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This study investigated the effects of levofloxacin (LEV) and norfloxacin (NOR) on
Skeletonema costatum, focusing on cell growth, chlorophyll a (Chla) content,
maximal quantum yield of PSII (Fv/Fm), protein content, enzyme activities of
superoxide dismutase (SOD), glutathione reductase (GR), and glutathione
peroxidase (GSH-PX), and the membrane lipid peroxidation product
malondialdehyde (MDA) content were conducted to analyze the responses of S.
costatum under LEV and NOR exposure. Cell growth, Chla content, Fv/Fm, protein
content, enzyme activities, and MDA content were assessed to elucidate
physiological changes. Both LEV and NOR inhibited S. costatum growth, except for
10 mg/L NOR, which promoted growth. Algal cells exhibited higher sensitivity to LEV,
with 96h-IC50 values of 14.770 mg/L for LEV and 44.250 mg/L for NOR. Low NOR
concentration (10 mg/L) increased Chla content, while high antibiotic concentrations
(>20 mg/L for LEV, >100 mg/L for NOR) decreased Chla content and Fv/Fm,
indicating an impact on photosynthesis. Elevated LEV and NOR levels reduced
protein and MDA content but increased GR, SOD, and GSH activities, indicating
induced oxidative stress. The study provides a comprehensive analysis of LEV and
NOR effects on marine microalgae growth and underlying physiological mechanisms,
shedding light on potential ecological risks posed by antibiotics in marine ecosystems.
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1 Introduction

Antibiotics are extensively employed globally in sectors like animal husbandry,
aquaculture, and human healthcare (Zhang et al, 2023). In natural water bodies, the
transformation of antibiotics mainly occurs through hydrolysis, photolysis, absorption,
adsorption, and biodegradation (Martinez, 2009; Zhang et al, 2020a; Leung et al, 2012).
Organisms are unable to fully absorb antibiotics and approximately 90% of antibiotics
consumed are excreted by humans and livestock in their original or metabolized
form, ultimately entering the environment directly or after wastewater treatment (Huang
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et al,, 2020). Existing research has confirmed that Antibiotics present
in the environment may pose a risk to the health of both humans and
animal, as well as ecosystem integrity through the food chain and food
web (Huang et al., 2014). Data on antibiotics reported from 2009 to
2022 indicate that in China, antibiotic concentrations have been
detected at the micrograms per liter (g/L) level in two-thirds of
marine areas, with overall concentrations ranging from 0.04 to 6,800
ng/L (Gao et al, 2023). Quinolone antibiotics have been detected in
the seas of Bohai, East China, and South China. Ofloxacin (OFX) and
norfloxacin (NOR) are commonly found antibiotics in the Bohai Sea,
with concentrations varying between 3 and 5,100 ng/L, 3and 6,800 ng/
L, respectively (Zou et al., 2011). Additionally, in 2017, the highest
concentration of NOR, reaching a maximum of 1,990 ng/L, was
detected in water samples collected along China’s approximately
18,000 km coastline (Lu et al., 2018).

Levofloxacin (LEV) is the levorotatory enantiomer of OFX and
is used more widely due to its stronger antibacterial properties
compared with OFX. Research on LEV is primarily concentrated
within the medical realm (Liou et al., 2016; White et al., 2019), with
relatively little research on its effects on microalgae (Pan et al., 2009;
Wan et al., 2014). Most research on NOR has focused on clarifying
its short-term toxicity to large Daphnia, freshwater fish, and
freshwater algae (Gonzalez-Pleiter et al., 2013; Liang et al., 2015;
Pan et al., 2017; Xiong et al., 2017a; Eluk et al., 2021), with relatively
less research on the impacts of NOR on marine microalgae
(Aderemi et al., 2018; Dow et al., 2020).

Marine microalgae serve as primary producers within marine
aquatic ecosystems, exerting a profound influence on the system’s
structure and function. The diverse array of microalgae, coupled
with their significant primary productivity, profoundly influences
the dynamics of the entire aquatic ecosystem (Nie et al., 2013; Wan
et al,, 2015). Although antibiotics in the marine environment are
typically found at low concentrations, they can still affect certain
highly sensitive aquatic organisms. As antibiotics accumulate, they
may impact the intricate community dynamics within marine
ecosystems. Studies have shown that antibiotics affect the
photosynthetic capability, cellular reproduction, and algae growth
through impeding chloroplast formation, protein synthesis, and
damaging to chlorophyll. As a result, the levels of Chla and maximal
quantum yield of PSII (Fv/Fm) in algal cells are diminished to
varying extents (Pinckney et al., 2013; Liu et al., 2018; Mao et al.,
2021). Low concentrations of antibiotics may stimulate the
expression of genes related to DNA replication, exhibiting a
promotive effect (Jiang et al., 2021). This response may differ
based on the type of antibiotics or the species of microalgae
(Chen and Guo, 2012; Zhang et al., 2021b). The growth and
photosynthesis of algal cells are impacted by antibiotics, leading
to the production of reactive oxygen species (ROS), which in turn
inflict damage upon the cells. During this process, malondialdehyde
(MDA) is produced, and its production directly reflects the cell’s
oxidative stress level (Koussevitzky et al., 2007). To mitigate the
harmful effects caused by ROS, algal cells activate antioxidant
defense systems, comprising superoxide dismutase (SOD),
glutathione reductase (GR) and glutathione peroxidase (GSH-PX)
in the antioxidant enzyme system, as well as MDA in the non-
enzyme system, to jointly eliminate and regulate the overall ROS
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level (Teisseire and Guy, 2000; Sun et al., 2017; Liu et al., 2021).
Once ROS is overproduced, it induces oxidative damage, resulting
in protein degradation, DNA damage, and lipid peroxidation,
ultimately leading to algal cell death (Sies, 1997; Wang et al,
2012; Tang et al,, 2016).

S. costatum, a planktonic diatom that is widely distributed in
coastal waters around the world, often representing a dominant
species in coastal areas (Ma et al., 2023). The current study
employed two quinolone antibiotics, LEV and NOR, as target
pollutants to investigate the impact of varying concentrations of
these antibiotics on S. costatum. The biological mechanism of their
effect on S. costatum was clarified through analyzing the growth,
photosystem activity and enzyme activity within algal cells. This
study provides a reference for evaluating the potential ecological
hazard of antibiotics in marine ecosystems.

2 Materials and methods
2.1 Materials and culture condition

Natural seawater was collected from Changzhi Island in
Zhoushan, China (E122°11'03.36", N29°57'27.13"). After being
filtered using a nitrocellulose membrane (0.45-um pore size), and
undergoing sterilization via high-pressure steam (120°C, 20 min),
the seawater had a salinity of 27 + 0.5 and a pH value of 8.10 + 0.01.
S. costatum was acquired from Shanghai Guangyu Biotechnological
Co., Ltd. (Shanghai, China) and inoculated into a 2,000 mL
Erlenmeyer flask filled with 1,000 mL /2 (+Si) culture medium.
The culture was performed at a light intensity of 4,000 Ix, following
a 12-hour light-on, 12-hour light-off photoperiod, and a constant
temperature of 23 + 0.1°C. The flask underwent regular shaking
three times daily.

LEV and NOR were acquired from Shanghai Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). Weighed
0.5g each of LEV and NOR and placed them in separate 50 mL
sterilized beakers. Slowly added 0.1mol/L HCI until LEV and NOR
were completely dissolved. The consumed amounts of 0.1% HCI
were 8 mL and 15 mlL, respectively. Transferred the completely
dissolved LEV and NOR to 500 mL volumetric flasks and make up
to the volume with sterilized seawater. This resulted in a mother
liquor concentration of 1g/L. sterilized using the Biosharp vacuum
filtration system (Biosharp Life Sciences, Hefei, Anhui, China), and
then stored in a 4°C refrigerator. Before utilizing the mother liquor
in the experiment, adjusted the pH using 0.1mol/L NaOH.

2.2 Experimental methods

2.2.1 Growth experiment

Cultured microalgae in the logarithmic growth phase growing
in sterilized seawater containing f/2 medium and antibiotics were
added in certain proportions into 2,000 mL Erlenmeyer flasks to
reach a culture volume totaling 1,200 mL. The concentrations of
LEV were 0 (blank control), 5, 10, 20, 40, and 60 mg/L.
Concentrations of LEV exceeding 20 mg/L were classified as the
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high-concentration group. The concentrations of NOR were 0
(blank control), 10, 50, 100, 200, 400 mg/L. Concentrations of
NOR over 100 mg/L were considered the high-concentration group.
Each concentration was tested three times in replicates. The initial
algae density after inoculation was 5x10° cellsmL™". The cultured
microalgae were sampled 4 h after inoculation on the first day. After
that, the microalgae were sampled regularly every 24 h for 10 days.
The algal cells were enumerated utilizing a plankton counting
chamber (Zhang et al., 2021b), following the inhibition rate (IR,
%) and relative growth rate were calculated. The formula used to
calculate the IR (%) is as follows (Equation 1) :

Nt
IR (%)= (1-—) x 100 %, 1
(%) =( No)x o (1)

where NO and Nt represent the density of microalgae at the
beginning of the experiment and at day t of the
experiment, respectively.

The equation used to determine the relative growth rate (L) is as
follows (Equation 2) (Zhang et al., 2021b):

p=(nXn-mX(n-1))/(n-t(n-1) ) (2)

where 1 denotes the relative growth rate, h™% Xn represents the cell
density at time tn; and X(n-1) is the cell density at time #(n-1)
(Zhang et al., 2021b).

2.2.2 Measurement of Fv/Fm and Chla

For each sampling, 20 mL of algae suspension was collected
from all treatment groups. Following a 15 min adaptation period,
the Fv/Fm were measured utilizing a hand-held chlorophyll
fluorometer, AquaPen-C AP-C 100 (Photon Systems Instruments,
The Czech Republic). The algae suspension was filtered with a 0.45
um nitrocellulose membrane. Subsequently, the filtrate was
transferred into a centrifuge tube, followed by the addition of 10
mL of 90% acetone. After incubation at 4°C for 24 hours, the
centrifuge tube underwent centrifugation at 3,000 rpm for 10
minutes. Subsequently, the absorbance of the supernatant was
assessed at wavelengths of 750, 664, 647, and 630 nm, with 90%
acetone serving as the control solution. The Chla content was
quantified utilizing the formula (Equation 3) improved by Jeffrey
and Humphrey in 1975:

pChla = (11.85E664 — 1.54E647 — 0.08E630) x v/(V.L)  (3)

where Chla represents the Chla concentration (ug/L); v signifies the
volume of extraction (ml); V represents the actual amount of the
seawater sample (L); L represents the cuvette path length in
centimeters (cm); and E750, E664, E647, and E630 correspond to
the absorbance values at the wavelengths of 750, 664, 647, and 630
nm, respectively.

2.2.3 Measurement of enzyme activity

From each treatment, 50 mL suspension of algae was collected
and subsequently centrifuged at 3,000 rpm for 10 minutes. The
supernatant was removed, and the precipitated cells were
subsequently collected. The protein content, SOD activity, MDA
content, GSH-PX activity, and GR activity were quantified by the
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corresponding reagent kits (A045-2-2 for protein content, AO01-1-2
for SOD, A003-1-3 for MDA, A005-1-2 for GSH-PX, and A062-1-1
for GR) purchased from Nanjing Jiancheng Bioengineering
Research Institute (Nanjing, China).

2.3 Data processing

The experimental data were organized and plotted utilizing
Origin 9.2. One-way analysis of variance (ANOVA) was conducted
using SPSS 26.0.0, with statistical significance defined at p< 0.05.
Additionally, GraphPad Prism 9.5.0 software was employed to
determine the 96-h half-maximal inhibitory concentrations
(96h-1C50).

3 Results and analysis

3.1 Effect of antibiotics on
microalgae growth

As the treatment duration and antibiotic concentration
escalated, the growth of algal cells was increasingly suppressed,
showing a clear dose-dependent relationship (Figure 1). In the
presence of LEV, the relative growth rate of S. costatum exhibited a
significant decrease compared to the control group (p< 0.05), with a
gradual decline observed as the antibiotic concentration increased.
During the experimental period, the groups with concentrations
including 5, 10, and 20 mg/L initially exhibited higher growth rates
before gradually decreasing. In all treatment groups, the relative
growth rates became negative after 168 h (Table 1). LEV in all
treatment groups exhibited inhibitory effects at 4 h into the
experiment. The 40 and 60 mg/L groups both showed inhibition
rates exceeding 25%, and the 60 mg/L group displayed significant
inhibition (p< 0.05) with an inhibition rate of 50.1%. At 72 h, the 5
mg/L group stimulated algal cell growth, whereas the groups treated
containing 10 and 20 mg/L exhibited inhibition rates of less than
50%. At 96 h, the 5 mg/L group once again exhibited inhibitory
effects, with an inhibition rate of 39.1%, and the 10 mg/L group had
an inhibition rate of 39.2%. The high-concentration groups showed
significant inhibition (p< 0.05), with inhibition rates of 50.1%,
89.7%, and 93.4% for treatments with 20, 40, and 60 mg/L LEV,
respectively. At 144 h, the 60 mg/L group had an inhibition rate of
96.6%, and thereafter, the inhibition rate remained relatively stable.
After 192 h, the inhibition rates in all treatment groups were greater
than 50% (Figure 1).

Under the influence of NOR, the relative growth rate of S.
costatum exhibited significant differences compared to the control
group (p< 0.05). In the low-treatment groups, growth resumed after
24 h. However, as the treatment duration increased, the relative
growth rates gradually decreased. In groups with treatments
exceeding 100 mg/L, the relative growth rates were either zero or
negative. After 144 h, all treatment groups exhibited
negative relative growth rates (Table 1). At 24 h, the 10 mg/L
concentration promoted the growth of algal cells, the 20 mg/L
group had an inhibition rate of less than 50%, and the other three
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Effects of LEV and NORon chlorophyll a(Chla) content (A, C) and maximal quantum yield of PS Il (Fv/Fm) (B, D) of Skeletonema costatum.
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treatment groups all exhibited significant inhibition (p< 0.05). At
96 h, the group treated with 5 mg/L exhibited a negative growth
rate, and the other four treatment groups all exhibited significant
inhibition, with the 50 mg/L group having an inhibition rate of 73%.
The inhibition rates gradually decreased thereafter. The high-
concentration groups had inhibition rates of 99.8%, 99.9%, and
99.8% for 100, 200, and 400 mg/L NOR, respectively, with

inhibition rates maintaining stability thereafter. At 168 h, the 10
mg/L group showed an increase in the inhibition rate, reaching
23.5% (Figure 2).

LEV exerted stronger inhibitory effects on S. costatum
compared with NOR. When comparing the growth inhibition
rates of the two antibiotics at the same concentration (10 mg/L)
under different culture durations, LEV consistently showed higher

TABLE 1 The relative growth rate of Skeletonema costatum under the influence of different concentrations of antibiotics(u) (h™).

Antibiotic = Concentration u

(mg/L) (4h-

24h)
LEV 0 0.005 0.024 0.021 0.012 0.003 0.000 0.003 0.011 -0.007 -0.003
+0.005* +0.002 +0.002 +0.002 +0.004 +0.001 +0.005 +0.004 +0.003 +0.002
5 0.004 0.025 0.027 0.001 0.007 -0.004 0.010 -0.009 0.001 -0.010
+0.002* +0.002 +0.002 +0.003 +0.004 +0.001 +0.005 +0.006 +0.003 +0.003
10 0.011 0.018 0.027 0.006 0.008 -0.004 0.005 -0.005 -0.001 -0.008
+0.008* +0.003 +0.003 +0.003 +0.005 +0.002 +0.002 +0.002 +0.003 +0.006
20 0.004 0.022 0.022 0.008 0.007 0.000 0.006 -0.009 -0.002 -0.005
+0.002* +0.002 +0.003 +0.003 +0.004 +0.003 +0.003 +0.002 +0.003 +0.002
40 0.005 0.010 0.016 -0.002 0.005 -0.006 0.007 -0.002 -0.014 -0.013
+0.004* +0.004 +0.003 +0.001 +0.007 +0.001 +0.002 +0.002 +0.009 +0.005
60 0.002 0.013 0.008 0.002 0.010 -0.021 0.002 -0.002 -0.003 -0.004
+0.007* +0.001 +0.006 +0.005 +0.004 +0.001 +0.002 +0.001 +0.003 +0.003
NOR 0 0.009 0.020 0.018 0.032 0.008 0.008 -0.006 -0.002 -0.005 -0.001
+0.002* +0.003 +0.000 +0.002 +0.001 +0.002 +0.001 +0.001 +0.001 +0.002
10 0.010 0.020 0.019 0.031 0.008 0.011 -0.012 -0.005 -0.002 -0.002
+0.003* +0.002 +0.000 +0.003 +0.001 +0.002 +0.001 +0.003 +0.003 +0.002
50 0.011 0.026 0.013 0.015 0.020 0.010 -0.001 -0.004 -0.003 -0.003
+0.004* +0.003 +0.001 +0.002 +0.002 +0.001 +0.001 +0.001 +0.001 +0.002
100 -0.002 -0.007 -0.002 -0.002 0.000 0.001 0.000 -0.002 0.000 0.000
+0.000* +0.004 +0.007 +0.004 +0.001 +0.001 +0.000 +0.001 +0.001 +0.002
200 -0.001 -0.011 -0.008 -0.005 -0.009 -0.001 -0.005 -0.001 0.001 0.000
+0.000* +0.002 +0.003 +0.004 +0.007 +0.009 +0.002 +0.007 +0.008 +0.002
400 -0.003 -0.010 0.012 -0.005 -0.007 -0.001 -0.007 0.000 0.000 0.000
+0.000* +0.002 +0.005 +0.004 +0.004 +0.007 +0.004 +0.001 +0.006 +0.001

“*”: Compared with the control, there was significant difference (p < 0.05).
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inhibition rates than NOR. Based on the dose-response curves
obtained through nonlinear fitting for algal cell inhibition rates, the
half-maximal inhibitory concentration (ICs,) was calculated. The
96h-1Csy for LEV was 14.770 mg/L, while the 96h-ICs, for NOR
was 44.250 mg/L. Therefore, the order of inhibitory effects of these
two antibiotics on S. costatum was LEV > NOR.

3.2 Effect of antibiotics on the Chla and
Fv/Fm

As the concentration of LEV increased, the Chla content
gradually decreased compared to the control group (Figure 3). At

100
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3
.g 60 96h-1C50=14.770 mg/L
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=] L]
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FIGURE 2
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24 h, the Chla contents in all treatment groups were lower
compared to the control group, with the 40 mg/L and 60 mg/L
groups showing significantly decreased Chla levels (p< 0.05). After
48 h, the 5 mg/L group showed slightly higher Chla content
compared to the control group, while the groups treated with 10,
20, 40, and 60 mg/L all contained significantly lower Chla contents
(p< 0.05). After 96 h, both the groups treated with 5 mg/L and 10
mg/L showed an upward trend in Chla content, albeit remaining
significantly lower than the control group (p< 0.05). For Fv/Fm, all
treatment groups initially showed an increase followed by a
decreasing trend, resulting in lower Fv/Fm values compared to
the control group. After 24 h, the 20, 40, and 60 mg/L groups all
showed significantly lower Fv/Fm values compared to the control
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The 96h-ICsq values of LEV (A) and NOR (B) were compared with that of Skeletonema costatum.
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group (p< 0.05). After 96 h, all groups, except for the 5 mg/L group,
exhibited significantly lower Fv/Fm values compared to the control
group (p< 0.05). At 240 h, The Fv/Fm value for the group exposed to
40 mg/L decreased to 0.003 + 0.006, and that of the 60 mg/
Ltreatment dropped to zero. The trend observed in Fv/Fm values
after 24 h was consistent with that of Chla content.

Under the influence of NOR, the Chla content exhibited a trend
of enhancement in low concentrations and decrease in high
concentrations (Figure 3). At 24 h, NOR concentrations of 10, 50,
100, and 200 mg/L all had higher Chla content than the control
group. After 24 h, Chla gradually increased in the low-
concentration group, and at 72 h, the group exposed to 10 mg/L
exhibited a markedly elevated Chla content compared to the control
group (p< 0.05). However, at 96 h, the group treated with 50 mg/L
had notably lower Chla content than the untreated group (p< 0.05).
After 72 h, the Chla content in the groups treated with 100, 200, and
400 mg/L gradually decreased. By 96 h, the Chla content in each
group was notably lower compared to the control group (p< 0.05).
At 4 h, At 4 hours, the Fv/Fm values of the groups treated with 200
mg/L and 400 mg/L were notably lower compared to the control
group (p< 0.05). After 24 h, the Fv/Fm in all treatment groups
gradually increased. The groups exposed to 10 mg/L and 50 mg/L
exhibited an initial increase followed by a decreasing trend, with the
10 mg/L group showing relatively small differences compared to the
control. The high concentrations all showed significantly lower
Chla content compared to the control (p< 0.05). After 48 h, the Fv/
Fm initially declined in the groups with NOR concentrations above
100 mg/L, and then gradually increased, with the final Fv/Fm values
being lower than 0.100. At 240 h, the Fv/Fm value decreased to
0.083 + 0.029 in the 200 mg/L group, dropped to 0 in the 400 mg/L
group, and remained at 0.020 + 0.020 in the control group.

3.3 Effects of antibiotics on protein content
and enzyme activity

In the group exposed to high concentrations of LEV, the protein
concentration of algal cells, MDA content, and activities of SOD,
GSH-PX, GR were significantly altered compared to the control
group. In both the low concentrations and the control group, only
the MDA content exhibited a significant difference (Figure 4).
Compared to the control, the protein concentration and MDA
content in the low concentrations showed a gradual increase,
surpassing those of the control group. The MDA levels in the
low-concentration group showed a significant increase compared to
those in the control group at 96 h (p< 0.05) and gradually decreased
after reaching the highest value at 120 h. In comparison to the
control group, the high-concentration groups exhibited notably
lower levels of protein concentration and MDA content at 96
hours and 4 hours, respectively (p< 0.05). Compared to the
control, the levels of SOD, GR, GSH-PX in all treatment groups
initially exhibited an increase followed by a subsequent decrease. As
the treatment duration increased, in the low-concentrations the
SOD, GR, and GSH-PX activities gradually became notably lower
compared to high-concentrations. At 48 h, the 10 and 20 mg/L
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groups had significantly higher SOD activity compared to the
control (p< 0.05). In both low-concentration group and the 20
mg/L group, SOD activity peaked at 72 hours before gradually
declining. After 120 h, the SOD activity in both the control group
and the low-concentration group significantly decreased compared
to the high concentrations, reaching significance at 144 h (p< 0.05).
At 96 h, the low concentrations exhibited significantly higher GR
activity compared to the control group (p< 0.05). Similarly, at 120
hours, the high concentrations demonstrated significantly elevated
GR activity relative to the control (p< 0.05). At 4 h, all treatments
exhibited lower GSH-PX compared to the control. However, after
24 h, the GSH-PX activity in all treatments gradually increased, and
in the low concentrations it reached the highest value at 72 h. After
96 h, the GSH-PX activity gradually decreased but remained higher
compared to the control. In the high concentrations, the activity of
GSH-PX peaked at 96 hours, surpassing significantly that of the
control group beyond this time point (p< 0.05).

Compared to the control group, NOR had a significant impact on
the algal cell protein concentration, MDA content, and the activity
levels of SOD, GSH-PX, GR (Figure 5). In the low concentrations,
there was a gradual increase in protein concentration, which became
significantly higher than that of the control group by 168 h (p< 0.05).
In the high-concentration group, the protein concentration exhibited
a significant increase compared to the control group at 24 h (p< 0.05),
but notably decreased relative to the control group after 96 h (p<
0.05). At 240 h, the high-concentration group exhibited a protein
concentration merely one-third of that observed in the control group.
The MDA content in the low concentrations exhibited an initial
increase followed by a subsequent decrease. By 168 h, the MDA
content in the 50 mg/L group was notably higher compared to the
control (p< 0.05). In the high concentrations, the MDA content was
notably lower compared to the control group at 4 h (p< 0.05) and
decreased overall. The activities of SOD, GR, and GSH-PX all initially
increased and then decreased. At 4 h, the SOD activities in the 50 mg/
L group and the high concentrations were significantly elevated
compared to those in the control group (p< 0.05). The GR and
GSH-PX activities of the low-concentration group were notably
elevated compared to those in the control group at 48 h and 72 h,
respectively (p< 0.05). In the high-concentration group, the GR and
GSH-PX levels were elevated compared to those in the control at
120 h and 96 h, respectively (p< 0.05).

4 Discussion

4.1 Influence of LEV and NOR on the S.
costatum growth

Cell density and mean specific growth rate are commonly utilized
metrics for quantifying the growth of microalgae (Qian et al., 2018).
the calculated inhibition rate can indicate the degree to which
microalgae are inhibited under the influence of pollutants (Kurade
et al, 2016). In the current study, NOR had dual impacts on S.
costatum. The 10 mg/L NOR group showed a growth-promoting
effect, while the other treatment groups exhibited varying degrees of
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inhibition. A previous study showed 1 mg/L of enrofloxacin (ENR)
facilitated the growth of Ourococcus multisporus,as well as
Micractinium resseri, but ENR concentrations in excess of 20 mg/L
led to different levels of inhibition on O. multisporus and M. resseri
(Xiong et al., 2017a). For moxifloxacin (MOX) and gatifloxaci (GAT),
after being used in culture for 48 h, MOX concentrations greater than
5 mg/L significantly inhibited Chlamydomonas reinhardtii,
Moreover, the inhibitory effects of both MOX and gatifloxacin
(GAT) increased with prolonged culture duration (Wan et al,
2022). The presence of antibiotics in marine environments can
have a dual impact on microalgae. On one hand, antibiotics may
stimulate the growth of microalgae, thereby increasing primary
productivity levels. However, on the other hand, they may also
contribute to outbreaks of red tide. This phenomenon highlights
the complex relationship between antibiotics and marine ecosystems,
as they can both enhance and disrupt the delicate balance of primary
productivity in the marine.

Frontiers in Marine Science

Through nonlinear fitting, it was determined that the 96h-ICs,
values for LEV and NOR on algal cells were 14.770 mg/L and 44.250
mg/L, respectively. This finding suggested algal cells were more
sensitive to LEV than to NOR. Therefore, algae have varying
sensitivities to different antibiotics. Previous studies have shown
that Pseudokirchneriella subcapitata and Anabaena subcapitata are
more sensitive to LEV than NOR, with A. subcapitata being more
sensitive than P. subcapitata. The median effective concentration
(ECs5) values for LEV and NOR in A. subcapitata were 4.8 mg/L
and 5.6 mg/L, respectively (Gonzalez-Pleite et al, 2013). Other
quinolone antibiotics have varying half-maximal inhibitory
concentrations on microalgae. For example, for Selenastrum
capricornutum, ciprofloxacin (CIP) reached ECs, at 11.3 mg/L
(Magdaleno et al., 2015), for Chlorella vulgaris, ENR reached ECsg
at EC5o at 124.5 mg/L (Wang et al., 2019a), and the ICs, values were
found to be 5.18 mg/L for Raphidocelis subcapitata and 10.6 mg/L
for Ankistrodesmus fusiformis (Carusso et al., 2018).
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4.2 Impact on the Chla and Fv/Fm

Chlorophyll is essential for capturing light, converting it into
energy, and facilitating energy transfer within plants. The
suppression of algal growth is frequently associated with the
adverse effects of toxic substances on chlorophyll synthesis
(Koussevitzky et al., 2007; Nie et al, 2008). Previous research
have indicated that low-concentration of antibiotics can stimulate
an increase in Chla, whereas high-concentration of antibiotics can
inhibit Chla and reduce the Fv/Fm (Chen et al,, 2020a; Li et al,,
2023). Additionally, it has been reported that antibiotics caused the
elevation of photosynthetic pigments in algal cells. For example, 60
mg/L and 100 mg/L of CIP resulted in a 38% and 19% elevation,
respectively, in chlorophyll content in Chlamydomonas cells (Xiong
et al., 2017b). It was also found that quinolone antibiotics inhibited
the photosynthesis of diatoms (Dow et al., 2020). In this study, the
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two antibiotics in the groups exposed to low concentrations caused
the gradual increase of the Chla content of microalgae, with the
Chla content of the 10 mg/L NOR group consistently surpassing
that of the control group after 48 h, while at high concentrations,
both antibiotics significantly inhibited the Chla content. Low doses
of antibiotics increased the Chla levels possibly because the
antibiotics triggered the protective mechanism of algal cells to
remove ROS accumulated in chloroplasts and alter some proteins
in chloroplasts to delay and reduce the damage to photosynthetic
organs (Shinkai et al., 2002; Wan et al, 2014). When antibiotic
concentrations exceed the self-regulation range of algal cells, their
inhibition effect is strengthened, leading to structural damage in the
algal cells. As a result, photosynthesis is negatively affected.
Excessive ROS in algal cell membrane lipids disrupt the structure
of the microalgal chloroplasts and prevent the localization of
chlorophyll, ultimately resulting in the degradation of free
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chlorophyll in the chloroplasts, thus inhibiting algal growth and
reducing the chlorophyll content (Liu et al., 2011; Wang
et al., 2019b).

Maximal quantum yield of PSII (Fv/Fm) is a critical indicator of
plant photosynthetic efficiency, particularly under stressful
conditions (Krause, 1988). Processes such as the absorption of
light, transmission of energy, and initiation of primary
photochemical reactions during photosynthesis in microalgae are
closely related to changes in the photosynthetic pigments. Therefore,
the composition and content of photosynthetic pigments directly
determine the efficiency of light energy capture. Under the influence
of two low-concentration antibiotics in this study, the Fv/Fm of
microalgae exhibited an initial increase followed by a subsequent
decrease, whereas the high-concentration group demonstrated
markedly lower Fv/Fm values compared to the control group at the
4 h. This result indicated that with an increase in the duration of
treatment and antibiotic concentration, the damage to the algal cell
photosynthetic system worsened, making normal photosynthesis
impossible. Therefore, under the influence of antibiotics, the Fv/Fm
values of algal cells vary due to factors such as the treatment duration,
antibiotic concentration, and microalgae species (Chen et al., 2020b;
Jia et al., 2023; Li et al., 2023).

4.3 Effects on the protein content and
enzyme activity

The protein content in algal cells increases in response to
external stress to maintain normal cellular growth and metabolic
activities (Hu et al., 2019). MDA serves as the ultimate outcome of
peroxidation reactions. Its concentration can reflect the extent of
microalgae cell membrane damage caused by antibiotics at different
concentrations (Ke et al., 2010). In addition, antibiotic-induced
oxidative stress in microalgae activates various antioxidant defense
systems, such as the SOD and GR of the enzymatic system and the
GSH-PX of the non-enzymatic system, all of which can counteract
and regulate excessive ROS production (Jubany-Mari et al., 20105
Nie et al,, 2013; Guo et al,, 2020). Under the influence of low
concentrations of LEV and NOR, the protein content of algae cells
was significantly elevated compared to the control group. However,
exposure to high concentrations resulted in a notable decrease in
protein content relative to the control group. This indicated that
low concentrations of LEV and NOR stimulated S. costatum to
increase protein production. The elevation in protein content could
stem from ae physiological response induced by external stress. This
stimulation prompted the metabolic pathways within microalgae
cells, thereby protecting important cellular components and
biological membranes (Guzman-Murillo et al, 2007; Hu et al.,
2019). In the current study, as the concentration of both
antibiotics increased, there was a significant decrease in protein
content observed in the high-concentration group. This
phenomenon can be attributed to oxidative damage inflicted
upon microalgal cells, which triggers the excessive production of
reactive oxygen species (ROS) and subsequently leads to protein
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oxidation (Xiong et al., 2021). The trend of MDA content mirrored
that that of protein content, exhibiting a notable rise in MDA levels
in the low-concentration LEV group and a gradual increase in the
50 mg/L NOR group compared to the control group, indicating that
both antibiotics promoted membrane peroxidation. In contrast, the
MDA levels within the high concentrations consistently decreased,
suggesting that irreversible damage had been caused to the algal
cells. Antibiotics induce oxidative damage to algal cells as the
malondialdehyde (MDA) generated by free radicals can cross-link
with proteins, phospholipids, and nucleic acids, thereby disrupting
DNA synthesis (Zhang et al., 2020b; Hena et al., 2021). Under the
respective influence of the t antibiotics, the changes in SOD, GR,
and GSH-PX activities in algal cells all demonstrated a pattern of
initially increasing followed by decreasing. In the high-
concentration group, although there was a decreasing trend with
increasing treatment duration, the SOD, GR, and GSH-PX activities
remained higher compared to both the control and the low-
concentration group. This indicated that as the concentration of
antibiotics rise, the activities of SOD and GR were not sufficient to
clear the accumulated excess ROS in the algae, and GSH-PX was
unable to neutralize the large amount of H,O, produced under
stress, inducing an increase in antioxidant activity (Das and
Roychoudhury, 2014). The high-concentration group exhibited a
higher level of oxidative stress than the low-concentration group.
Therefore, in combination with the results regarding the protein
and antioxidant systems, both LEV and NOR affected the enzyme
activity of S. costatum, caused oxidative stress to its cells, and
activated its defense system to reduce oxidative damage.
Continuous stress disrupted the algal defense system,
consequently damaging both the structure and function of algal
cells, thereby inhibiting algal growth. This result was consistent with
the behavior of algal cells under the influence of other antibiotics
and pollutants. For instance, the enzyme activities of SOD, GR, and
GSH-PX exhibited significant elevation in Chlorella sp., Microcystis
flosaquae, C. reinhardtii, Scenedesmus obliquus, and Merismopedia
subcapitata under the influence of CIP, sulfamethoxazole (SMZ),
erythromycin (ERY), polystyrene microplastics, aluminum, and
chlorpyrifos (Nie et al., 2013; Wan et al., 2015; Chen et al., 20165
Ameri et al, 2020; Chen et al, 2020b). In addition, under the
influence of ENR or benzo[a]pyrene, the MDA content decreased in
O. multisporus and Isochrysis zhanjiangensis (Shen et al., 2016;
Xiong et al,, 2017a).

5 Conclusion

In this investigation, we explored the impacts of two quinolone
antibiotics, LEV and NOR, on S. costatum. Through an analysis of
their effects on microalgal cell growth, Chla contents, Fv/Fm,
protein content, antioxidant enzyme systems (SOD, GR, and
GSH-PX), and non-enzymatic system (MDA), it was found that
both LEV and NOR inhibited the growth of microalgae, with the
cells being more sensitive to LEV. These antibiotics might affect
photosynthesis through influencing the algal photosynthetic
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system. High doses of LEV and NOR induced significant oxidative
stress in microalgae cells. This study provides a comprehensive
analysis of the impacts of LEV and NOR on marine microalgae
growth and elucidates the underlying physiological mechanisms.
These findings significantly contribute to the assessment of
ecological risks associated with antibiotics in marine
environments, furnishing a theoretical foundation for the
development of environmental monitoring and management

strategies aimed at controlling antibiotic pollution.
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