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• The co-exposure of mPS and CAP induced
higher toxicity than the single exposure.

• CAP aggravated the photosynthetic inhi-
bition in the joint group.

• The presence of mPS increased oxidative
stress and cell membrane damage.

• CAP altered the conformations of proteins
and competed for functional sites.
A B S T R A C T
A R T I C L E I N F O
Editor: Damià Barceló

Keywords:
Micro-polystyrene
CAP
Combined toxicity
Molecular modeling
Proteins
Antibiotics and microplastics (MPs) inevitably coexist in natural waters, but their combined effect on aquatic organ-
isms is still ambiguous. This study investigated the individual and combined toxicity of chloramphenicol (CAP) and
micro-polystyrene (mPS) particles to Microcystis aeruginosa by physiological biomarkers, related gene expression,
and molecular dynamics simulation. The results indicated that both individual and joint treatments threatened algal
growth, while combined toxicity was higher than the former. Photosynthetic pigments and gene expression were
inhibited by single CAP and mPS exposure, but CAP dominated and aggravated photosynthetic toxicity in combined
exposure. Additionally, mPS damaged cell membranes and induced oxidative stress, which might further facilitate
the entry of CAP into cells during co-exposure. The synergistic effect of CAP and mPS might be explained by the com-
mon photosynthetic toxicity target of CAP and mPS as well as oxidative stress. Furthermore, the molecular dynamics
simulation revealed that CAP altered conformations of photosynthetic assembly protein YCF48 and SOD enzyme, and
competed for functional sites of SOD, thus disturbing photosynthesis and antioxidant systems. These findings provide
useful insights into the combined toxicity mechanism of antibiotics andMPs as well as highlight the importance of co-
pollutant toxicity in the aquatic environment.
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1. Introduction

Antibiotics play an important role in human health and animal hus-
bandry. Antibiotics or their active metabolites can be excreted in urine
and feces (Song et al., 2018; Zhou et al., 2021b) and enter the aquatic
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environment with hospital wastewater, sewage treatment plants, and agri-
cultural runoff (Luo et al., 2019). Antibiotics were frequently detected at
concentrations of ng/L to μg/L in the aquatic environment (Li et al.,
2018b;Wang et al., 2021). The continuous input into the aquatic ecosystem
poses a potential threat to organisms, which has aroused great attention
(Gopal et al., 2021;Wang et al., 2020b; Yan et al., 2015). A similar situation
also exists for microplastics (MPs). MPs have been found in waters all over
the world (Li et al., 2018a; Trevisan et al., 2019). The environmental
concentration of MPs in Taihu Lake was found to range from 30 mg/L to
50mg/L (Mao et al., 2018; Su et al., 2016). Their adverse effects on aquatic
organisms (such as plankton (Botterell et al., 2020; Zheng et al., 2022),
benthos (Zhang et al., 2021), and vertebrates (Huang et al., 2022)) have
also drawn increasing concerns in recent years (Zhang et al., 2022d). Due
to overuse and mismanagement, antibiotics and MPs can impact aquatic
organisms and even human health through food chains and direct exposure
(Zhang et al., 2022a; Zhou et al., 2021b).

Microalgae act as primary producers in the aquatic ecosystem (Zhou
et al., 2021a). There have been many studies on the single toxicity of anti-
biotics or MPs to them. Erythromycin (10–40 μg/L) have been shown to
inhibit the growth and photosynthesis of Microcystis flos-aquae after 7-d
exposure (Wan et al., 2015). Besides, the protein synthesis of Synechocystis
sp. PCC6803was also vastly decreased by chloramphenicol (2mg/L) after a
96 h toxicity test (You et al., 2021). In addition, chlorophyll a and photo-
synthetic activity parameters of Microcystis flos-aquae were also reduced
byMPs (50–500mg/L polypropylene and polyvinyl chloridemicroplastics)
after 7-d exposure (Wu et al., 2019). Nylon microplastics (25, 50,
100 mg/L) could induce oxidative stress and disrupt energy metabolism
inMicrocystis aeruginosa after 30-d exposure (Zheng et al., 2022). Neverthe-
less, the joint toxicity of antibiotics andMPs to algae remains controversial,
which needs to bemore explicit as they inevitably coexist in natural waters.
Antibiotics can be adsorbed on the surface of MPs, which may exhibit
different joint toxicity (Wang et al., 2021). Antibiotics (sulfamethoxazole
and ibuprofen) presented an antagonistic effect with polystyrene MPs
because the adsorption reduced the bioavailability (Li et al., 2022; Wang
et al., 2020a). Conversely, Feng et al. argued that the adsorbed tetracycline
on polystyrene MPs reduced the electrostatic barrier between polystyrene
and Skeletonema costatum, resulting in stronger cell-particle interactions
and toxicity (Feng et al., 2020). And when polystyrene MPs interacted
with algal cells, the adsorbed tetrabromobispheol A was released into
cells, increasing joint toxicity (Zhang et al., 2022b). Moreover, the same
biological target (cell walls) of doxycycline and MPs (red fluorescent
polymer microspheres) might also enhance toxicity of marine microalga
Tetraselmis chuii (Prata et al., 2018). Hence, joint toxicity is related to
their mutual interactions, the altered physicochemical properties, the
uptake of antibiotics, and the same biological targets. Considering the
complex and inexplicable combined toxicity between antibiotics and MPs,
it is vital to explore their joint toxic mechanisms.

As we all know, the presented toxicity is actually regulated by DNA,
RNA, and proteins at the molecular level. Proteins are involved in nearly
all cellular activities (Liu et al., 2016). Antibiotics severely disturbed
photosynthesis-related protein expressions according to proteomic analy-
sis, such as the PSII proteins (psbA, psbD, and psbF), PSI proteins (psaA
and psaB), carbon fixation protein (cbbL), and electron transfer proteins
(petE and petF) (Jiang et al., 2021; You et al., 2021). MPs cannot directly
enter cells but can interact with the cell membrane, inducing a cellular
antioxidant response (Liu et al., 2020; Zheng et al., 2022). The current
physiological biomarkers and proteomics are insufficient to reveal the
interactions between antibiotics and photosynthesis-related proteins. How-
ever, with the rapid development of bioinformatics, molecular modeling
(molecular docking and dynamics simulation) has emerged as an important
tool to disclose the interactions between pollutants and proteins (Lin et al.,
2021; Wang et al., 2022). For example, the molecular dynamics (MD) sim-
ulation method revealed that pollutants competed with CO2 for binding to
the active sites in the protein Rubisco (Zhang et al., 2022c). Therefore, the
introduction of molecular modeling is conducive to revealing toxicity
mechanisms at the molecular level.
2

Microcystis aeruginosa (M. aeruginosa), the dominant species causing
cyanobacterial blooms, is one of the most widespread primary producers
in freshwater ecosystems (Ye et al., 2022). Moreover, M. aeruginosa, as a
prokaryote, is commonly used as a classic biological model for the research
of aquatic pollution and ecotoxicology (Hu et al., 2022) because it is more
sensitive to antibiotics than eukaryotic microalgae (Valitalo et al., 2017).
Chloramphenicol (CAP) is the antibiotic frequently detected (Jin et al.,
2019a). The concentration of CAP in municipal sewage was up to 47 μg/L
in Guiyang City, China (Liu et al., 2009). In this study, CAP and the com-
monly used micro-polystyrene (mPS) (Kik et al., 2020) were selected as
target pollutants. We hypothesized that combined exposure of CAP and
mPS to M. aeruginosa might exhibit a synergistic effect due to a common
target (photosynthesis) (You et al., 2021; Zheng et al., 2022). We evaluated
physiological biomarkers, including growth inhibition, photosynthetic pig-
ments, and antioxidant activity. Furthermore, related gene transcription
and molecular modeling were also used to further explore the toxicity
mechanism. This study is expected to provide insight into the toxicological
research of MPs and antibiotics in the aquatic environment.

2. Materials and methods

2.1. Chemicals and materials

The suspension of micro-polystyrene (mPS) particles (~1 μm) was pur-
chased from Ruige Biotechnology Co., Ltd. (Jiangsu, China) with an initial
concentration of 2.5 % (w/v) (reference code: PS01U001NA). The disper-
sant formPSwas deionizedwater, according to themanufacturer's informa-
tion. Dynamic Light Scattering (DLS) (Zetasizer Nano ZS, Malvern, UK)was
used to measure the zeta potential and hydrodynamic diameter of mPS in
deionized water and BG-11 medium at different experimental concentra-
tions (10, 20, 50 mg/L mPS) (Table S1). Meanwhile, the data on hydrody-
namic diameterwere used to obtain histograms of the diameter distribution
(Fig. S1). Besides, the composition of mPS was determined via Nicolet iN
10™ micro-FTIR (Thermo Electron Scientific Instruments, Madison, WI,
USA) (Fig. S2). CAP (98 %) was obtained from MACKLIN reagent Co.,
Ltd. (Shanghai, China). BG-11 medium was bought from Qingdao Hope
Bio-Technology Co., Ltd. Analytical grade reagents were used in the exper-
iment. CAP solution (250 mg/L) and mPS suspension (500 mg/L) were
prepared before experiments.

2.2. M. aeruginosa cultivation and exposure experiment

The freshwater algae M. aeruginosa FACHB-912 (single cells) was
obtained from the Institute of Hydrobiology, Chinese Academy of Sciences
(Wuhan, China). The detailed cultivation of M. aeruginosa was shown in
Supporting Information, Text S1. After the algal cells were cultured and
activated three times, the algal cells in the logarithmic growth phase were
taken for 96 h toxicity tests. According to previous studies (You et al.,
2021; Zhang et al., 2022d) and the preliminary experiments, CAP concen-
trations of 0.5, 1.0, 1.5, 2.0, 5.0, and 10 mg/L were selected in the single
toxicity tests to calculate the EC50 value. And the concentration of CAP
was fixed at 3 mg/L in the co-exposure groups because it was close to the
EC50 value. The mPS concentrations were set to 10, 20, and 50 mg/L
based on the environmental abundance (ranging from 30 to 50 mg/L)
(Mao et al., 2018; Su et al., 2016). Before the toxicity tests, a stockmPS sus-
pensionwas ultrasonically dispersed for 30min. The designated volumes of
mPS suspension were immediately added to the BG-11 medium in 250 mL
flasks, and the solutions were sonicated again for 15 min to achieve disper-
sion. Appropriate volumes of CAP solution (250 mg/L) were added to the
BG-11 medium. These solutions containing CAP and/or mPS were inocu-
lated with algae. Algal cells without any pollutants were used as the control
group. In order to reduce the interference of absorbance, we referred to the
experiments of Zhou et al. (Zhou et al., 2021a). The background absor-
bances of different mPS concentrations in the BG-11 medium without
M. aeruginosa inoculation were measured before toxicity tests. Background
absorbances of mPS were subtracted when calculating cell density. The
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growth inhibition rate (IR) was obtained as IR = 1− Nc/Nt, where Nc and
Nt are the cell density in the control and treatment groups, respectively. In
addition, photosynthetic pigments (chlorophyll a, carotenoid, and
phycobiliprotein), SOD, and MDA biomarkers were also measured during
the experiments. The EC50 of CAP forM. aeruginosa was calculated by the
dose-response curve, and the joint toxicity was assessed by the independent
action (IA) model (Text S2). Moreover, CAP concentration analysis was
displayed in Supporting Information, Text S3.

2.3. Analysis of the photosynthetic pigments

The photosynthetic pigment contents were measured after 48 and 96 h
exposure. Chlorophyll a and carotenoid were determined by 95 % ethanol
extraction (Zeng et al., 2021; Zheng et al., 2022). 8 mL of algal cells were
taken and centrifuged (H-1850, Xiangyi centrifuge instrument Co., Ltd.,
Hunan, China) (5000 rpm at 4 °C for 15 min). Then, 5 mL of precooled
95 % ethanol was added for extraction in the dark for 24 h. The mixture
was centrifuged at 5000 rpm for 15 min. Subsequently, the supernatant
was measured at 470, 649, and 665 nm by a UV-VIS spectrophotometer.
Chlorophyll a and carotenoid content were calculated by the following
equations:

Chl−a μg=mLð Þ ¼ 13:7A665−5:76A649ð Þ � V1

V2
ð1Þ

Carotenoid μg=mLð Þ ¼ 1000A470 � 2:05CChl að Þ=245 ð2Þ

where V1 and V2 represent 95 % ethanol and sample volume, respectively.
Phycobiliprotein in cyanobacteria mainly includes phycocyanin (PC),

allophycocyanin (APC), and phycoerythrin (PE). Phycobiliprotein can
harvest wavelengths that chlorophyll a and carotenoid cannot absorb (Xu
et al., 2021). 8 mL of algal cells were collected and centrifuged. After
discarding the supernatant, 8 mL of liquid with precooled buffered saline
(0.01 M sodium phosphate, pH = 7.0, and 0.15 M NaCl) was added.
Then, the freeze-thaw was repeated three times (freezing temperature:
−20 °C, thawing temperature: 20 °C). Themixturewas lysed using an ultra-
sonic cell disruptor (KM-450D, KunshanMeimei Ultrasonic Instrument Co.,
Ltd., China) for 5 min (run time: 3 s, rest time: 8 s, 200W). The broken cell
suspensionswere centrifuged at 8000 rpm, 4 °C for 15min. The supernatant
was collected to determine the absorbance at 562, 615, and 652 nm by a
UV-VIS spectrophotometer. The values of PC, APC, PE, and
phycobiliprotein were obtained by the following equations (Bennett and
Bogorad, 1973; Bi et al., 2011; Xu et al., 2021):

PC mg=mLð Þ ¼ A615−0:474A652ð Þ=5:34 ð3Þ

APC mg=mLð Þ ¼ A652 � 0:208A615ð Þ=5:09 (4)

PE mg=mLð Þ ¼ A562−2:41CPC−0:849CAPCð Þ=9:62 ð5Þ

Phycobiliprotein mg=mLð Þ ¼ PCþ APCþ PE ð6Þ

2.4. Analysis of the antioxidant enzyme

After 96 h toxicity tests, 20mL of algal cells were centrifuged (5000 rpm
at 4 °C for 15 min). The algal cell was washed twice with phosphate-
buffered saline (0.05 M, pH = 7.8), and then 2 mL of precooled
phosphate-buffered saline was added. The mixture was lysed by an ultra-
sonic cell disruptor for 5 min and then centrifuged at 5000 rpm, 4 °C for
15 min to obtain the supernatant. The superoxide dismutase (SOD) and
malondialdehyde (MDA) contents were measured using the assay kits
(A001–1, A003–1, Nanjing Jiancheng Bioengineering Institute, China).
The supernatant was measured at 550 and 532 nm using a UV-VIS spectro-
photometer to calculate the SOD and MDA contents, respectively.
3

2.5. Morphologic properties and real-time quantitative PCR

After 96 h toxicity tests, the algal cells of four groups (control, 3 mg/L
CAP, 50 mg/L mPS, 3 mg/L CAP +50 mg/L mPS) were centrifuged
(5000 rpm at 4 °C for 15 min). The pellets were fixed with precooled
2.5 % glutaraldehyde. The cells were washed twice with phosphate buffer
(0.1 M, pH = 7), and then dehydrated by ethanol solutions with gradient
concentrations (30 %, 50 %, 70 %, 80 %, 90 %, 95 %, and 100 %). The
ethanol solution of each gradient was added to algal cells for 10 min, and
then the cells were collected by centrifugation. The samples were freeze-
dried before observation in the scanning electron microscope (FEI Nova
Nano 450, Hillsboro, USA).

The algal cells were collected after 96 h toxicity tests by centrifugation
(4000 rpm at 4 °C for 15 min). The cells were quickly frozen with liquid
nitrogen and stored at −80 °C until RNA extraction. 1.5 % agarose RNA
electrophoresis and A260nm/A280nm values were used to detect the RNA
quality. Total RNA was reversely transcribed into cDNA using a Maxima
Reverse Transcriptase kit. And Quantitative real-time PCR was measured
by QuantStudio 3&5 Real-time PCR detection System (Thermo Fisher,
USA) and the SybrGreen qPCR Master Mix kit (Applied Biosystems, USA).
The 16S rRNA was selected as an internal reference gene. Three target
genes (psaB, psbD, and sod) were determined in this study because these
genes are related to photosynthesis and antioxidant systems. All primer
sequences and functions of genes were displayed in Supporting Information,
Table S2.

2.6. Molecular docking and MD simulation

The detailed processes of molecular docking and MD simulation were
described in Text S4. Briefly, the protein sequences were obtained from
the NCBI protein database (https://www.ncbi.nlm.nih.gov/protein/). And
the structures of YCF48 and SOD ofM. aeruginosawere obtained by homol-
ogymodeling. The results of nomologymodelingwere verifiedwhether the
structures were reasonable. The CAP structure was downloaded from the
NCBI PubChem database. Then, the molecular docking of proteins and
CAP was performed using Autodock vina 1.1.2. The best conformation
with a reasonable structure was used to perform the MD simulation by
GROMACS 2020.4 software. The MD simulation was mainly carried out
through system initialization, energy minimization, preequilibrium (NVT
and NPT), production molecular simulation, and analysis procedures.
Root mean square deviation (RMSD) and radius of gyration (Rg) were
used to check whether the system was stable. The simulated trajectories
were analysed. Moreover, the results were visualized using VMD, PyMOL
2.5.0, and Biovia Discovery Studio Visualizer software. The binding free
energy was calculated using the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method.

2.7. Statistical analysis

All toxicity experiments were conducted in three replicates. Parametric
data were presented by mean ± standard deviation. Non-parametric data
were expressed by median and interquartile. Statistical analysis was deter-
mined using one-way ANOVA, the non-parametric Kruskal-Wallis test, two-
wayANOVA, and repeatedmeasure ANOVA. The TukeyHSD test (paramet-
ric data) and Dunn's test (nonparametric data) were used for the multiple
comparisons. The significant difference was defined as p < 0.05, and p <
0.01 was considered an extremely significant difference. The data analysis
and visualization were conducted using the following software: IBM SPSS
21.0 and OriginPro 2022b.

3. Results and discussion

3.1. Growth inhibition of M. aeruginosa induced by CAP and mPS

The cell density of CAP-exposed groups was significantly reduced com-
pared with the control group (Fig. S3a) (df = 6, F= 300.62, p < 0.001). A

https://www.ncbi.nlm.nih.gov/protein/
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significant negative correlation was found between CAP concentration and
cell density (Table S3, 4), consistent with the observed trend. Thus, the
concentration-dependent inhibitory effect was shown in CAP groups. The
dose-response curve (Fig. S4a) indicated that the 96 h EC50 value was
3.70 mg/L. Similar to this value, the EC50 values of CAP for Synechocystis
sp. PCC6803, Pseudokirchneriella subcapitata, and Scenedesmus acuminatus
were 3.76, 2.71, and 2.28 mg/L, respectively (Xiong et al., 2019; You
et al., 2021). Moreover, CAP concentration and growth inhibition had a
positive correlation (Table S3), and the EC50 value (4.38 mg/L) obtained
from the probit regression analysis (Table S5) was close to the calculated
value (3.70 mg/L) by fitting the dose-response curve. In the individual
mPS exposure (Fig. S3b), the growth inhibition rates for 10, 20, and
50 mg/L mPS reached 10.86 %, 12.08 %, and 45.87 %, respectively.
These results indicated the toxicity increased with increasing concentra-
tions of mPS.

The algal growth showed significant inhibition (p < 0.01) in all treat-
ment groups compared with the control group after 96 h exposure
(Fig. S3b). The results of the repeated measure ANOVA also implied that
cell density of M. aeruginosa was significantly influenced by time, treat-
ment, and their interaction (Table S6). After 96 h exposure, the order of
growth inhibition was 10 mg/L mPS < 20 mg/L mPS < CAP < CAP
+10 mg/L mPS < 50 mg/L mPS < CAP +20 mg/L mPS < CAP
+50mg/L mPS, indicating that co-exposure induced a higher growth inhi-
bition than individuals. Correspondingly, the result of the independent
action (IA) model also exhibited a synergistic effect between CAP and
mPS on M. aeruginosa (Table S7). The combined toxicity to algae is fre-
quently determined by the interactions of co-pollutants. The interactions
can present antagonistic toxicity by decreasing bioavailability, while no
interactions may show higher toxicity (You et al., 2021; You et al., 2022;
Zhang et al., 2022d). The two-way ANOVA analysis (Table S8) indicated
that CAP concentrationwas only affected by time due to the biodegradation
of antibiotics by algal cells over time (Xiong et al., 2021), but no obvious
differences in CAP concentration were found among all treatments at
same exposure time (Fig. S4b, Table S8). Hence, there seemed to be no sig-
nificant interaction betweenmPS and CAP, which explained the synergistic
effect. The above results revealed that the toxicity of mixed exposure was
stronger than that of the individual group.
3.2. Effects of CAP and mPS on photosynthetic pigments and genes (psaB and
psbD) of M. aeruginosa

Photosynthesis is an essential mode of energy metabolism in
microalgae. The photosynthetic pigments can largely reflect the photosyn-
thetic capacity (Simkin et al., 2022). Thus, the photosynthetic pigments
(chlorophyll a, carotenoid, phycobiliprotein) were measured to indicate
the impact on the growth ofM. aeruginosa. Incubation time, different treat-
ments, and their interaction all had obvious influences on the photosyn-
thetic pigments of M. aeruginosa (Table S9). Therefore, the responses of
pigments to the single and joint exposure at different times were discussed.
In the 10, 20, and 50 mg/L mPS-exposed groups, the chlorophyll a content
was reduced by 10.35–21.24 % relative to the control at 48 h (Fig. 1a)
(df = 7, F = 56.13, p < 0.001). After 96 h mPS exposure, chlorophyll a
was decreased by 7.78–12.40 % compared with the control group
(Fig. 1b) (df = 7, F = 46.89, p < 0.001). The content of carotenoid was
decreased by 4.69–13.36 % at 48 h mPS exposure (Fig. 1c) (df = 7, F =
52.94, p < 0.001) but recovered after 96 h exposure (Fig. 1d) (df = 7, F =
58.02, p < 0.001). Similarly, the content of phycobiliprotein was downregu-
lated during mPS exposure (Fig. 1e) (df = 7, F = 16.34, p < 0.001), and
then gradually recovered (Fig. 1f) (df = 7, F = 9.45, p < 0.001). Possible
explanations for these occurrences were as follows: (1)M. aeruginosa upregu-
lated carotenoid and phycobiliprotein content to maintain the stability of
cells due to the reduction of chlorophyll a (Mao et al., 2020). (2) Carotenoid
and phycobiliprotein have the antioxidant effect (Zheng et al., 2022; Zhou
et al., 2018), thus increasing the content of both to alleviate peroxidative
damage.
4

In the single CAP exposure group, photosynthetic pigments continued
to reduce with time (Fig. 1). Previous studies have confirmed that CAP is
an inhibitor of photosynthesis (Kodru et al., 2020; Okada et al., 1991).
After 48 h exposure, the contents of chlorophyll a and carotenoid in the
mixed group were lower than those in the CAP or mPS alone (Fig. 1a, c).
Notably, the photosynthetic pigments content of the co-exposure group
was not decreasedwith the increase ofmPS concentration during the exper-
iment, except for phycobiliprotein content at 48 h. The increase inmPS con-
centration seemed to have no obvious effect on photosynthetic pigments in
the mixed group. And no significant difference (p > 0.05) was observed in
the content of photosynthetic pigments between the mixed group and
CAP group at 96 h. These results implied CAP might dominate photosyn-
thetic pigments inhibition in the co-exposed group. The decrease in
photosynthetic pigments caused by mPS could be alleviated by cell self-
regulation, while the inhibition of protein biosynthesis by CAP (You
et al., 2021) would make cells unable to respond to mPS stress. Hence,
CAP exposure could aggravate inhibitory effect on photosynthetic pigments
in the mixed group.

To further explore photosynthetic toxicity, the expression levels of
photosynthesis-related genes psaB and psbD in M. aeruginosa were deter-
mined after experiments. As shown in Fig. S5, the transcriptional
abundances of psaB (df = 3, H = 9.80, p = 0.02) and psbD (df = 3, H =
10.53, p = 0.02) were obviously inhibited in different treatment groups.
In the single mPS exposure, psaB and psbD expressions decreased to approx-
imately 0.72 and 0.53-fold relative to controls. M. aeruginosa can adsorb
MPs, and the size (~1 μm) of MPs used for this experiment was larger
than the visibility wavelength (390–760 nm) (Liu et al., 2020). Therefore,
mPS can obstruct the light and thus inhibit photosynthesis. After exposure
to CAP, the abundances of psaB and psbDwere dramatically downregulated
to 0.15 and 0.39-fold relative to controls, indicating CAP damaged photo-
synthesis more severely than mPS. In the co-exposed group, the psaB and
psbD expressions were significantly lower than that of the control. The
photosynthetic genes inhibition and light obstruction were induced by
CAP and mPS. These results indicated that photosynthesis seemed to be
the common goal of CAP and mPS.

3.3. Oxidative stress of M. aeruginosa induced by CAP and mPS

Reactive oxygen species (ROS) can be produced by algae in an adverse
environment, and then antioxidant enzymes, such as superoxide dismutase
(SOD), would be increased to clear ROS in the antioxidant system (Li et al.,
2022). SOD is themost powerful antioxidant in the cell and is indispensable
for cellular health (Ighodaro and Akinloye, 2019), catalyzing the conver-
sion of superoxide radicals into hydrogen peroxide and oxygen (Zheng
et al., 2022). MDA, the main biomarker of oxidative stress intensity and
lipid peroxidation (Li et al., 2020), was also measured (Li et al., 2022). In
the individual mPS exposure, the SOD activity increased from 40 to
62 U/108 cells with the increase in mPS concentration (Fig. 2a) (df = 7,
F = 14.28, p < 0.001), which was consistent with the concentration-
dependent inhibitory effect. The SOD activity in mixed exposures was
higher than that of CAP alone, indicating the presence of mPS triggered
more SOD production. Furthermore, the transcript levels of sod in different
treatments were displayed in Fig. 2b (df=3, F=172.52, p< 0.001). Inter-
estingly, the abundance of sod in the CAP group was significantly downreg-
ulated, indicating that CAP might affect SOD synthesis. Similarly, SOD
downregulation caused by CAP was also demonstrated through proteomics
analysis (You et al., 2021). Compared with the control group or CAP expo-
sure, the expressions of sod in mPS and mixed exposures were significantly
increased. However, the sod abundance of the mixed group was lower than
that of single mPS exposure. The result suggested that both CAP andmPS in
the co-exposure group had effects on the production of SOD.

In addition, the changes in MDA contents (Fig. 2c) (df = 7, F = 27.38,
p < 0.001) in treatment groups were similar to those of SOD activity. The
MDA content in the co-exposure was higher than that in the CAP exposure.
The results showed that mPS could induce membrane lipid peroxidation
and oxidative stress damage (Zhu et al., 2019) in co-exposures. The



Fig. 1. The content of chlorophyll a (a, b), carotenoid (c, d), phycobiliprotein (e, f) forM. aeruginosa exposed to chloramphenicol (CAP) or/andmicro-polystyrene (mPS) at 48
and 96 h. CAP at a concentration of 3 mg/L and mPS at concentrations of 10, 20, and 50 mg/L. Different letters indicate significant differences among different treatments
(one-way ANOVA: p < 0.05). Mean ± SD, n = 3.
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mixed and single mPS exposures significantly increased the MDA content
compared to the control group, suggesting that ROS overproduction caused
severe lipid peroxidation. Previous studies reported that ROS was not
involved in antibiotic toxicity to algae (Keren et al., 2013; You et al.,
2022). In this experiment, the reduction of sod abundance also supported
this result after CAP exposure. Therefore, oxidative stress damage was the
primary toxicity of mPS to M. aeruginosa in the mixed group. Moreover,
the changes in morphologic features were presented through SEM
(Fig. 2d). In the CAP exposure group, the wrinkle and final lysis of algal
cells might be due to inhibition of cellular biosynthesis and metabolism
(You et al., 2021). The adsorption or aggregation between mPS and algae
(Fig. 2d) might induce cell membrane physical or oxidative damage,
which explained the increase of SOD and MDA contents. And the damage
to the membrane might result in the easier entry of CAP into cells (Zhang
5

et al., 2022b), thereby increasing the combined toxicity of CAP and mPS.
This finding supported the growth inhibition of M. aeruginosa.
3.4. Molecular docking and MD simulation of proteins and CAP

Antibiotics can be absorbed into cells and might further interfere with
cellular metabolic activities. Photosynthesis and sod abundance were
affected by CAP in this experiment. However, it is unknown whether CAP
can disturb the function or activity of photosynthesis-related proteins and
SOD enzyme by directly changing their conformations. YCF48 protein pro-
motes the formation of assembly intermediate in the PSII reaction center,
replaces damaged D1 protein in the process of PSII repair, and can also
bind to PSI (Mabbitt et al., 2014; Yu et al., 2018). Hence, the YCF48 protein



Fig. 2.The contents of SOD (a),MDA (c) forM. aeruginosa exposed to chloramphenicol (CAP) andmicro-polystyrene (mPS) at 96 h. CAP at a concentration of 3mg/L andmPS
at concentrations of 10, 20, and 50 mg/L. The transcript abundance of sod (b) and SEM images (d) for M. aeruginosa exposed to CAP (3 mg/L), mPS (50 mg/L), and CAP
(3 mg/L) + mPS (50 mg/L) for 96 h (The white dotted circle refers to mPS, and the red represents cell membrane damage). Different letters indicate significant
differences among different treatments (one-way ANOVA: p < 0.05). Mean ± SD, n = 3.
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and SOD enzyme were selected to investigate the binding mechanism
between proteins and CAP through molecular docking and MD simulation.

Themolecular docking was shown in Fig. 3. Theminimum binding free
energy between YCF48 protein and CAP was−5.90 kcal/mol. CAP formed
four stable hydrogen bonds with residues ARG175, TYR130, ARG302, and
ASP44, respectively. Moreover, van derWaals, Pi-cation, and alkyl contrib-
uted to the binding forces between CAP and YCF48 (Fig. 3a, b). The mini-
mum binding energy of SOD with CAP was −5.60 kcal/mol. CAP
presented two hydrogen bonds with SER 161 and GLU200. Pi-Pi T-
shaped, alkyl, and Pi-alkyl hydrophobic interactions existed between CAP
and three residues (HIS201, LEU205 and PHE58) (Fig. 3c, d). Hence, CAP
bound well in the active pocket provided by protein YCF48 and SOD.

To explore the dynamic alterations in the binding process of protein-
ligand complexes, 50 ns molecular dynamics simulations were performed.
The RMSD and Rg are used to judge system equilibrium and to represent
the compactness changes of systems (Bhatt et al., 2021), respectively. As
shown in Fig. 4a, RMSD values continued to rise during 0–5 ns. RMSD
values and the fluctuation were relatively small in the range of 5–50 ns.
Therefore, the conformation of protein-ligand complexes was first adjusted
in 0–5 ns and then reached equilibriumwithin 5–50 ns. The RMSD trend of
YCF48 protein and YCF48+CAP complexwas consistent, while the RMSD
of SODenzymewas lower than that of SOD+CAP complex. It is commonly
considered that the smaller the RMSD value and fluctuation, the more
stable the system is (Lin et al., 2021). Therefore, CAP seemed to have no
6

effect on the stability of YCF48 protein, but had a certain inhibitory effect
on SOD owing to the difference of RMSD in protein and protein-ligand
system (Lin et al., 2021). The Rg values of all systems were generally stable
(Fig. 4b), which was in accordance with RMSD results. The Rg value of
YCF48 was slightly higher than that of YCF48 + CAP complex, whereas
the Rg value of SOD groups was the opposite, indicating CAP altered the
compactness of both proteins and might further disturb the function of
proteins (Li et al., 2021).

To further explore the interaction and conformational changes of the
protein-ligand complexes, we analysed the simulated conformational snap-
shots of MD trajectories at 0, 25, and 50 ns (Fig. 5). For the YCF48 + CAP
system (Fig. 5a, b, c), CAP was bound within the active pocket. At 0 and
25 ns, three hydrogen bonds were formed between CAP and amino acids
ASP44, ARG175, and LYS214. But the hydrogen bond with LYS214 disap-
peared at 50 ns. LYS214 might break away from the active site and lose
its effective interaction because of improper rotation. The same phenome-
non was also reported that the hydrogen bond disappeared after 75 ns sim-
ulation for a similar reason (Hosseini and Amanlou, 2020). van der Waals,
electrostatic energy, and hydrophobic interaction were observed between
CAP andmultiple amino acids, whichmade CAP remain stable in the active
pocket. This result was in accordance with molecular docking and RMSD.
For the SOD + CAP system (Fig. 5d, e, f), the residue changes of interac-
tions displayed that CAP in the SOD active pocket had outward movement,
which was also seen in Fig. 6a, b, c. At 25 and 50 ns, CAP formed hydrogen



Fig. 3.Molecular docking of chloramphenicol (CAP)with proteins YCF48 (a, b) and SOD (c, d). The two-dimensional interaction diagrams (between amino acids andCAP) on
the left, and the three-dimensional active site and hydrogen bond diagrams on the right.
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bonds with TYR204 and ARG208, and van der Waals was also observed,
preventing CAP from escaping the active pocket. As shown in Fig. 6, the
CAP binding site 5 Å region was extracted and superposed to observe struc-
tural changes (Chen et al., 2017). For the YCF48+ CAP system, the amino
acids in the 5 Å region were similar at 0, 25, and 50 ns, but the conforma-
tional changes of amino acids (ILE133, ASP44, and LYS214) were found
in the structural superposition (Fig. 6d, e). Moreover, four amino acids
(ARG187, ARG206, ARG210, and ARG211) of YCF48 are the binding
sites for the photosynthetic D1 protein (Yu et al., 2018). The relative
Fig. 4. Root mean square deviation (RMSD) (a) and radius of gyration (Rg) (b) of protein
during 50 ns simulation. Protein: YCF48 and SOD; CAP: chloramphenicol.
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positions and conformations of these four amino acids were observed to
change (Fig. S6). For the SOD + CAP system, many conformations of
amino acids were also changed in the 5 Å region. Structural changes in
amino acids and active pocket movement might lead to protein deforma-
tion and function impairment (Chen et al., 2017; Jin et al., 2019b).

The binding free energy (Table S10) of CAP and proteins (YCF48 and
SOD) was calculated using the MM-PBSA method to better understand
the interactions between protein and ligand. The binding free energies of
YCF48 + CAP and SOD + CAP were − 34.22 ± 16.91 and − 46.88 ±
s (YCF48 and SOD) and protein-ligand complexes (YCF48+ CAP and SOD+CAP)



Fig. 5. Three-dimensional conformations and two-dimensional interactions for YCF48 + CAP complex (a-c) and SOD + CAP (e-f) complex after 0, 25, 50 ns simulation.
Protein: YCF48 and SOD; CAP: chloramphenicol.
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15.82 kJ/mol, displaying that CAP could bind to proteins YCF48 and SOD.
However, the binding free energy of YCF48 + CAP was lower than that of
SOD + CAP, which was inconsistent with molecular docking and stable
binding of YCF48+CAP complex. The possible reasonwas that the volume
of the binding pocket exposed to solvent was relatively large (Lin et al.,
2021), and the polar solvation energy in YCF48 + CAP system was up to
201.78± 24.35 kJ/mol, which might weaken the van der Waals and elec-
trostatic energy. According to the calculation and analysis of each energy,
the van der Waals was the main driving force for the binding of protein to
CAP, and electrostatic energy also contributed greatly to YCF48+CAP sys-
tem. Previous studies also demonstrated that van der Waals is the key en-
ergy in receptor-ligand molecular simulations (Hosseini and Amanlou,
2020; Li et al., 2021; Liu et al., 2018). The binding free energy of complexes
was decomposed into the energy of each amino acid (Fig. S7). For the
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YCF48 + CAP system (Fig. S7a), amino acids such as VAL174, ALA89,
ILE133, and TYR130 played key roles via van der Waals and electrostatic
energy (Fig. 5b). But the binding free energies of ASP44, ARG175, and
LYS214, which formed hydrogen bonds with CAP, were positive. It was
found that the sum of polar solvation and SASA energy was very high
(Fig. S8), which weakened the binding energy between amino acids and
CAP. For the SOD+ CAP system (Fig. S7b), the binding energy of TYR204
to CAP was up to−6.94 kJ/mol. Hydrogen bond and pi-pi stacked interac-
tion were formed between TYR204 and CAP, which was beneficial to the
combination. PHE58, GLU54, THR55, and ALA202 also promoted the bind-
ing of SOD and CAP by van der Waals. CAP was bound to HIS201 through
a halogen bond. And HIS201 is the functional active site and the key amino
acid for the symmetric dimer (Atzenhofer et al., 2002). Therefore, the binding
process of SOD and CAP might interfere with the functions of SOD.



Fig. 6.The chloramphenicol (CAP) binding site 5Å regionwith proteins YCF48 (a-c) and SOD (h-j) after 0, 25, 50 ns simulation. And the 0–25 ns and25–50 ns structures were
superimposed on the 5 Å region of proteins YCF48 (d, e) and SOD (f, g) bound to CAP.
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In summary, CAP was bound to the active pocket provided by pro-
teins YCF48 and SOD, inducing conformational changes in proteins
and competing for functional active sites in SOD enzyme. Thus, photo-
synthesis and antioxidant systems were affected, which was consistent
with experimental results. However, molecular modeling mainly pre-
dicts possible interactions of protein-ligand by specific algorithms and
scoring functions. It still needs to be validated by some experimental
methods.

4. Conclusion

Both antibiotics and microplastics have been widely used in our daily
lives. Aquatic organisms are unavoidably exposed to them owing to a series
of discharges. Most studies only concentrated on the toxicity of single pol-
lutants to organisms, but the results of mixed toxicity might be more rea-
sonable in the actual environment. In our study, the individual and
combined exposures of chloramphenicol and micro-polystyrene to
M. aeruginosa were explored. Experimental results showed that the toxicity
of joint exposure was higher than that of single groups. The levels of photo-
synthetic pigments and related genes (psaB and psbD) were inhibited by
CAP or mPS. But the photosynthetic pigments were not decreased with
the increasing concentration of mPS in mixed exposure, which implied
that CAP dominated the photosynthetic inhibition during combined treat-
ment. Oxidative stress might be induced by mPS rather than CAP because
mPS exposure significantly upregulated the levels of SOD, MDA and gene
sod. Thus, common photosynthetic goal and oxidative stress explained the
synergistic effect of CAP and mPS. Furthermore, molecular dynamics simu-
lation indicated that CAP could insert into the active pocket of
photosynthesis-related protein YCF48 and SOD enzyme, which changed
the conformation and competed for functional sites of proteins. These find-
ings provide valuable data for combined (antibiotics and MPs) toxicity and
mechanism exploration. However, the combined toxicity of antibiotics and
MPs is varied, which means it needs to be filled with more research. Addi-
tionally, it is insufficient to rely only on physiological biomarkers in toxicity
9

studies. Transcriptomics, proteomics, and metabonomics are beneficial for
locating targets of pollutants. Then, the emergence of molecular modeling
(molecular docking and molecular dynamics simulation) can further pre-
dict interactions between contaminant and target proteins to exploremech-
anisms at the molecular level.
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