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A B S T R A C T   

Norfloxacin is one of the widely used antibiotics, often detected in aquatic ecosystems, and difficultly degraded 
in the environment. However, how norfloxacin affects the photosynthetic process of freshwater phytoplankton is 
still largely unknown, especially under varied light conditions. In this study, we investigated photosynthetic 
mechanisms of Microcystis aeruginosa in responses to antibiotic norfloxacin (0-50 μg/L) for 72 h under low (LL; 50 
μmol photons m− 2 s− 1) and high (HL; 250 μmol photons m− 2 s− 1) growth light regimes. We found that envi-
ronmentally related concentrations of norfloxacin inhibited the growth rate and operational quantum yield of 
photosynthesis system II (PSII) of M. aeruginosa more under HL than under LL, suggesting HL increased the 
toxicity of norfloxacin to M. aeruginosa. Further analyses showed that norfloxacin deactivated PSII reaction 
centers under both growth light regimes with increased minimal fluorescence yields only under HL, suggesting 
that norfloxacin not only damaged reaction centers of PSII, but also inhibited energy transfer among phycobi-
lisomes in M. aeruginosa under HL. However, non-photosynthetic quenching decreased in the studied species by 
norfloxacin exposure under both growth light regimes, suggesting that excess energy might not be efficiently 
dissipated as heat. Also, we found that reactive oxygen species (ROS) content increased under norfloxacin 
treatments with a higher ROS content under HL compared to LL. In addition, HL increased the absorption of 
norfloxacin by M. aeruginosa, which could partly explain the high sensitivity to norfloxacin of M. aeruginosa 
under HL. This study firstly reports that light can strongly affect the toxicity of norfloxacin to M. aeruginosa, and 
has vitally important implications for assessing the toxicity of norfloxacin to aquatic microorganisms.   

1. Introduction 

Norfloxacin (NOR), as a member of the fluoroquinolone antibiotic 
family, is one of the most important class of second-generation synthetic 
antibiotics. Due to its broad-spectrum antibacterial effects on Gram- 
negative and Gram-positive bacteria, it is widely used in medicine, 
agriculture and aquaculture (Nie et al., 2009; Lian et al., 2016; Moreau 
et al., 2018; Yuan et al., 2019). Norfloxacin is unavoidably released into 
freshwater through urine and feces as it is extensively used and is 
partially metabolized in the body. Moreover, norfloxacin cannot be 
completely degraded by conventional biological wastewater treatment 

plants and is not known to be biodegradable (Ou et al., 2016). Therefore, 
norfloxacin concentrations found in the freshwater range from nano-
gram to microgram per liter, which could represent a major threat to the 
health of freshwater organisms (Kümmerer, 2008; Zhang et al., 2015; Li 
et al., 2018). 

Phytoplankton as primary producers plays a key role for driving 
energy and material cycles in freshwater ecosystems (Välitalo et al., 
2017). It was found that norfloxacin could inhibit the growth of 
Microcystis aeruginosa and decreased its cell size (Du et al., 2018). 
Moreover, high concentrations (>10 mg/L) of norfloxacin could induce 
irreversible damages to M. aeruginosa and finally lead to its death (Du 

* Corresponding authors at: School of Environmental Science and Engineering, Sun Yat-Sen University, No.132, East Outer Ring Road, University Town, 
Guangzhou 510006, China 

E-mail addresses: xukui@mail.sysu.edu.cn (K. Xu), hezhili@mail.sysu.edu.cn (Z. He).   
1 Both authors contributed equally to this paper. 

Contents lists available at ScienceDirect 

Aquatic Toxicology 

journal homepage: www.elsevier.com/locate/aqtox 

https://doi.org/10.1016/j.aquatox.2021.105826 
Received 5 January 2021; Received in revised form 25 March 2021; Accepted 27 March 2021   

mailto:xukui@mail.sysu.edu.cn
mailto:hezhili@mail.sysu.edu.cn
www.sciencedirect.com/science/journal/0166445X
https://www.elsevier.com/locate/aqtox
https://doi.org/10.1016/j.aquatox.2021.105826
https://doi.org/10.1016/j.aquatox.2021.105826
https://doi.org/10.1016/j.aquatox.2021.105826
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2021.105826&domain=pdf


Aquatic Toxicology 235 (2021) 105826

2

et al., 2018). On the other hand, norfloxacin decreased the formation of 
colonies in Scenedesmus quadricauda (Pan et al., 2017a), and these varied 
colony sizes affected interspecies interactions between phytoplankton 
species. For example, alteration of Scenedesmus obliquus colony size by 
norfloxacin was found to further affect the stability and persistence of 
plankton systems (Pan et al., 2017b; Pan et al., 2020). Although several 
studies investigated the effect of antibiotics (such as chlortetracycline, 
enrofloxacin and florphenicol) on photosystem II (PSII) photosynthetic 
activity of various phytoplankton species (such as Tetraselmis suecica, 
Microcystis flos-aquae and Pseudokichneriella subcapitata) (Seoane et al., 
2014; Wan et al., 2014,2015; Carusso et al., 2018; Du et al., 2018), the 
effect of norfloxacin on photosynthetic processes and underlying 
mechanisms is not clear. It is therefore urgent to investigate the effect of 
norfloxacin on photosynthetic processes in phytoplankton (Li et al., 
2018). 

The toxicity of pollutants, such as trace metals, herbicides and an-
tibiotics, can be modulated by environmental factors, such as light and 
temperature (Ota et al., 2015; Xu and Juneau, 2016; Guo et al., 2016; 
Gomes and Juneau, 2017; Xu et al., 2019). Light is one of the most 
important environmental factors, which drives photosynthesis, the 
cornerstone of metabolism for phototrophs to convert carbon dioxide 
into organic matter (Pilon et al., 2011; Wahidin et al., 2013). In fresh-
water ecosystems, phytoplankton can adjust its photosynthetic states 
under varied light conditions such as season/weather change (MacIn-
tyre et al., 2002). The physiological status induced by different light 
regimes in phytoplankton, may further affect its sensitivity to pollutants. 
It has been found that phytoplankton grown under strong light reduces 
their sensitivity to atrazine (Deblois et al., 2013). This observed effect is 
supposed to be a result of diluting atrazine toxicity by increasing the 
availability of binding sites (quinones) and increasing the ability of the 
light-regulating process. On the other hand, our previous studies found 
that high light increased mesotrione toxicity to Chlamydomonas rein-
hardtii compared to low light conditions (Xu et al., 2019), and higher 
light could increase zinc toxicity to M. aeruginosa by increasing zinc 
absorption (Xu and Juneau, 2016). Those studies suggest that light can 
decrease/increase the toxicity of pollutants to phytoplankton by 
changing their absorption or photosynthetic status. However, to the best 
of our knowledge, there is no information about how phytoplankton 
responds to antibiotics under varied light conditions. 

In this research, we aimed to understand the effect of norfloxacin on 
photosynthetic processes, such as light absorption efficiency, electron 
transport, and PSII activity under varied growth light regimes in 
M. aeruginosa, a target aquatic phytoplankton as its cell membrane is 
similar as Gram-negative bacteria’s. It was hypothesized that light could 
modify the toxicity of norfloxacin to M. aeruginosa by changing its ab-
sorption and/or photosynthetic status under different light conditions. 
We exposed M. aeruginosa to different concentrations of norfloxacin for 
72 h under two growth light regimes to address the above questions. 
M. aeruginosa is one of the most widely distributed phytoplankton spe-
cies in freshwater ecosystems, which is a common strain for toxicity test 
of pollutants (Deng et al., 2015; Liu et al., 2015; Guo et al., 2016; Wang 
et al., 2018). We found that norfloxacin could quickly and sharply 
decreased the PSII activity with stronger inhibitory effects under high 
growth light conditions in M. aeruginosa. This study advances our un-
derstanding of toxic effects of norfloxacin and possible mechanisms on 
photosynthetic processes, and has important implications for assessing 
ecotoxicological impacts of norfloxacin to phytoplankton in freshwater 
ecosystems. 

2. Materials and methods 

2.1. The material and culture conditions 

Microcystis aeruginosa FACHB-905 was provided by the Freshwater 
Algae Culture Collection of the Institute of Hydrobiology, the Chinese 
Academy of Sciences, Wuhan, China. The antibiotic, norfloxacin was 

purchased from Sigma-Aldrich, Missouri, USA in the powder form with a 
purity of higher than 98% (Fig.1). The phytoplankton was grown in 250 
mL Erlenmeyer flasks containing 150 mL of BG11 medium (Stanier et al., 
1971) in growth chambers. The cultures were adapted to two different 
light intensities of 50 (LL) and 250 μmol photons m− 2 s− 1 (HL) with a 14 
h/10 h light/dark cycle for at least four weeks (16 generations) before 
norfloxacin exposure experiments. The temperature in the growth 
chambers was 24 ± 1℃. The exposure norfloxacin concentrations were 
5, 10, 20, 30 and 50 µg/L, which are related to environmental concen-
trations of norfloxacin in freshwater ecosystems. The setting concen-
trations of norfloxacin were all confirmed by HPLC in this study (see 
2.6). 

2.2. Phytoplankton growth 

Phytoplankton cell number was examined every day after the addi-
tion of norfloxacin to the medium (sterile MQ water for control) during 
the three-day experiment. Cells were kept at their exponential growth 
phases and cell number was determined using a MultisizerTM 3 Coulter 
Counter® (Beckman Coulter Inc., Brea, USA). Their growth rates (µ) 
were calculated from the cell number over the 3-day periods: 

μ =
lnNt − lnN0

T
× 100%  

where Nt is the cell number after a 3-day exposure, N0 is the initial cell 
number at time 0 day, and T represents the exposure time (here 3 days). 

2.3. Determination of fluorescence parameters 

After 72-h exposure of different concentrations of norfloxacin, 
phytoplankton cells were taken and acclimated to actinic light condition 
(same intensity as growth light) for 5 min, the maximal fluorescence 
yield F’m and minimal fluorescence yield F under actinic light were 
measured by a WATER-PAM Chlorophyll Fluorometer (Walz GmbH, 
Effeltrich, Germany). The operational PSII quantum yield, Φ’M, was 
obtained by the equation of (F’m − F) / F’m (Kitajima and Butler, 1975). 
Another sample was dark acclimated for 15 min, and then the light 
response curves were measured with 8 light steps (1 min for each step) 
with intensity from 49 to 808 μmol photons m− 2 s− 1. At the end of the 
light response curve measurement, 10 µM diuron (DCUM) was added to 
obtain the maximal fluorescence yield FmDCMU (Campbell et al., 1998). 
The maximal PSII quantum yield was calculated as follow: ΦM =

(FmDCMU− F0)/FmDCMU (Genty et al., 1989). The relative electron trans-
port rate (rETR) was calculated by the formula: rETR = Φ’M × PAR 
(Ralph et al., 2002). The maximal rate of rETR (rETRmax) and photo-
synthetic efficiency (α) were obtained by fitting this light response curve 
to an exponential function modified from (Jassby and Platt, 1976): rETR 
= rETRmax × [1 − exp(-α × PAR/rETRmax)]. The light-saturation 
parameter (Ik) was calculated by Ik = rETRmax/α. We also calculated 

Fig. 1. The chemical structure of norfloxacin.  
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the non-photochemical quenching (NPQ), representing all quenching 
processes of the PSII chlorophyll fluorescence not directly related to 
photochemistry, with the equation of (FmDCMU− F’m)/F’m (Schreiber 
et al., 1986). The relative unquenched fluorescence (UQFrel), repre-
senting the reduction state of PSII at steady-state electron transport was 
also calculated by the equation: (FS− F’0)/(FmDCMU− F’0) (Juneau et al., 
2005). 

At the same time, a Photon System Instruments FL6000 fluorometer 
system (Brno, Czech Republic) was used to measure the rapid and 
polyphasic chlorophyll a fluorescence transient under 3600 μmol 
m− 2s− 1 of light with another dark sample acclimated for 15 min. The 
antenna size of an active RC of PSII (ABS/RC) was calculated as fol-
lowed: ABS/RC = (M0/VJ)/[(Fm− F50μs)/Fm], where M0 = 4 ×

(F300μs− F50μs)/(Fm− F50μs) and VJ = (F2ms− F50μs)/(Fm− F50μs) (Krüger 
et al., 1997). Effective dissipation of an active RC (DI0/RC) was calcu-
lated by the equation of (ABS/RC)− (M0/VJ) (Krüger et al., 1997). The 
kinetics was normalized to the relative variable fluorescence after sub-
tracting F50μs for every data point (F=(Ft− F50μs)/(Fm− F50μs), where Ft is 
the fluorescence at time t and Fm the maximal fluorescence of the curve. 

The ratio (treatment / control) of active PSII centers was calculated 
using the following equation: 

RCa/(RCa)ct = [(M0/VJ)ct/(1− F50μs/Fm)ct] / [(M0/VJ)/(1− F50μs/Fm)] 
Where RCa represents the number of active PSII centers of the treated 

sample and (RCa)ct of the control sample (Stirbet and Govindjee, 2011). 

2.4. Measurement of intracellular reactive oxygen species 

After 72-h exposure, reactive oxygen species (ROS) were measured 
according to the instructions supplied with the Reactive Oxygen Species 
Assay Kit. In this kit, the fluorescence probe 2’,7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA) was used to measure the ROS level of 
algal cells. DCFH-DA can form 2’,7’-dichlorodihydrofluorescein (DCFH) 
catalyzed by esterase when the probe is taken up by living cells. DCFH is 
non-fluorescent but highly sensitive to ROS, which oxidizes it to the 
highly fluorescent 2’,7’-dichlorofluorescein (DCF). 

After 72-h exposure, phytoplankton cells were collected by centri-
fugation (8000 r/min, 24 ℃, 10 min) and resuspended in the DCFH-DA. 
And they were incubated for 30 min in dark, and then washed three 
times with PBS to remove the DCFH-DA in the liquid. Finally, the 
phytoplankton cells were resuspended with PBS and the fluorescence 
emission at 525 nm was measured using an exciting light at 488 nm with 
a Microplate Reader (Thermo Fisher Scientific, Waltham, USA). 

2.5. Pigment determination 

The pigment profiles of M. aeruginosa grown at each norfloxacin 
concentration and both light regimes for 72-h were measured spectro-
photometrically. The samples were harvested by centrifugation (8000 r/ 
min, 24 ℃, 10 min), re-suspended in 95% ethanol, and the extracts 
subsequently stored overnight at -20℃. The supernatant was obtained 
by centrifugation, and the absorbance was then measured with a spec-
trophotometer (Shimadzu, Japan) at 664.1, 648.6 and 470.0 nm. The 
contents of chlorophyll a (Chl a) and carotenoids (Car) were calculated 
by the following equations (Lichtenthaler and Buschmann, 2001): 

Chl a (μg/mL) = 13.36 A664.1 – 5.19 A648.6 
Car (μg/mL) = (1000 A470 – 2.13 Chl a) / 209 

2.6. Measurement of norfloxacin concentrations 

At the start and end of 72-h exposure (20, 30 and 50 μg/L) with and 
without phytoplankton cells, norfloxacin concentrations were detected 
on a high-performance liquid chromatography (HPLC; Agilent, USA), a 
LC-20AD chromatograph equipped with fluorescence detector and Xti-
mate C18 column (Shimadzu, Japan). The mobile phase was 0.025 mol/ 
L phosphate buffer and acetonitrile with a volume ratio of 85/15, and 
the flow rate was set to 1.0 mL/min with a column temperature at 30℃. 

The excitation wavelength of 280 nm and the emission wavelength of 
480 nm were chosen to measure the content of norfloxacin. 

2.7. Toxicity test of degradation products of norfloxacin 

We illuminated the medium containing 50 μg/L of norfloxacin and 
for 48-h under the light intensity of 250 μmol photons m− 2 s− 1. We then 
found that the concentration of norfloxacin in the medium was reduced 
to 10 μg/L, which also contained degradation products confirmed by 
HPLC. At the same time, the medium with the same concentration of 
norfloxacin (10 μg/L) but without degradation products was set as a 
control. We cultured M. aeruginosa with the degraded medium (10 ug/L 
norfloxacin + degradation production) and the control medium (10 ug/ 
L norfloxacin) for 72-h. After 72-h exposure, the growth rate, Φ’M and 
ΦM in the studied species of different treatments were determined. 

2.8. Statistical analysis 

Concentration-response curves for Φ’M parameter and determination 
of Φ’M-EC50 were obtained using non-linear logistic regressions gener-
ated by GraphPad Prism version 8.00 software for Windows. One-way 
analysis of variance (ANOVA) and Tukey’s honestly significant differ-
ence (HSD) test were employed to identify significant differences be-
tween the control and treatment groups using the IBM SPSS statistical 
package version 25. Normality of residuals was tested with a Shapiro- 
Wilk’s test and homogeneity of variances was tested with a Levene’s test. 
Statistical significance was set at P < 0.05. All measurements were 
performed at least three replicates and all figures were produced using 
Origin 2018 (OriginLab Corporation, Northampton, USA). 

3. Results 

3.1. Growth rate of M. aeruginosa under two light regimes 

To examine the effect of norfloxacin on M. aeruginosa under two light 
regimes, we measured the growth rate of M. aeruginosa under five con-
centrations of norfloxacin. The results showed that norfloxacin signifi-
cantly (Tukey’s HSD, P < 0.05) reduced the specific growth rate of 
M. aeruginosa under two light intensities (50 and 250 μmol photons m− 2 

s− 1), which appeared to be concentration-dependent (Fig. 2). Under the 
high light intensity, the specific growth rate of M. aeruginosa decreased 
by 3% (5 μg/L), 10% (10 μg/L), 26% (20 μg/L), 44% (30 μg/L), and 63% 

Fig. 2. Growth rate of M. aeruginosa grown under two light intensities after 72 
h exposure to different norfloxacin concentrations. Data expressed as means ±
SD (n=6). HL: high light; LL: low light. 
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(50 μg/L), whereas it was decreased by 4%, 8%, 14%, 19% and 25% as 
the concentration of norfloxacin increase under low light intensity 
compared to the corresponding control. 

3.2. The effects of norfloxacin on photosynthetic activity 

To understand if different concentrations of norfloxacin affected 
photosynthetic activity of M. aeruginosa grown under two light regimes, 
PSII photosynthetic parameters (ФM, Ф’M, F0 and Fm) under five con-
centrations of norfloxacin were measured. Under the low light intensity, 
norfloxacin significantly (Tukey’s HSD, P < 0.05) decreased the ФM 
value by 6%, 12%, 35%, 45% and 63% at concentration of 5, 10, 20, 30 
and 50 µg/L, respectively (Fig. 3a and b); under high light intensity, 
norfloxacin caused a decrease of ФM by 9%, 18%, 47%, 68% and 99%, 
indicating that high light exacerbated the impact of norfloxacin on ФM at 

concentrations of higher than 20 µg/L. The effect of norfloxacin on Ф’M 
showed a similar trend (Fig. 3a and b). The half maximal effective 
concentration (EC50) of operational quantum yield (Φ’M) of 
M. aeruginosa under low light was found to be 35 μg/L, which was 
significantly (Tukey’s HSD, P < 0.05) higher than it under high light 
with 23 μg/L. 

We also found that the highest norfloxacin concentration signifi-
cantly (Tukey’s HSD, P < 0.05) increased the minimal fluorescence 
yields (F0) and maximal fluorescence yields (Fm) by 177% and 45%, 
respectively, in the studied species grown under high light. On the other 
hand, Norfloxacin exposures did not significantly (Tukey’s HSD, P >
0.05) affect the F0 of M. aeruginosa grown under low light intensity 
(Fig. 3c and d). However, the highest norfloxacin concentration (50 μg/ 
L) treatment significantly (Tukey’s HSD, P < 0.05) decreased the Fm by 
40% compared to the corresponding control, although low norfloxacin 

Fig. 3. Maximal PSII quantum yield (ФM), operational PSII quantum yield (Ф’M), minimal fluorescence yield (F0) and maximal fluorescence yield (Fm) of 
M. aeruginosa grown under two light intensities after 72 h exposure to different norfloxacin concentrations. The initial values of M. aeruginosa for ФM were 0.540 ±
0.001 (HL) and 0.620 ± 0.003 (LL); for Ф’M, were 0.369 ± 0.003 (HL) and 0.515 ± 0.003 (LL). The insets show norfloxacin effective concentration (μg/L) required for 
50% inhibition of PSII operational quantum yield (Φ’M) in M. aeruginosa under two light intensities. The symbol of star on the error bar represents the significantly 
different of EC50 between the two light intensities (p < 0.05). Data expressed as means ± SD (n = 6). 
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treatment (5 and 10 μg/L) increased the Fm under low light condition 
compared to the corresponding control (Tukey’s HSD, P < 0.05). After 
we normalize the value of F0 and Fm to chlorophyll a, we could only find 
that norfloxacin increased these two parameters in M. aeruginosa under 
HL, but not under LL (Fig. 3e and f). 

3.3. Effects of norfloxacin on the relative electron transport rate 

To understand if different concentrations of norfloxacin affected 
photosynthetic electron transport rates of M. aeruginosa grown under 
two light regimes, photosynthetic transport rate and related parameters 
(rETRmax, a and Ik, respectively) were measured under five concentra-
tions of norfloxacin. Norfloxacin significantly (Tukey’s HSD, P < 0.05) 
decreased the relative electron transport rate (rETR) of M. aeruginosa 
with concentrations higher than 10 μg/L under the two light intensities 
(Fig. 4). However, high light combined with norfloxacin concentrations 
ranging from 20 to 50 μg/L obviously decreased rETR more compared to 
low light. It is worth noting that rETR was reduced to almost zero under 
high light intensity when M. aeruginosa was exposed to the highest 
norfloxacin concentration (50 μg/L). The three parameters fitted from 
the light response curves clearly showed the effect of norfloxacin on the 
electron transport rate in M. aeruginosa under the two studied light in-
tensities (Fig. 4; Table 1). 

Under the low light intensity, Norfloxacin (≥ 20 μg/L) significantly 
(Tukey’s HSD, P < 0.05) decreased the light energy utilization efficiency 
(α) by 21% (20 μg/L), 46% (30 μg/L) and 69% (50 μg/L), the maximum 
electron transfer rate (rETRmax) by 49% (30 μg/L) and 74% (50 μg/L), 
and the light-saturation parameter (Ik) by 15% (50 μg/L) in the studied 

species (Table 1); however, under the high light intensity, norfloxacin 
decreased more of the α value by 11% (10 μg/L), 54% (20 μg/L), 62% 
(30 μg/L) and 98% (50 μg/L), the rETRmax value by 56% (20 μg/L), 66% 
(30 μg/L) and 100% (50 μg/L) and the Ik value by 78% (50 μg/L) as 
compared to their corresponding controls (Table 1). 

3.4. Rapid fluorescence kinetics 

To examine how different concentrations of norfloxacin affected 
photosynthetic energy transfer of M. aeruginosa grown under two light 
regimes, rapid fluorescence kinetics curve (OJIP curve) and related 
parameters (ABS/RC, DI0/RC and RCa/(RCa)ct) under five concentra-
tions of norfloxacin were measured. In the OJIP curve, each inflection 
point represents the different redox state of the plastoquinone trans-
porter in the photosynthetic electron transport chain. Norfloxacin 
increased the J level of M. aeruginosa under both growth light intensities, 
and decreased the I-P level (Fig. 5). This trend of OJIP curves increased 
obviously as the concentration of norfloxacin increased in the studied 
species under both growth light intensities. 

We further examined the PSII energy flux distributed among ab-
sorption, trapping, electron transport and dissipation by calculating 
parameters from this curve (Table 2). There was an obvious interaction 
between both factors for the absorption flux per reaction center (ABS/ 
RC), which is an indication of the antenna size per reaction center of 
PSII. We noticed that norfloxacin (50 μg/L) had a significant (Tukey’s 
HSD, P < 0.05) effect on M. aeruginosa, by increasing the PSII antenna 
size per reaction center to 198% and 256% under low and high light 
intensities, respectively. It was quite obvious that norfloxacin from 20 to 

Fig. 4. The light response curves (LCs) of M. aeruginosa grown under two light intensities after 72 h exposure to different norfloxacin concentrations. Panel (a): 
grown under 50 μmol photons m− 2s− 1 illumination; Panel (b): grown under 250 μmol photons m− 2s− 1 illumination. Data expressed as means ± SD (n = 6). 

Table 1 
Effects of norfloxacin on parameters of photosynthesis-irradiance curves for M. aeruginosa under two light intensities.  

Light intensity c (μg/L) α rETRmax Ik (μmol photons m− 2s− 1) 

LL Control 0.501 ± 0.003a 225.4 ± 22.3a,b 450.2 ± 44.2b  

5 0.496 ± 0.005a 259.6 ± 2.7a 523.2 ± 10.2a  

10 0.489 ± 0.004a 238.9 ± 17.1a,b 488.0 ± 31.7a,b  

20 0.397 ± 0.075b 207.9 ± 44.3b 521.8 ± 19.4a  

30 0.270 ± 0.006c 114.5 ± 5.0c 424.1 ± 20.3b,c  

50 0.154 ± 0.024d 59.5 ± 14.0d 383.5 ± 33.5c 

HL Control 0.424 ± 0.013a 205.2 ± 14.3a 483.5 ± 20.9a  

5 0.406 ± 0.001a 186.4 ± 21.2a 458.7 ± 51.0a  

10 0.376 ± 0.011b 176.7 ± 20.1a 469.1 ± 39.3a  

20 0.197 ± 0.002c 91.0 ± 8.6b 462.6 ± 40.3a  

30 0.162 ± 0.029d 70.6 ± 11.3b 436.6 ± 12.0a  

50 0.009 ± 0.004e 1.0 ± 0.4c 108.2 ± 0.3b 

a-e, those with different superscript letters for each growth light in the same column are significantly different (Tukey’s HSD, P < 0.05). Data are means ± SD (n = 6). c, 
the norfloxacin concentration; α, photosynthetic efficiency; Ik, light-saturation parameter; rETRmax, maximal relative electron transport rate. 
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50 μg/L increased the dissipation of excess energy per reaction center 
(DI0/RC) by 43%, 196% and 302% under low light, but by 211% (30 μg/ 
L) and 414% (50 μg/L) under high light. Under low light intensity, 
norfloxacin significantly (Tukey’s HSD, P < 0.05) increased the relative 
unquenched fluorescence (UQFrel) by 95% (30 μg/L) and 197% (50 μg/ 
L), the RCa/(RCa)ct ratio by 33% (20 μg/L), 56% (30 μg/L) and 66% (50 
μg/L); under high light intensity, norfloxacin significantly (Tukey’s 
HSD, P < 0.05) increased UQFrel by 282% (50 μg/L), the RCa/(RCa)ct 
ratio by 40% (20 μg/L), 57% (30 μg/L) and 72% (50 μg/L) as compared 
to their corresponding controls. 

Also, 30 and 50 μg/L norfloxacin decreased NPQ by 33% and 60% in 
the studied species under low light condition (Tukey’s HSD, P < 0.05); 
under high light condition, the concentrations decreased NPQ by 50% 
and 91% in the studied species, respectively (Tukey’s HSD, P < 0.05). 
However, the NPQ of M. aeruginosa was not significantly (Tukey’s HSD, 
P > 0.05) affected by the low concentration of norfloxacin (from 5 to 10 
μg/L) under both growth light conditions (Table 2). 

3.5. The effect of norfloxacin on reactive oxygen species 

In order to identify whether norfloxacin induces oxidative stress in 
M. aeruginosa under both light intensities, we measured the reactive 
oxygen species (ROS) content in the studied species exposed to five 
concentrations of norfloxacin. Norfloxacin induced an increase in the 
intracellular content of ROS in M. aeruginosa under both light intensities 
(Fig. 6). Under low light intensity, norfloxacin significantly (Tukey’s 
HSD, P < 0.05) increased ROS by 36% (10 μg/L), 40% (20 μg/L), 46% 
(30 μg/L) and 52% (50 μg/L), but under high light condition, only high 
concentration of norfloxacin significantly (Tukey’s HSD, P < 0.05) 

increased intracellular ROS content by 45% (20 μg/L), 112% (30 μg/L) 
and 241% (50 μg/L), and no effect was found for low concentrations of 
norfloxacin (5 and 10 μg/L). 

3.6. Pigment content 

In order to explore the effect of norfloxacin on M. aeruginosa grown 
under two light regimes, we then measured the pigment content in the 
studied species. As shown in Table 3, under low light intensity, low 
concentrations of norfloxacin (5 and 10 μg/L) significantly (Tukey’s 
HSD, P < 0.05) increased Chl a content by 11% and 9% respectively, but 
did not influence Car content, thus decreasing the Car/Chl a ratio by 5% 
and 6%. However, norfloxacin at high concentrations of 20, 30 and 50 
μg/L significantly (Tukey’s HSD, P < 0.05) decreased Chl a by 14%, 29% 
and 44% respectively, and Car by 8%, 21% and 34% respectively, 
increasing Car/Chl a ratio by 8%, 11% and 18%. Under high light in-
tensity, low concentrations of norfloxacin at 5 and 10 μg/L did not 
induce a significant effect on Chl a and Car/Chl a (Tukey’s HSD, P >
0.05). However, at concentrations of 20, 30 and 50 μg/L, norfloxacin 
significantly (Tukey’s HSD, P < 0.05) decreased Chl a by 18%, 39% and 
49% respectively, and Car by 16%, 30% and 40% respectively, resulting 
in a significant increase of Car/Chl a by 14% (30 μg/L) and 19% (50 μg/ 
L). 

3.7. . Light-induced norfloxacin degradation/uptake 

In order to explore the absorption and/or degradation of norfloxacin 
by M. aeruginosa under two growth light intensities, we measured the 
content of norfloxacin in the medium with or without cyanobacterial 

Fig. 5. Rapid fluorescence kinetics of M. aeruginosa grown under two light intensities after 72 h exposure to different norfloxacin concentrations. Panel (a): low light 
(50 μmol photons m− 2s− 1 illumination); Panel (b): high light (250 μmol photons m− 2s− 1 illumination). 

Table 2 
Effect of norfloxacin concentration on ABS/RC, DI0/RC, UQFrel, RCa/(RCa)ct and NPQ for M. aeruginosa under two light intensities.  

Light intensity c (μg/L) ABS/RC DI0/RC UQFrel RCa/(RCa)ct NPQ 

LL Control 12.59 ± 0.28d 8.14 ± 0.22d 0.10 ± 0.01c 1.00 ± 0.02a 0.15 ± 0.01a,b  

5 12.36 ± 0.14d 8.01 ± 0.13d 0.10 ± 0.00c 1.02 ± 0.01a 0.17 ± 0.01a,b  

10 13.69 ± 0.28c,d 9.17 ± 0.19d 0.10 ± 0.00c 0.92 ± 0.02b 0.18 ± 0.01a  

20 18.75 ± 0.96c 14.19 ± 0.73c 0.12 ± 0.03c 0.67 ± 0.04c 0.14 ± 0.03b  

30 28.78 ± 1.33b 24.10 ± 1.15b 0.19 ± 0.02b 0.44 ± 0.02d 0.10 ± 0.01c  

50 37.56 ± 5.46a 32.68 ± 4.89a 0.29 ± 0.05a 0.34 ± 0.06e 0.06 ± 0.01d 

HL Control 13.89 ± 0.78d 8.80 ± 0.55d 0.14 ± 0.01b 1.00 ± 0.06a 0.29 ± 0.01a  

5 14.05 ± 1.37d 8.50 ± 0.93d 0.13 ± 0.01b 0.93 ± 0.04a,b 0.29 ± 0.01a  

10 16.01 ± 0.44c,d 10.85 ± 0.14d 0.13 ± 0.01b 0.87 ± 0.02b 0.29 ± 0.02a  

20 22.96 ± 1.17c 17.72 ± 0.96c 0.14 ± 0.04b 0.61 ± 0.03c 0.21 ± 0.02b  

30 32.57 ± 4.23b 27.37 ± 3.74b 0.14 ± 0.05b 0.43 ± 0.06d 0.14 ± 0.01c  

50 49.42 ± 6.47a 45.26 ± 6.32a 0.54 ± 0.03a 0.29 ± 0.04e 0.03 ± 0.03d 

a-d, those with superscript different letters for each growth light in the same column are significantly different (Tukey’s HSD, P < 0.05). Data are means ± SD (n = 6). 
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cells after 72 h (Fig. 7). Under low light condition, norfloxacin at con-
centrations of 20, 30 and 50 μg/L was reduced by 24%, 36% and 36%, 
respectively without phytoplankton cells after 72 h (Tukey’s HSD, P <
0.05). However, norfloxacin was decreased by 5%, 30% and 31%, 
respectively in the presence of M. aeruginosa cells (Tukey’s HSD, P <

0.05). Under high light intensity, norfloxacin at concentrations of 20, 30 
and 50 μg/L was degraded by 45%, 58% and 56%, respectively without 
cyanobacterial cells after 72 h (Tukey’s HSD, P < 0.05). However, 
norfloxacin was decreased by 51%, 71% and 92%, respectively with 
M. aeruginosa (Tukey’s HSD, P < 0.05). The results indicated an obvious 
impact of light intensity in the degradation and uptake of norfloxacin. 

3.8. . The effect of norfloxacin degradation products 

In order to explore whether the toxicity of norfloxacin depends on 
itself or its degradation products, we conducted a comparative study 
between norfloxacin plus degradation production and norfloxacin 
treated samples. As shown in Fig. S1, exposure to 10 μg/L of norfloxacin 
significantly reduced the growth rate and photosynthetic efficiency of 
M. aeruginosa (Tukey’s HSD, P < 0.05). However, when M. aeruginosa 
was exposed to the degraded medium (10 μg/L + degraded production), 
its growth rate and photosynthetic efficiency are not significantly 
different from those of M. aeruginosa exposed to 10 μg/L norfloxacin 
(Tukey’s HSD, P > 0.05). 

4. Discussion 

Understanding the toxic effect of environmentally relative concen-
trations of norfloxacin on cyanobacterium M. aeruginosa under varied 
light regimes is one of the central issues for environmental risk assess-
ment of antibiotics in aquatic ecosystems. In this study, we found that 

Fig. 6. Intracellular ROS content of M. aeruginosa after exposure to different norfloxacin concentrations for 72 h: (a) low light intensity; (b) high light intensity. 
Results are presented as mean values ± standard deviation of three independent assays. Different letters above adjacent bars indicate a significant difference (Tukey’s 
HSD, P < 0.05) among different concentrations of norfloxacin. 

Table 3 
Pigment contents of M. aeruginosa grown under two different light intensities 
exposed to different norfloxacin concentrations for 72 h. Chlorophyll a (Chl a) 
and carotenoid (Car) contents are expressed as μg/108 cells.  

Light intensity c (μg/L) Chl a Car Car/Chl a 

LL Control 8.42 ± 0.16b 4.00 ± 0.07a 0.47 ± 0.01c  

5 9.31 ± 0.15a 4.22 ± 0.09a 0.45 ± 0.01c,d  

10 9.20 ± 0.29a 4.10 ± 0.10a 0.45 ± 0.01d  

20 7.22 ± 0.66c 3.69 ± 0.16b 0.51 ± 0.03b  

30 6.01 ± 0.08d 3.16 ± 0.03c 0.53 ± 0.00b  

50 4.76 ± 0.20e 2.66 ± 0.15d 0.56 ± 0.01a 

HL Control 4.24 ± 0.24a 4.40 ± 0.06a 1.04 ± 0.04b  

5 4.02 ± 0.20a 4.04 ± 0.13b 1.01 ± 0.05b  

10 3.98 ± 0.12a 4.23 ± 0.12a,b 1.06 ± 0.03b  

20 3.48 ± 0.31b 3.71 ± 0.16b 1.07 ± 0.08b  

30 2.60 ± 0.10c 3.09 ± 0.09c 1.19 ± 0.01a  

50 2.15 ± 0.29d 2.64 ± 0.28d 1.23 ± 0.06a 

a-d, those with different superscript letters for each growth light in the same 
column are significantly different (Tukey’s HSD, P < 0.05). Data are means ± SD 
(n = 6). 

Fig. 7. The reduction of norfloxacin in the medium with or without M. aeruginosa under two growth light conditions after 72 h. Different letters above adjacent bars 
indicate a significant difference (Tukey’s HSD, P < 0.05) among different concentrations of norfloxacin with or without M. aeruginosa. 
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norfloxacin inhibited growth and photosynthesis of M. aeruginosa by 
altering photosynthetic activity and energy transfer, and by increasing 
oxidative stress. We also noticed a stronger inhibition under HL 
compared to LL. We proposed that possible mechanisms for such ob-
servations might include the changes of photosynthetic processes, such 
as increased Car/Chl a, NPQ and ROS, and norfloxacin absorption for the 
studied species under HL. These results generally support our core hy-
pothesis about combined effects of norfloxacin and light on 
M. aeruginosa. 

4.1. Effects of light intensity on M. aeruginosa 

In the natural environment, phytoplankton can adjust photosyn-
thetic processes and growth to adapt/acclimate different light condi-
tions as the season and cloudy conditions change (Huisman et al., 2004; 
Dubinsky and Stambler, 2009; Deblois and Juneau, 2012). In this study, 
the specific growth rate and operational PSII quantum yield of 
M. aeruginosa decreased under HL compared to LL, suggesting that the 
studied strain decreased light absorption efficiency under high light to 
keep similar growth rates under low light. This phenomenon was also 
found with another M. aeruginosa strain in one of our previous studies 
(Xu and Juneau, 2016). 

Non-photochemical quenching is known to be an efficient photo-
protective mechanism in cyanobacteria under excess light conditions 
(Karapetyan, 2007; Kirilovsky, 2007). In cyanobacteria, NPQ is mainly 
linked to orange carotenoid protein (OCP)-related quenching and state 
transitions (Kirilovsky, 2007). The higher NPQ of cells grown under HL 
than that under LL in this study, suggests that more energy was dissi-
pated to protect PSII of the studied species under HL conditions (Kir-
ilovsky, 2015; Du et al., 2019). Moreover, the increased Car/Chl a ratio 
under HL conditions due to a stronger decrease of Chl a compared to Car, 
suggests that carotenoids related quenching (such as OCP-related 
quenching) could be more induced compared to LL conditions 
(Deblois and Juneau, 2012; Sedoud et al., 2014). State transition, as 
another major component of NPQ, is controlled by the redox state of PQ 
in cyanobacteria (Kirilovsky, 2014). We demonstrated that the relative 
unquenched fluorescence (UQFrel) of M. aeruginosa was lower, when no 
or low concentrations of norfloxacin were present, under LL conditions 
than that under HL conditions, suggesting that electron transport car-
riers beyond PSII are more efficient to drain electrons, and that the PQ 
pool is more oxidized when light intensity is lower. And the PQ pool of 
M. aeruginosa under high light was more reduced. This more reduced PQ 
could decrease the ability of state transition in M. aeruginosa under HL 
conditions. Indeed, we have indicated that M. aeruginosa had a 
decreased capacity to perform state transition under HL conditions 
compared to LL conditions in previous study (Xu et al., 2013). Therefore, 
the higher NPQ observed under HL conditions could be resulted from its 
higher Car/Chl a ratio, which could lead to higher carotenoid energy 
quenching (such as OCP-related NPQ). 

4.2. Effects of norfloxacin exposure on photosynthetic processes of 
M. aeruginosa 

We demonstrated here that norfloxacin inhibited photosynthesis of 
M. aeruginosa, in agreement with previous studies, showing that nor-
floxacin inhibited photosynthesis and growth in different cyanobacterial 
species at a concentration range from 2 µg/L to 1.44 mg/L (Isidori et al., 
2005; Nie et al., 2009; González-Pleiter et al., 2013; Wan et al., 2015; Fu 
et al., 2017). Increased F0 mainly implies that energy transfer among 
phycobilisomes (and/or from phycobilisomes to reaction centers) can be 
blocked (Chaloub et al., 2005), and this energy transfer inhibition was 
mainly related to biochemical alternations of PSII RCs, such as dissoci-
ation of phycobilisomes from RC (Sluchanko et al., 2017; Krasilnikov 
et al., 2020). On the other hand, decreased or increased Fm is generally 
related to RC damages (Stirbet and Govindjee, 2011). For example, a 
decrease of Chl a per cell under norfloxacin treatments could result in a 

decrease of F0 and Fm; however, the value of F0 and Fm per cell per Chl a 
still showed a similar trend of F0 and Fm per cell under norfloxacin 
treatment, which strongly suggests an energy transfer inhibition as 
discussed above. Therefore, our results indicated that F0 increased, and 
Fm increased or decreased in M. aeruginosa responses to norfloxacin, 
suggesting an inhibition of energy transfer among phycobilisomes in 
addition to damage to the electron transport chain by norfloxacin in 
M. aeruginosa. 

Generally, the non-photochemical quenching is assumed to increase 
under stress conditions to protect PSII, but it was notable that NPQ 
decreased at high concentrations of norfloxacin for M. aeruginosa. This 
situation was also found in other cyanobacterial species exposed to high 
concentrations of metals (e.g., zinc) and herbicides (e.g., mesotrione) 
(Xu and Juneau, 2016; Newby et al., 2017; Xu et al., 2019). As discussed 
above, the higher value of UQFrel was induced by norfloxacin, indicating 
more reduced PQ as discussed above. The results further suggest that 
state transition was inhibited under norfloxacin stress conditions. It is 
expected that the observed decrease of NPQ may partly result from a 
lower state transition ability under norfloxacin exposure in 
M. aeruginosa. 

We also found the fluorescence intensity of J-I step in M. aeruginosa 
exposed to norfloxacin was increased in this study, which represents the 
electron transfer between QA and QB is partially inhibited (Force et al., 
2003; Chalifour and Juneau, 2011; Stirbet and Govindjee, 2011; Stirbet 
et al., 2018). The significant reduction in RCa/(RCa)ct and initial slope 
(α) of the light response curve indicate the presence of norfloxacin has 
caused damages to the photoreactive system of cyanobacteria, resulting 
in the inactivation of reaction centers and a decrease in its efficiency in 
light usage (Xu et al., 2017). These results are in agreement with the 
changes of F0 and Fm in the studied species under norfloxacin exposure 
as discussed above. These damages to the light system also led to a 
reduction in the ability of the cyanobacteria to withstand strong light 
(Ik). In addition, the deactivation of reaction centers also caused the 
effective dissipation per unit reaction center (DI0/RC), and the absorp-
tion flux per reaction center (ABS/RC) increased (Xu et al., 2019). 

It was found that norfloxacin can affect the metabolism of lipid and 
protein in Scenedesmus obliquus (Chu et al., 2020), which may also be 
induced in M. aeruginosa and therefore affect the stability of thylakoid 
membrane, and then inhibit energy (exciton) transfer from phycobili-
somes to reaction centers. We clearly showed that energy (exciton) 
transfer from phycobilisomes to reaction centers and the inhibition of 
electron transfer from QA to QB, which may lead to excess ener-
gy/electron transfer to oxygen and finally produce ROS under nor-
floxacin exposure (He et al., 2012; Li et al., 2015). Indeed in this study, 
we found that norfloxacin induced an increase in ROS content although 
Carotenoid content (relative to Chl) increased (as possible antioxidative 
mechanisms). This indicates that M. aeruginosa was not able to effi-
ciently scavenge produced ROS under norfloxacin exposure. 

4.3. Effects of light intensities on norfloxacin toxicity 

We were able to show here that high light intensity increased the 
toxic effect of norfloxacin in M. aeruginosa. This could be firstly related 
to a higher absorption of norfloxacin in M. aeruginosa under HL condi-
tions compared to it under LL conditions. Indeed, it was previously 
shown that Cd toxicity was higher under high light conditions compared 
to low light conditions for species Synechocystis sp. since that higher 
light intensity could increase the uptake efficiency (Du et al., 2019). 
Although light may increase norfloxacin degradation, M. aeruginosa 
decreased the degradation of this antibiotic under LL conditions. This 
may be related to the reduction (absorption and shading effects) of light 
intensity by M. aeruginosa in the medium. However, the studied species 
did not decrease the degradation of norfloxacin under HL conditions, 
indicating that HL could increase norfloxacin absorption by 
M. aeruginosa and therefore induced a higher toxicity as the degraded 
products of norfloxacin were not toxic. The similar results were also 

L. Zhao et al.                                                                                                                                                                                                                                    



Aquatic Toxicology 235 (2021) 105826

9

found in the higher toxicity of zinc to M. aeruginosa by higher absorption 
of zinc under high growth light compared to low growth light (Xu et al., 
2016). 

It is anticipated that norfloxacin with higher toxicity under HL 
conditions may be related to photosynthetic status changes compared to 
LL conditions. Under LL conditions, phytoplankton cells may not be 
limited by the availability of quinones and other electron transporters, 
while under HL conditions, they may become limited (Anderson et al., 
1995; MacIntyre et al., 2002). Therefore, when cyanobacterial cells 
adapted to LL conditions, a fixed number of norfloxacin molecules 
would prevent a small portion of quinones required for photosynthesis 
with a small effect. This explains that LL is less sensitive to norfloxacin 
compared to HL-adapted cyanobacterial cells. However, when 
M. aeruginosa cells are exposed to HL, all available quinones are needed 
to maximize the use of light, and norfloxacin may be more toxic by 
increasing quinone limitation. 

Our results indicate that phytoplankton can develop different pro-
tective strategies to deal with norfloxacin pollution under two different 
light intensities. First, we were able to show that non-photochemical 
quenching energy dissipation processes were enhanced in 
M. aeruginosa cells grown under HL conditions, contributing to their 
ability to dissipate excess energy and cope with light stress conditions. 
Second, the enhanced Car/Chl a ratio indicated that carotenoids 
(directly or indirectly) could participate in scavenging ROS produced 
under HL and norfloxacin stress conditions when M. aeruginosa cells 
were grown under HL conditions. However, those protective strategies 
developed by M. aeruginosa under the two light intensities were not 
sufficient to protect the photosynthetic apparatus when norfloxacin 
concentrations were high. 

5. Conclusions 

This study investigated the effect of norfloxacin on the physiological 
and photosynthetic mechanisms of M. aeruginosa grown under two light 
regimes. Our results indicated that norfloxacin at environmentally 
relevant concentrations could inhibit growth and photosynthesis activ-
ity in M. aeruginosa mainly by the inhibition of photosynthetic electron 
transport rate and energy/excitons transfer from phycobilisomes to re-
action centers. Moreover, the sensitivity of M. aeruginosa to norfloxacin 
was increased under HL. Such a light-dependent toxicity of norfloxacin 
to M. aeruginosa was not only related to higher absorption of norfloxacin 
under HL, but also related to the different photosynthetic status under 
the two light regimes. Under HL, we found that the inhibition of 
photosynthetic electron transport rate induced more excess electrons/ 
energy, which could react with oxygen and generate more ROS than LL 
conditions. Even the higher Car / Chl a can help M. aeruginosa to cope 
with excess energy/ROS stress, it was not successful to overcome this 
stress condition and finally induce irreversible inhibition of growth of 
the studied species. These results revealed the combined effect of light 
and norfloxacin on M. aeruginosa and its related photosynthetic pro-
tective mechanisms. This study suggests that the interaction of light 
intensity and norfloxacin concentrations should be considered in the 
evaluation of ecotoxicological effects of antibiotics on freshwater 
microorganisms. 
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