidation and the destruction of algae cell membranes (Huang
etal., 2021). In sum, lipid oxidation and oxidative stress could be
the main mechanisms of DMP-induced cell membrane damage.

The movement of ions through the cell membrane facilitates
the regulation of the cell volume, preventing the cell from
potentially breaking or collapsing under changing conditions
(Pinsky, 2021). The imbalance between the internal and external
environment of the cell directly leads to the metabolism of
the cell, and the proliferation of the cell is out of control
(Xin et al, 2020). Nat-Kt-ATPase transports Nat ions
and KT ions against its concentration gradient across the
membrane, and preserves the membrane potential and osmotic
equilibrium of the cell (Xie and Cai, 2003). Active Ca?t
transport across the membrane is carried out by Ca®*-Mg?*-
ATPase (Li et al, 2006). Ca>*-Mg?*-ATPase and Nat/K+-
ATPase catalyze the hydrolysis of ATP that is coupled to the
active transport of Ca>*/Mg?*and NaT/K* across the cell
membrane (Chauhan et al.,, 2002). Studies have shown that
the enzyme activity of E. coli NaT-K'-ATPase is inhibited
under hexabromocyclododecane (HBCD) stress, and HBCD
can combine with Ca2t-ATPase, resulting in a decrease in
intracellular ATP levels and thus affecting glucose transport
(Yang et al.,, 2020). This study found that DMP significantly
inhibits the expression of KT -transporting ATPase (Figure 5A)
and the activities of Nat-K+-ATPase (Figure 5B) and Ca?t-
Mg?*-ATPase (Figure 5C) of P. fluorescens. The inhibition of
these enzymes leads to the instability of ion entry into the cell,
then the cell may swell and eventually cause the cell membrane
to rupture (Zhou et al., 2011; Xin et al., 2020).

Conclusion

This study showed that DMP could disrupt the lipid
asymmetry of the outer membrane, increase the fluidity of the
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cell membrane, and destroy the integrity of the cell membrane of
P. fluorescens; excessive ROS, MDA, and changes in antioxidant
enzymes (i.e., CAT and SOD) activities in P. fluorescens, which
caused lipid peroxidation and oxidative stress, were induced by
the DMP; and inhibition of Ca2t —Mg2+ -ATPase and Nat /K-
ATPase activities in P. fluorescens, which reduced ions imbalance
by the DMP. Therefore, DMP could destroy the cell membrane
structural integrity of P. fluorescens through lipid peroxidation,
oxidative stress, and ion imbalance.

Data availability statement

The data presented in the study are deposited in the
iProX repository, accession number IPX0003930004. All data
was released.

Author contributions

ZW made substantial contributions to the design, the
acquisition, analysis, and interpretation of data for the work.
WC and RG performed the experiment and drafted the work.
WX and YH revised it critically for important intellectual
content. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the Natural Science Foundation
of China (Grant Nos. 31870493) and the Graduate Innovation
Project of Qiqihar University (YJSCX2019047).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.949590/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2022.949590
https://www.frontiersin.org/articles/10.3389/fmicb.2022.949590/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

References

Abellén-Ruiz, J., Kaptan, S. S., Baslé, A., Claudi, B., Bumann, D., Kleinekathofer,
U., etal. (2017). Structural basis for maintenance of bacterial outer membrane lipid
asymmetry. Nat. Microbiol. 2, 1616-1623. doi: 10.1038/5s41564-017-0046-x

Ahamad, N., and Katti D. S. (2016). A two-step method for
extraction of lipopolysaccharide from Shigella dysenteriae serotype 1
and Salmonella typhimurium: an improved method for enhanced yield
and purity. J. Microbiol. Methods. 127, 41-50. doi: 10.1016/j.mimet.201
6.05.014

Arts, L. S., Gennaris, A., and Collet, J.-F. (2015). Reducing systems protecting
the bacterial cell envelope from oxidative damage. FEBS Lett. 589, 1559-1568.
doi: 10.1016/j.febslet.2015.04.057

Auer, G. K., and Weibel, D. B. (2017). Bacterial cell mechanics. Biochemistry. 56,
3710-3724. doi: 10.1021/acs.biochem.7b00346

Bensidhoum, L., Nabti, E., Tabli, N., Kupferschmied, P., Weiss, A., Rothballer,
M., et al. (2016). Heavy metal tolerant Pseudomonas protegens isolates
from agricultural well water in northeastern Algeria with plant growth
promoting, insecticidal and antifungal activities. Eur. J. Soil Biol. 75, 38-46.
doi: 10.1016/j.ejs0bi.2016.04.006

Chauhan, V. P. S., Tsiouris, J. A., Chauhan, A., Sheikh, A. M., Brown, W. T,
and Vaughan, M. (2002). Increased oxidative stress and decreased activities of
Ca®*/Mg?*-ATPase and Na*/K*-ATPase in the red blood cells of the hibernating
black bear. Life Sci. 71, 153-161. doi: 10.1016/50024-3205(02)01619-3

Chen, W., Shaw, L., Chang, P., Tung, S, Chang, T., Shen, C., et al. (2016).
Hepatoprotective effect of resveratrol against ethanol-induced oxidative stress
through induction of superoxide dismutase in vivo and in vitro. Exp. Ther. Med.
11, 1231-1238. doi: 10.3892/etm.2016.3077

Chen, W., Wang, Z., Xu, W, Tian, R,, and Zeng, J. (2020). Dibutyl phthalate
contamination accelerates the uptake and metabolism of sugars by microbes in
black soil. Environ. Pollut. 262, 114332. doi: 10.1016/j.envpol.2020.114332

Cui, M., Wang, Z., Hu, X,, and Wang, X. (2019). Effects of lipopolysaccharide
structure on lycopene production in Escherichia coli. Enzyme Microb. Technol. 124,
9-16. doi: 10.1016/j.enzmictec.2019.01.009

Dubovskiy, I. M., Martemyanov, V. V., Vorontsova, Y. L., Rantala, M. J,,
Gryzanova, E. V., and Glupov, V. V. (2008). Effect of bacterial infection on
antioxidant activity and lipid peroxidation in the midgut of Galleria mellonella
L. larvae (Lepidoptera, Pyralidae). Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 148, 1-5. doi: 10.1016/j.cbpc.2008.02.003

Gao, K, Li, B, Xue, C,, Dong, J., Qian, P,, Lu, Q,, et al. (2021). Oxidative
stress responses caused by dimethyl phthalate (DMP) and diethyl phthalate (DEP)
in a marine diatom Phaeodactylum tricornutum. Mar. Pollut. Bull. 166, 112222.
doi: 10.1016/j.marpolbul.2021.112222

Gaschler, M. M., and Stockwell, B. R. (2017). Lipid peroxidation in cell death.
Biochem. Biophys. Res. Commun. 482, 419-425. doi: 10.1016/j.bbrc.2016.10.086

Gautier, J., Passot, S., Pénicaud, C., Guillemin, H., Cenard, S., Lieben, P., et al.
(2013). A low membrane lipid phase transition temperature is associated with a
high cryotolerance of Lactobacillus delbrueckii subspecies bulgaricus CFLL. J. Dairy
Sci. 96, 5591-5602. doi: 10.3168/jds.2013-6802

Hoyo, J., Torrent-Burgués, J., and Tzanov, T. (2019). Physical states and
thermodynamic properties of model gram-negative bacterial inner membranes.
Chem. Phys. Lipids. 218, 57-64. doi: 10.1016/j.chemphyslip.2018.12.003

Huang, L., Zhu, X. Z., Zhou, S. X., Cheng, Z. R, Shi, K., Zhang, C,, et al. (2021).
Phthalic acid esters: natural sources and biological activities. Toxins. 13, 495-512.
doi: 10.3390/toxins13070495

Li, C, Chen, J., Wang, J., Han, P., Luan, Y., Ma, X,, et al. (2016). Phthalate esters
in soil, plastic film, and vegetable from greenhouse vegetable production bases in
Beijing, China: concentrations, sources, and risk assessment. Sci. Total Environ.
568, 1037-1043. doi: 10.1016/j.scitotenv.2016.06.077

Li, H, Feng, T, Liang, P, Shi, X, Gao, X, and Jiang, H. (2006).
Effect of temperature on toxicity of pyrethroids and endosulfan, activity of
mitochondrial Na*-K*-ATPase and Ca?*-Mg?*-ATPase in Chilo suppressalis
(Walker) (Lepidoptera: Pyralidae). Pestic. Biochem. Physiol. 86, 151-156.
doi: 10.1016/j.pestbp.2006.03.001

Li, Y., Yan, P, Lei, Q, Li, B,, Sun, Y., Li, S., et al. (2019). Metabolic adaptability
shifts of cell membrane fatty acids of Komagataeibacter hansenii HDM1-3 improve
acid stress resistance and survival in acidic environments. J. Ind. Microbiol.
Biotechnol. 46, 1491-1503. doi: 10.1007/s10295-019-02225-y

Liu, G, Zhang, S, Yang, K, Zhu, L, and Lin, D. (2016). Toxicity
of perfluorooctane sulfonate and perfluorooctanoic acid to Escherichia coli:

Frontiers in Microbiology

10

10.3389/fmicb.2022.949590

membrane disruption, oxidative stress, and DNA damage induced cell inactivation
and/or death. Environ. Pollut. 214, 806-815. doi: 10.1016/j.envpol.2016.04.089

Liu, N., Wen, F,, Li, F., Zheng, X, Liang, Z., and Zheng, H. (2016). Inhibitory
mechanism of phthalate esters on Karenia brevis. Chemosphere. 155, 498-508.
doi: 10.1016/j.chemosphere.2016.04.082

Lopes, L. D., Davis Ii, E. W., Pereira e Silva, M. C., Weisberg, A.]., Bresciani, L.,
Chang, J. H., etal. (2018). Tropical soils are a reservoir for fluorescent Pseudomonas
spp. biodiversity. Environ. Microbiol. 20, 62-74. doi: 10.1111/1462-2920.13957

Luo, Q,, Yang, X,, Yu, S, Shi, H., Wang, K., Xiao, L., et al. (2017). Structural basis
for lipopolysaccharide extraction by ABC transporter LptB2FG. Nat. Struct. Mol.
Biol. 24, 469-474. doi: 10.1038/nsmb.3399

Movasaghi, Z., Rehman, S., and ur Rehman, D. I. (2008). Fourier transform
infrared (FTIR) spectroscopy of biological tissues. Appl. Spectrosc. Revi. 43,
134-179. doi: 10.1080/05704920701829043

Pietrini, F., Iannilli, V., Passatore, L., Carloni, S., Sciacca, G., Cerasa, M.,
et al. (2022). Ecotoxicological and genotoxic effects of dimethyl phthalate
(DMP) on Lemna minor L. and Spirodela polyrhiza (L.) Schleid. plants

under a short-term laboratory assay. Sci. Total Environ. 806, 150972.
doi: 10.1016/j.scitotenv.2021.150972
Pinsky, P. M. (2021). Fluid and osmotic pressure balance and

volume stabilization in cells. Comput. Model. Eng. Sci. 129, 1329-1350.
doi: 10.32604/cmes.2021.017740

Pourmadadi, M., Shayeh, J. S, Omidi, M., Yazdian, F., Alebouyeh, M.,
and Tayebi, L. (2019). A glassy carbon electrode modified with reduced
graphene oxide and gold nanoparticles for electrochemical aptasensing of
lipopolysaccharides from Escherichia coli bacteria. Microchimica Acta. 186, 787.
doi: 10.1007/s00604-019-3957-9

Pu, C,, and Tang, W. (2017). Affinity and selectivity of anchovy antibacterial
peptide for Staphylococcus aureus cell membrane lipid and its application in whole
milk. Food Control. 72, 153-163. doi: 10.1016/j.foodcont.2016.08.009

Shinde, S., Cumming, J. R., Collart, F. R., Noirot, P. H., and Larsen, P. E. (2017).
Pseudomonas fluorescens transportome is linked to strain-specific plant growth
promotion in aspen seedlings under nutrient stress. Front. Plant Sci. 8, 348-361.
doi: 10.3389/fpls.2017.00348

Simsek Ozek, N., Bal, I. B, Sara, Y., Onur, R, and Severcan, F. (2014).
Structural and functional characterization of simvastatin-induced myotoxicity
in different skeletal muscles. Biochim. Biophys. Acta 1840, 406-415.
doi: 10.1016/j.bbagen.2013.09.010

Sperandeo, P., Martorana, A. M., and Polissi, A. (2019). The Lpt ABC transporter
for lipopolysaccharide export to the cell surface. Res. Microbiol. 170, 366-373.
doi: 10.1016/j.resmic.2019.07.005

Sun, Y., Dong, W., Sun, L., Ma, L, and Shang, D. (2015). Insights into the
membrane interaction mechanism and antibacterial properties of chensinin-1b.
Biomaterials 37, 299-311. doi: 10.1016/j.biomaterials.2014.10.041

Thippakorn, C., Isarankura-Na-Ayudhya, C., Pannengpetch, S., Isarankura-Na-
Ayudhya, P., and Prachayasittikul, V. (2018). Oxidative responses and defense
mechanism of hyperpigmented P. aeruginosa as characterized by proteomics and
metabolomics. EXCLI J. 17, 544-562. doi: 10.17179/excli2018-1238

Ulloa-Ogaz, A. L., Pifén-Castillo, H. A., Mufioz-Castellanos, L. N., Athie-Garcfa,
M. S., Ballinas-Casarrubias, M. D. L., Murillo-Ramirez, J. G., et al. (2017). Oxidative
damage to Pseudomonas aeruginosa ATCC 27833 and Staphylococcus aureus
ATCC 24213 induced by CuO-NPs. Environ. Sci. Pollut. Res. 24, 22048-22060.
doi: 10.1007/s11356-017-9718-6

Wang, L., Zhang, X,, Li, Y., Sun, R, Lin, Y., Yu, H,, et al. (2019). The drivers of
bacterial community underlying biogeographical pattern in Mollisol area of China.
Ecotoxicol. Environ. Saf. 177, 93-99. doi: 10.1016/j.ecoenv.2019.03.114

Wang, Q., Nie, P., Hou, Y., and Wang, Y. (2020). Purification, biochemical
characterization and DNA protection against oxidative damage of a novel
recombinant superoxide dismutase from psychrophilic bacterium Halomonas
sp. ANT108. Protein Expr. Purif. 173, 105661. doi: 10.1016/j.pep.2020.1
05661

Wang, Z., Hu, Y, Xu, W, Liu, S, Hu, Y, and Zhang, Y. (2015a).
Impacts of dimethyl phthalate on the bacterial community and functions
in black soils. Front. Microbiol.. 6, 405-435. doi: 10.3389/fmicb.2015.
00405

Wang, Z., Wang, C., You, Y., Xu, W,, Lv, Z, Liu, Z., et al. (2019a). Response
of Pseudomonas fluorescens to dimethyl phthalate. Ecotoxicol. Environ. Saf. 167,
36-43. doi: 10.1016/j.ecoenv.2018.09.078

frontiersin.org


https://doi.org/10.3389/fmicb.2022.949590
https://doi.org/10.1038/s41564-017-0046-x
https://doi.org/10.1016/j.mimet.2016.05.014
https://doi.org/10.1016/j.febslet.2015.04.057
https://doi.org/10.1021/acs.biochem.7b00346
https://doi.org/10.1016/j.ejsobi.2016.04.006
https://doi.org/10.1016/S0024-3205(02)01619-3
https://doi.org/10.3892/etm.2016.3077
https://doi.org/10.1016/j.envpol.2020.114332
https://doi.org/10.1016/j.enzmictec.2019.01.009
https://doi.org/10.1016/j.cbpc.2008.02.003
https://doi.org/10.1016/j.marpolbul.2021.112222
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.3168/jds.2013-6802
https://doi.org/10.1016/j.chemphyslip.2018.12.003
https://doi.org/10.3390/toxins13070495
https://doi.org/10.1016/j.scitotenv.2016.06.077
https://doi.org/10.1016/j.pestbp.2006.03.001
https://doi.org/10.1007/s10295-019-02225-y
https://doi.org/10.1016/j.envpol.2016.04.089
https://doi.org/10.1016/j.chemosphere.2016.04.082
https://doi.org/10.1111/1462-2920.13957
https://doi.org/10.1038/nsmb.3399
https://doi.org/10.1080/05704920701829043
https://doi.org/10.1016/j.scitotenv.2021.150972
https://doi.org/10.32604/cmes.2021.017740
https://doi.org/10.1007/s00604-019-3957-9
https://doi.org/10.1016/j.foodcont.2016.08.009
https://doi.org/10.3389/fpls.2017.00348
https://doi.org/10.1016/j.bbagen.2013.09.010
https://doi.org/10.1016/j.resmic.2019.07.005
https://doi.org/10.1016/j.biomaterials.2014.10.041
https://doi.org/10.17179/excli2018-1238
https://doi.org/10.1007/s11356-017-9718-6
https://doi.org/10.1016/j.ecoenv.2019.03.114
https://doi.org/10.1016/j.pep.2020.105661
https://doi.org/10.3389/fmicb.2015.00405
https://doi.org/10.1016/j.ecoenv.2018.09.078
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

Wang, Z., Wang, J., Ren, G., Li, Y., and Wang, X. (2015b). Influence of core
oligosaccharide of lipopolysaccharide to outer membrane behavior of Escherichia
coli. Mar. Drugs. 13, 3325-3339. doi: 10.3390/md13063325

Wang, Z., Zhu, X., Su, Y., Xu, W., Liu, H., Liu, Z., et al. (2019b). Dimethyl
phthalate damaged the cell membrane of Escherichia coli K12. Ecotoxicol. Environ.
Saf. 180, 208-214. doi: 10.1016/j.ecoenv.2019.05.009

Wang, Z. G, You, Y. M,, Xu, W. H,, Chen, W. J,, Zeng, J., Zhao, X. S, et al.
(2018). Dimethyl phthalate altered the microbial metabolic pathways in a Mollisol.
Eur. J. Soil Sci. 69, 439-449. doi: 10.1111/ejss.12545

Waugh, D. T. (2019). Fluoride exposure induces inhibition of sodium-and
potassium-activated adenosine triphosphatase (Na(+), K(+)-ATPase) Enzyme
activity: molecular mechanisms and implications for public health. Int. J. Environ.
Res. Public Health. 16, 1427. doi: 10.3390/ijerph16081427

Wu, C., Zhang, J., Wang, M., Du, G., and Chen, J. (2012). Lactobacillus casei
combats acid stress by maintaining cell membrane functionality. J. Ind. Microbiol.
Biotechnol. 39, 1031-1039. doi: 10.1007/s10295-012-1104-2

Wu, H,, Zhang, Y., Shi, X, Zhang, J., and Ma, E. (2017). Overexpression of Mn-
superoxide dismutase in Oxya chinensis mediates increased malathion tolerance.
Chemosphere 181, 352-359. doi: 10.1016/j.chemosphere.2017.04.087

Xie, Z., and Cai, T. (2003). Na®™-K"-ATPase-mediated signal transduction:
from protein interaction to cellular function. Mol. Interv. 157-168.
doi: 10.1124/mi.3.3.157

Xin, G. S,, Yu, M., Hu, Y., Gao, S. Y., Qi, Z., Sun, Y., et al. (2020). Effect of
lycorine on the structure and function of hepatoma cell membrane in vitro and
in vivo. Biotechnol. Biotechnol. Equip. 34, 104-114. doi: 10.1080/13102818.2020.
1719019

Yang, K., Zhong, Q., Qin, H., Long, Y., Ou, H,, Ye, J,, et al. (2020). Molecular
response mechanism in Escherichia coli under hexabromocyclododecane stress.
Sci. Total Environ. 708, 135199. doi: 10.1016/j.scitotenv.2019.135199

Yeow, J., Tan, K. W., Holdbrook, D. A., Chong, Z.-S., Marzinek, J. K., Bond, P.
J., et al. (2018). The architecture of the OmpC-MIlaA complex sheds light on the
maintenance of outer membrane lipid asymmetry in Escherichia coli. ]. Biol. Chem.
293, 11325-11340. doi: 10.1074/jbc. RA118.002441

Frontiers in Microbiology

11

10.3389/fmicb.2022.949590

You, Y., Wang, Z, Xu, W.,, Wang, C, Zhao, X,, and Su, Y. (2019).
Phthalic acid esters disturbed the genetic information processing and improved
the carbon metabolism in black soils. Sci. Total Environ. 653, 212-222.
doi: 10.1016/j.scitotenv.2018.10.355

Yu, K., Yi, S., Li, B., Guo, F.,, Peng, X. X., Wang, Z. P., et al. (2019). An integrated
meta-omics approach reveals substrates involved in synergistic interactions in
a bisphenol A (BPA)-degrading microbial community. Microbiome 7, 1-13.
doi: 10.1186/s40168-019-0634-5

Zhang, L., Liu, J, Liu, H, Wan, G, and Zhang, S. (2015). The
occurrence and ecological risk assessment of phthalate esters (PAEs)
in urban aquatic environments of China. Ecotoxicology. 24, 967-984.
doi: 10.1007/510646-015-1446-4

Zhang, T., Huang, Z., Chen, X., Huang, M., and Ruan, J. (2016). Degradation
behavior of dimethyl phthalate in an anaerobic/anoxic/oxic system. J. Environ.
Manage. 184, 281-288. doi: 10.1016/j.jenvman.2016.10.008

Zhang, Y., Bharathi, S. S, Beck, M. E, and Goetzman, E. S. (2019).
The fatty acid oxidation enzyme long-chain acyl-CoA dehydrogenase can
be a source of mitochondrial hydrogen peroxide. Redox Biol. 26, 101253.
doi: 10.1016/j.redox.2019.101253

Zhao, Z., Selvam, A., and Wong, J. W.-C. (2011). Effects of rhamnolipids
on cell surface hydrophobicity of PAH degrading bacteria and the
biodegradation of phenanthrene. Bioresour. Technol. 102, 3999-4007.
doi: 10.1016/j.biortech.2010.11.088

Zhou, C. P, Shi, H. G, Zhang, M. F., Zhou, L. ., Xiao, L., Feng, S. S, et al. (2021).

Y structural insight into phospholipid transport by the MIaFEBD complex from P.
aeruginosa. J. Mol. Biol. 433, 166986-167002. doi: 10.1016/j.jmb.2021.166986

Zhou, J., Cai, Z.-H., and Xing, K.-Z. (2011). Potential mechanisms of phthalate
ester embryotoxicity in the abalone Haliotis diversicolor supertexta. Environ.
Pollut. 159, 1114-1122. doi: 10.1016/j.envpol.2011.02.016

Zhu, X., Liu, H., Wang, Z., Tian, R, and Li, S. (2021). Dimethyl phthalate
damages Staphylococcus aureus by changing the cell structure, inducing oxidative
stress and inhibiting energy metabolism. J. Environ. Sci. 107, 171-183.
doi: 10.1016/j.es.2021.01.031

frontiersin.org


https://doi.org/10.3389/fmicb.2022.949590
https://doi.org/10.3390/md13063325
https://doi.org/10.1016/j.ecoenv.2019.05.009
https://doi.org/10.1111/ejss.12545
https://doi.org/10.3390/ijerph16081427
https://doi.org/10.1007/s10295-012-1104-2
https://doi.org/10.1016/j.chemosphere.2017.04.087
https://doi.org/10.1124/mi.3.3.157
https://doi.org/10.1080/13102818.2020.1719019
https://doi.org/10.1016/j.scitotenv.2019.135199
https://doi.org/10.1074/jbc.RA118.002441
https://doi.org/10.1016/j.scitotenv.2018.10.355
https://doi.org/10.1186/s40168-019-0634-5
https://doi.org/10.1007/s10646-015-1446-4
https://doi.org/10.1016/j.jenvman.2016.10.008
https://doi.org/10.1016/j.redox.2019.101253
https://doi.org/10.1016/j.biortech.2010.11.088
https://doi.org/10.1016/j.jmb.2021.166986
https://doi.org/10.1016/j.envpol.2011.02.016
https://doi.org/10.1016/j.jes.2021.01.031
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	Dimethyl phthalate destroys the cell membrane structural integrity of Pseudomonas fluorescens
	Introduction
	Materials and methods
	Materials
	Fourier transform infrared spectroscopy (FTIR) analysis
	Extraction and purification of lipopolysaccharides (LPSs)
	Extraction and analysis of fatty acids
	Liposome preparation and calcein release test
	Determination of oxidative stress
	Effect of DMP on the key enzyme activity of P. fluorescens cell membrane
	Multiomics analysis and statistical analyses

	Results
	Effect of DMP on the cell wall of P. fluorescens
	Effect of DMP on fatty acid in the cell membrane
	Effect of DMP on the phospholipid and integrity of cell membrane of P. fluorescens
	Effect of DMP on the oxidative reactive kinase system
	Effects of DMP on key enzymes on the cell membrane

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


