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Microalgae-based antibiotic removal treatment has attracted attention because of its low carbon and sustainable
advantages. The microalgal co-metabolism system with a suitable carbon source leads to enhanced performance
of pollutant removal. However, currently, limited knowledge is available for the removal of fluoroquinolone
using a microalgae-mediated co-metabolism system. In this study, we first investigated that the biotic processes
by alga Haematococcus lacustris in the co-metabolism system by adding glycerol would be the main contributors
responsible for the removal of 10 mg/L ofloxacin (OFL) with the efficiency of 79.73% and the removal of 10 mg/
L enrofloxacin (ENR) with the efficiency of 54.10%, respectively. Furthermore, we found that pyruvate from
glycerol was converted into substrates and precursors, thereby resulting in the significant accumulations of
microalgal astaxanthin and lipid. The astaxanthin content of H. lacustris was achieved at 4.81% and 4.69%
treated with OFL and ENR in the presence of glycerol, with 16.04% and 14.55% of lipid content, respectively.
The proposed metabolites and pathways were identified to plausibly explain the biodegradation of fluo-
roquinolone by H. lacustris. The molecular analyses demonstrated that cytochrome P450 (CYP450) enzymes are
responsible for the biodegradation of fluoroquinolone, and it was further verified that fluoroquinolones might
insert into CYP450 to finally form an efficient and tight binding conformation by molecular dynamic simulation.
These findings provide a microalgae-based route for feasible and sustainable biodegradation of antibiotics using
a co-metabolism strategy comprising glycerol as a carbon source, with the synergistic accumulation of valuable
products.

Glycerol-mediated co-metabolism
Fluoroquinolone biodegradation
Astaxanthin

Cytochrome P450

1. Introduction

Numerous types of antibiotics were developed and widely used as
therapeutic agents for the treatment and prevention of bacterial in-
fections that occurred in both humans and animals. Global antibiotic
consumption and usage have become more demanding over the past
decades, which results in the rising concentrations of antibiotic residues
released through sewage and waste discarded into the aquatic and
terrestrial  environments. Among the various antibiotics,
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fluoroquinolones (e.g., ofloxacin, OFL, and enrofloxacin, ENR), as
broad-spectrum antibacterial and the third largest sales of antibiotics,
attract considerable attention due to their widespread applications in
hospital, household, animal husbandry and aquaculture. It is reported
that fluoroquinolone sales in food animals and clinical outpatients
increased at a high level in the United States, although the United States
Food and Drug Administration updated the boxed warning on fluo-
roquinolones in 2016 [1-3]. In China, fluoroquinolones were considered
emerging contaminants distributed in marine, municipal wastewater,
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landfills, etc [4-6]. Relevant surveys demonstrated that up to 70% of
OFL and ENR by incomplete metabolism are directly excreted into sur-
rounding areas, with the concentrations ranging from ng/L to mg/L
levels in the aqueous environment [7,8]. On account of the acute and
chronic toxicity of OFL and ENR to aquatic organisms even at low
concentrations, they can finally exact a heavy toll on the aquatic
ecosystem and even human health issues [9]. Besides, more seriously,
trace levels of antibiotics already induce the evolution and development
of antibiotic-resistant bacteria and antibiotic-resistance genes, thereby
posing potential environmental risks [10]. For instance, fluo-
roquinolones showed a significant upregulation of antibiotic-resistance
genes correlated with Rhodococcus, which might increase the risk of
disease transmission and the probability of drug-resistant pathogens
[11]. The overconsumption of antibiotics accelerates the increasing
concentrations of antibiotics in the global environment, resulting in
serious threats on the ecosystem and even public health issues [9]. As
such, it is of significant importance to prospect sustainable and efficient
removal techniques of fluoroquinolone antibiotics from the aquatic
environment.

Conventional wastewater treatment plants (WWTPs) are considered
to remove pollutants from the sewage to generate clean water compliant
with effluent discharge standards; however, they are not designed for
effective and adequate removal of antibiotics, and therefore, the
remaining antibiotics residual from the WWTP effluent can be also
considered as a primary source released into the aquatic environment
[12,13]. Despite physical and chemical treatments that have been
developed for the high-efficient removal of antibiotics, the specific
limitations and drawbacks (e.g., the undesirable byproducts and
expensive cost) restrain their realistic application [14]. Alternatively,
biological processes could be a sustainable strategy to potentially
enhance the dissipation of antibiotics and even completely mineralize
antibiotics [15]. Recently, microalgae-based biological treatment has
attracted much attention due to the inexpensive and effective removal of
antibiotics accompanied by the accumulation of valuable products in
conjunction with the principles of ‘waste-to-wealth’ [13,16,17]. More-
over, it is advantageous that microalgae-based treatment is low-carbon
and renewable, which improves carbon footprint through carbon
capturing and utilization technologies [17]. It is worthwhile noting that
the removal efficiency of antibiotics is highly based on the species of
microalgae [18]. Haematococcus lacustris (previously named Haemato-
coccus pluvialis), as a unicellular green alga, is capable of assimilation
nutrients for valuable astaxanthin production with a concentration
ranging from 2 to 4% of dry cell weight (DCW) [19]. Relevant studies
demonstrated the relatively high removal efficiency of different antibi-
otics by H. lacustris and thus, it is theoretically feasible to regard
H. lacustris as a promising microalgal strain of fluoroquinolone antibi-
otics removal [20,21]. Nevertheless, the removal efficiency of fluo-
roquinolone antibiotics via microalgae-based processes (such as
Chlorella vulgaris, Chrysosporum ovalisporum, Scenedesmus obliquus and
Ourococcus multisporus, Micractinium resseri) is in a range of 10-33%,
which is not highly efficient for realistic application [18,22]. Therefore,
the remediation improvement of fluoroquinolones by microalgae-based
biological treatment is urgently needed via combination techniques to
meet the realistic application.

Mixotrophic cultivation is able to drive microalgae to utilize and
metabolize both organic and inorganic carbon sources simultaneously
for constant growth. Compared with phototrophic (low biomass) and
heterotrophic cultivation (high capital cost), mixotrophic cultivation
could be an ideal and reasonable strategy to handle the challenges for
microalgae-based fluoroquinolone antibiotics bioremediation. In addi-
tion, organic carbon source supply could also act as electron donors for
the co-metabolism of micropollutants, which leads to the enhanced
removal performance of pollutants [23,24]. For instance, it was found
the effective co-metabolism of sulfamethoxazole by Chlorella pyr-
enoidosa with the aid of sodium acetate [24]. Similarly, the co-
metabolism for removing ciprofloxacin of 2 mg/L was potentially
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achieved by Chlorella sp. under a glucose-based carbon source supple-
ment [25]. Thus, the choice of a suitable and sufficient organic carbon
source, acting as the electron donor for the co-metabolism of antibiotics,
is the most important point to establish an efficient microalgae-based
system. To the best of our knowledge, the feasibility and mechanism
of co-metabolism of antibiotics by H. lacustris with the addition of an
organic carbon source remain unclear, which is worth investigating.

To address these challenging issues, in this study, H. lacustris was
employed to explore the removal capability of typical fluoroquinolone
antibiotics with the aid of an organic carbon source supplement.
Furthermore, the possible mechanistic interactions between the
biodegradation of fluoroquinolone and microalgae-based co-meta-
bolism were elucidated. Our findings provide novel insights into the
green and low-carbon microalgae-based treatment of wastewater con-
taining antibiotics for simultaneously promoting valuable product
accumulation, with the mechanisms of microalgae-based pollutants co-
metabolism at molecular levels.

2. Materials and methods
2.1. Algal strain and cultivation condition

Haematococcus lacustris (Chlorophyta, Strain No, CCMP-3127) was
purchased from the Provasoli-Guillard National Center for Marine Algae
and Microbiota (East Boothbay, USA). H. lacustris was maintained in
500 mL of Duran bottles fortified with 400 mL of 0.22 pm membrane-
filtered Bold’s Basal Medium (BBM medium) and placed in an artifi-
cial incubator under a continuous white light-emitting diode at 25 °C
with a 12/12 h of the circadian rhythm. The light intensity of 120
pmol-m~2-s~! was conducted during the macrozooid stage (0-12 days)
and the light intensity of 400 pmol-m~2s~! was conducted during the
hematocyst stage (12-16 days). The 0.22 pm membrane-filtered air-
aerated system was applied through the whole cultivation period at a
feed velocity of 15 mL/min. The initial cell density of H. lacustris for
inoculation was 1 x 10* cells/mL.

2.2. Fluoroquinolone treatments of H. Lacustris

OFL (Purify >98%) and ENR (Purify >98%) were retrieved from
Aladdin (Shanghai, China), and their relevant physicochemical proper-
ties were presented in Table S1. To prepare the biodegradation experi-
ments of two typical fluoroquinolones, OFL and ENR were first dissolved
into dimethyl sulfoxide (DMSO) at 5 mg/mL and 10 mg/mL as stocking
solutions after adequate ultrasonication. Thereafter, the BBM cultivation
medium of H. lacustris was exposed to varying concentrations of OFL and
ENR at 1, 5, and 10 mg/L respectively. All experiments in this study
were conducted with at least three biological replicates. Microalgal
samples were collected at specific time points for further experimental
analyses. The fluoroquinolone treatments supplied with organic carbon
sources were described in Supporting Information.

2.3. Analytical methodologies

2.3.1. Analysis of fluoroquinolone and its intermediates

The quantification of fluoroquinolone was performed by high-
performance liquid chromatography (HPLC, Agilent, USA) equipped
with a C18 column (4.6x150 mm, 5 pm, Agilent, USA) using a UV de-
tector at a 272 nm of detection wavelength. The intermediate of fluo-
roquinolones was identified using a Triple TOF 5600 Q-TOF liquid
chromatography-tandem mass spectrometry (LC-MS/MS) in negative
ionization mode with electrospray ionization (ESI). The protocols in
detail were presented in Supporting Information.

2.3.2. Microalgal photosynthesis measurement
Photosynthetic parameters of H. lacustris, such as the maximum
photochemical efficiency of photosystem II (Fv/Fm), the photosystem II-
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based electron transport rate (ETR) and non-photochemical quenching
(NPQ) during fluoroquinolone treatments supplemented with or without
glycerol, were detected by a commercial phytoplankton photosynthesis
analyzer (PhytoPAM II, Walz, Germany) following the manuals
retrieved from the manufacturers. The CO, utilization efficiency and
typical photosynthetic enzymes of H. lacustris, namely ribulose-1,5-
bisphosphate carboxylase-oxygenase (RuBisCO) and carbonic anhy-
drase (CA), were measured fluoroquinolone treatments supplemented
with or without glycerol during as per the protocols reported previously
[17].

2.3.3. Microalgal biomass evaluation

H. lacustris cells at the scheduled time points were harvested by
centrifugation at 4,000 rpm for 10 min. The pellets were subsequently
transferred into pre-weighed 1.5 mL Eppendorf tubes and dried at 60 °C
for 24 h. The biomass of H. lacustris was evaluated based on the dry cell
weight which was determined gravimetrically at day 16.

2.3.4. Astaxanthin determination

The quantification of astaxanthin retrieved from H. lacustris har-
vested at day 16 was performed by high-performance liquid chroma-
tography (HPLC, Waters, UK) equipped with a reversed-phase C18
column (Waters, UK) using a photodiode array detector at a 460 nm of
detection wavelength. The protocols in detail were presented in Sup-
porting Information.

2.3.5. Analysis of microalgal primary metabolites

The lipid content of H. lacustris was isolated by classical extraction
protocol and subsequently determined gravimetrically. The carbohy-
drate of H. lacustris was extracted by classical phenol-sulfuric acid
method and then detected by spectrophotometry. The protein of
H. lacustris was isolated by RIPA lysis buffer (Beyotime, China) with
phenylmethanesulfonyl fluoride (Beyotime, China) and quantified by a
bicinchoninic acid (BCA) protein assay kit (Beyotime, China). The fatty
acid composition of H. lacustris was transesterified into fatty acid methyl
esters and analyzed by a gas chromatograph-mass spectrophotometer.
The protocols in detail were presented in Supporting Information.

2.3.6. Analysis of residual glycerol in the culture medium

Glycerol in the culture medium was monitored by an HPLC (Agilent,
USA) equipped with a Shodex SUGAR SH1011 column (8.0 mm L.D. x
300 mm, Showa Denko, Japan) using a refractive index detector. The
protocols in detail were presented in Supporting Information.

2.3.7. Transcript analysis of microalgal genes

RNA samples were extracted using the Plant Total RNA Isolation Kit
(Sangon, China) and then transcribed into ¢cDNA using HiScript II Q RT
SuperMix for qPCR (Vazyme, China). The transcript abundances of
genes involved in the cellular metabolism process were determined by
RT-qPCR analysis with primers listed in Table S2 using HiScript II Q RT
SuperMix for qPCR (Vazyme, China) detected on a CFX96 Real-Time
PCR Detection System (Bio-Rad, USA) to analyze the possible enzymes
in fluoroquinolone biotransformation process mediated by H. lacustris.
The protocols in detail were presented in Supporting Information.

2.3.8. Molecular docking and molecular dynamics simulation
The protocols in detail of molecular docking and molecular dynamics
(MD) simulation were presented in Supporting Information.

2.4. Statistical analysis

All experiments were performed on at least biological triplicates and
the data were expressed as mean + standard deviation (SD) (n = 3).
Statistical analyses were executed using GraphPad Prism 8. The detailed
analyses were presented in Supporting Information.
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3. Results and discussion

3.1. H. Lacustris exhibited the potential for fluoroquinolone antibiotics
removal under a co-metabolism system

Microalgae exhibited a typical antibiotic tolerance and biodegrada-
tion capacity depending on different strain-antibiotic combinations
[16]. Although the realistic fluoroquinolones on the risks to the aqueous
environment are still in low concentrations ranging from ng to mg/L
[7,8], the potential of antibiotic removal with a broad range of antibi-
otics should be considered by microalgae-based co-metabolism system
due to the uncertain concentrations in the occurrence of aquatic anti-
biotics. Therefore, the maximum bioremediation capacity of H. lacustris
was investigated in the presence of extremely high concentrations (1, 5,
10 mg/L) of OFL or ENR for the first time in this research. It was found
that H. lacustris could potentially dissipate fluoroquinolone antibiotics
with a wide concentration range (Fig. S1). A previous study has reported
that H. lacustris was considered the most potent species with high
removal efficiencies ranging between 42 and 100% with median value
of 93% against antibiotics in a series of synthetic wastewater [20].
Furthermore, the abiotic removal factors revealed no or/and minor ef-
fects of hydrolysis and photolysis on antibiotic attenuation, which was
in agreement with previous reports [20,26]. In particular, treatment
with a low dose (1 mg/L) resulted in the highest removal efficiencies for
OFL (100%) and ENR (89.71%) (Fig. S2), demonstrating that H. lacustris
can be considered a feasible and promising alternative for the removal of
fluoroquinolone antibiotics. It was surprising that, exposed to a high
dose (5 or 10 mg/L) of antibiotics, the potential of H. lacustris was
significantly inhibited with efficiencies of 37.83% and 21.85% for OFL
removal, and 34.44% and 22.81% for ENR removal (Fig. S2), respec-
tively, implying that the toxicity of the high dose of antibiotics to the
growth of microalgae.

Recent studies have reported that a co-metabolism system supplied
with organic substrates could be an efficient strategy to improve the
tolerance to and biodegradation abilities of antibiotics [24,26,27]. It
was demonstrated that factors, such as nutrient substrate, influence
microalgal metabolism through co-metabolism, and consequently, play
important roles in the upregulation of microalgae-based antibiotic
removal [28]. Therefore, different carbon sources, such as NaHCOs3,
glycerol, acetate, and glucose using a uniform chemical oxygen demand
at 10 g/L equivalent amount, were employed to assess the removal effect
of H. lacustris on the response to high concentrations of fluo-
roquinolones. As shown in Fig. 1A and B, glycerol addition in the
H. lacustris cultures caused a notable increase in the removal efficiency
of antibiotics compared with other carbon sources, which showed that
the microalgae-based co-metabolism was activated by glycerol for
accelerating the biodegradation of antibiotics. Previous reports have
demonstrated that the additional substrates act as electron donors for
the pollutant co-metabolic biodegradation [24]. The level of intracel-
lular pyruvate exhibited a remarkable increase in H. lacustris in the
presence of high concentrations of fluoroquinolones (Fig. S3). Based on
these results, it was speculated that the external carbon source activated
microalgae to form products from glycerol metabolisms, such as pyru-
vate, which is a key component in synergistic metabolism and an
excellent electron donor for biodegrading antibiotics [29].

Liang et al. reported that the co-metabolism system of pollutants
depended on the added amount of external carbon source [30].
Accordingly, a series concentration range of glycerol was added into
H. lacustris cultures exposure to 10 mg/L OFL or ENR. As shown in
Fig. 1C and D, H. lacustris exhibited a higher removal efficiency of an-
tibiotics when exposed to glycerol between 0.05 M and 0.1 M. The dose-
response correlation relates to the exposure concentrations of glycerol.
Generally, higher doses lead to enhanced responses to antibiotic
removal [30]. In particular, 0.075 M of glycerol achieved the maximum
removal efficiency of OFL under co-metabolism, at the same time, 0.05
M was considered as most suitable glycerol concentration for
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biodegrading ENR under co-metabolism due to the highest removal
ability. Moreover, the removal efficiency of H. lacustris was observed to
be inhibited with a higher concentration of glycerol (0.15 M and 0.2 M),
which may be related to the inhibition of microalgae with the addition of
high concentrations of carbon sources [31]. As a result, 0.075 M and
0.05 M of glycerol were selected for the further biodegradation of OFL
and ENR in the subsequent experiments, respectively.

The biodegradation trend of fluoroquinolones by co-metabolism
mediated by H. lacustris was initiated at the beginning during the
period of co-metabolism with a slow rate (Fig. 1E and F), suggesting that
a lag or adaptation phase of antibiotic removal existed in the
microalgae-based co-metabolism system. A previous report also
demonstrated a similar lag phenomenon in microorganisms during the

removal of ozonation products of pharmaceuticals [32]. Furthermore,
the biodegradation trend subsequently achieved the maximum rate
during the log phase and turned to a plateau during the astaxanthin-
accumulation phase. Compared to the residual antibiotics, the removal
content of OFL and ENR by biotic behaviors (i.e., biodegradation, bio-
sorption) reached a maximum content of 7.77 mg/L and 5.13 mg/L,
respectively (Fig. 1G, Tables S3). Specifically, the biodegradation effi-
ciency of fluoroquinolone co-metabolism mediated by H. lacustris was
67.14% and 42.83%, respectively. It can be seen that the removal rate of
fluoroquinolones by H. lacustris was accelerated to varying degrees
when glycerol was added to the medium (Fig. S1), indicating that co-
metabolism triggered an increase in the amount of antibiotic removal
[24,27]. The biodegradation kinetics of OFL and ENR was performed
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using a pseudo-first-order model (Table S4). As expected, the correlation
coefficient (R%) was 0.931 and 0.971, suggesting that the fluo-
roquinolone removal exhibited the goodness of fit to the pseudo-first-
order kinetic model. The constant (k, d’l) was 0.0766 and 0.1056,
indicating a high biodegradation rate of fluoroquinolones during the co-
metabolism mediated by H. lacustris. Taken together, it was postulated
that biotic processes by H. lacustris would be the main behavior
responsible for the removal of fluoroquinolones in the presence of
external glycerol.

3.2. Glycerol supplement stimulated biochemical characterizations of
H. Lacustris under the fluoroquinolones co-metabolism system

As shown in Fig. S4 and discussion in Supporting Information, it is
reasonable to conclude that glycerol-involved co-metabolism of fluo-
roquinolones enhanced the capacity of CO entering into microalgae for
increasing photosynthetic performance through the Calvin-Benson-
Bassham cycle and the CO, fixation, and thereby improving the
biodegradation abilities of H. lacustris. Carbohydrates are formed in
microalgae by photosynthesis, and thus we further analyzed the carbo-
hydrate content during the cultivation period. As expected, the
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carbohydrate of H. lacustris achieved a higher content with glycerol
(Fig. 2A), implying that a higher photosynthetic performance owing to
glycerol supplement contributed to the accumulation of carbohydrate.
In contrast, glycerol as a carbon source for another microalga species
Phaeodactylum tricornutum hardly devoted to the biosynthesis of carbo-
hydrate [33]. Similarly, exogenous glycerol also did not change the
biomass of H. pluvialis [34]. A previous report might provide a possible
explanation that antibiotics might be a carbon source and consequently
improve the cellular carbohydrate reserves for cell growth [35]. Spe-
cifically, the carbohydrate content tended to decline after day 6. One
possible explanation for the sudden decline of carbohydrates is that the
decrease in carbohydrate mainly contributed to the growth of
H. lacustris. On the other hand, the protein content of H. lacustris also
increased significantly (Fig. 2F), suggesting that the carbon flux was
redirected into protein biosynthesis from carbohydrate biosynthesis
after 6 days. Furthermore, the residual glycerol content in the culture
medium was found to be consumed at a stable rate during the macro-
zooid stage (0-12 days) and turned into a quick consumption mode
during the haematocyst stage (12-16 days) (Fig. 2B). Glycerol was
proven to accelerate astaxanthin and lipids accumulation of H. pluvialis
[34]. Hence, we speculated that at the macrozooid stage, the
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consumption of glycerol turned to the contribution of antibiotic
removal; meanwhile, the consumption of glycerol at the haematocyst
stage switched to the dedication of microalgae-based valuable product
accumulation. Zhang et al. demonstrated that the microalgae-based co-
metabolism of antibiotics could be enhanced by adding an external
carbon source, thereby promoting microalgal biomass [36]. A similar
result of biomass has also occurred in this study (Fig. 2C), implying that
microalgal-mediated biodegradation utilizes organic contaminants as
carbon sources for biomass accumulation with a corresponding increase
in antibiotic removal.

Moreover, the astaxanthin content of H. lacustris cultures with
glycerol was higher than that in cultures without glycerol at the hae-
matocyst stage (Fig. 2D). This shows that the glycerol supplementation
on H. lacustris plays a critical role in accelerating the accumulation of
astaxanthin, which is in accordance with the previous report [34]. In
addition, as astaxanthin monoesters are more responsible for bioavail-
ability than other astaxanthin forms, we determined the ester profile of
astaxanthin in H. lacustris cultures. As shown in Fig. 2E, the ratios of
astaxanthin esters were changed significantly by the supplement of
glycerol, with upregulated monoesters and downregulated diesters. This
suggests that the glycerol-involved biodegradation of fluoroquinolones
recalibrated the formation of the ester towards monoesters in H. lacustris
cultures. The protein content of H. lacustris cultures with glycerol was
significantly decreased during the whole antibiotic treatment period
(Fig. 2F), suggesting that H. lacustris cultures with glycerol caused
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carbon precursors to be directed towards carbohydrate biosynthesis
rather than towards protein biosynthesis at the macrozooid stage.
Furthermore, the content of lipids was remarkably increased at the
haematocyst stage (Fig. 2G), demonstrating glycerol-involved co-meta-
bolism system redirected carbon metabolism to lipogenesis at the
microalgal stationary phase [17,31]. It was reported that the astax-
anthin esterification process in Haematococcus is accompanied by fatty
acid biosynthesis [37]. In keeping with this trend, the fatty acid level of
H. lacustris was elevated by using glycerol (Fig. 2H). Moreover, fatty acid
profiles such as C16:0, C16:3, C18:2 and C18:3 were shown as the major
fatty acids with significant changes in the proportions (Fig. S5), indi-
cating the treatment of glycerol caused the change of fatty acid profiles
at the haematocyst stage. These findings are in agreement with our
hypothesis that the enhanced pyruvate caused by glycerol addition can
be converted into acetyl-CoA as precursors for fatty acid biosynthesis,
thereby resulting in the simultaneous increase of astaxanthin and lipid
accumulation.

3.3. Molecular responses of H. Lacustris provided preliminary interactions
between glycerol supply and fluoroquinolones co-metabolism

Previous studies have demonstrated that molecular analyses of
microalgae could reveal the potential mechanism of responses by
numerous treatments [19,31]. As shown in Fig. 3A, the key genes
involved in RuBisCO biosynthesis were constantly decreased, at the
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same time, the glycerol supply significantly improved the expression
level. It was reported that cytochromes P450 (CYP450), one of the most
effective defenders in microalgae, plays a critical role in the biodegra-
dation of antibodies [38]. As expected, two CYP450-related genes were
found to be continuously increased in the presence of glycerol (Fig. 3A),
suggesting that the P450 enzyme system may be the important catalytic
enzyme. Similarly, as shown in Fig. 3E, it was found that the enzymatic
activity of cytochrome P450 reductase (CPR) was similar to the qPCR
result of CPR. Changes in the expression of key genes related to glycerol
metabolism of H. lacustris also illustrated the positive impact of glycerol
on cells (Fig. 3A). The expression level of genes related to astaxanthin
accumulation was shown in Fig. 3B, demonstrating that glycerol sup-
plementation might be responsible for astaxanthin biosynthesis, fatty
acid biosynthesis, and astaxanthin esterification, which provided certain
explanations for the effective astaxanthin accumulation of H. lacustris
under the fluoroquinolones co-metabolism system. In addition, the re-
sults shown in Fig. S6 and discussion in Supporting Information
demonstrated that glycerol activated the enzymatic ROS-scavenging
capacities of H. lacustris, thereby leading to ROS elimination, with the
latter accounting for the accumulation of astaxanthin.

It was found that adenosine triphosphate (ATP) energy is assigned to
maintain cellular antioxidant capacities, thereby ameliorating the
oxidative damage caused by ROS generation [39]. Compared with
H. lacustris cultures without glycerol, glycerol supply to H. lacustris
showed a stable and significant increase in ATP content (Fig. 3C). This
suggests that an increased ATP content might be attributable to ROS
elimination. In addition, excessive ATP content was reported to improve

A Yo N7
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the capacities of pollutant removal in wastewater [40]. Intriguingly, as a
consequence of the amelioration of oxidative damage, the reduced
nicotinamide adenine dinucleotide phosphate (NADPH) content was
significantly higher in H. lacustris cultures with glycerol (Fig. 3D). Apart
from the alleviation function of NADPH to oxidative stress, NADPH also
exhibited a major reducing equivalent for the biosynthesis of
microalgae-based metabolites [19]. Based on these data, thus, it is
assumed that the increase of ATP and NADPH stimulated by glycerol
may provide enough reducing equivalents for concurrently alleviating
oxidative damage and improving microalgae-based products.

3.4. Identification of proposed metabolites of fluoroquinolones under the
microalgae-based co-metabolism system

In order to understand the co-metabolism of fluoroquinolones, the
related biotransformation products of OFL and ENR under the
microalgae-based co-metabolism system were identified by LC-MS/MS
(Figs. S7-S8, Table S5-S6). Moreover, three possible pathways related
to OFL biodegradation, and three proposed pathways related to ENR
biodegradation were presented in Fig. 4. Specifically, in Pathway I, OFL
was converted to OFL-M1 through the processes of deoxygenation,
dehydration and demethylation, and subsequently converted to OFL-M2
via the removal of the piperazine ring and the addition of a ketone
group. In Pathway II, OFL was converted to OFL-M3 through the pro-
cesses of demethylation and decarboxylation. In Pathway III, OFL was
transformed into OFL-M4 by demethylation and deoxygenation. OFL-
M4 converted to OFL-M5 via the processes of defluorination, the
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removal of the piperazine ring, and the addition of a keto group and a
methyl group. OFL-M5 transformed into OFL-M6 by deoxygenation and
dehydroxylation. For ENR biodegradation, Pathway I of ENR contained
two compounds, including ENR-M1 by dehydration and ENR-M2 by
deethylation. In Pathway II, ENR was directly converted to ENR-M3 by
defluorodihydroxylation. In Pathway III, ENR was transformed into
ENR-M4, ENR-M5 and ENR-M6 through demethylation, piperazine ring
cleavage-N-acetylation and piperazine ring cleavage step by step.
Although a total of 12 biodegraded compounds was identified by LC-
MS/MS, which can reflect the possible biodegradation pathways of
fluoroquinolones under the microalgae-based co-metabolism system,
some smaller molecular weight biodegraded products were not identi-
fied because of the detection limit. Moreover, it was speculated that
most fluoroquinolones might be biodegraded into substrates or in-
termediates for the metabolism of H. lacustris to achieve high contents of
astaxanthin and lipid.

Through the analyses of the above biodegradation pathways, the
formation of metabolites during fluoroquinolones biodegradation by
H. lacustris may be catalyzed by the species-specific enzyme system of
microalgae for detoxification in response to antibiotics [41]. The
detoxification metabolism by CYP450 enzymes may be responsible for
the biotransformation of antibiotics [42,43], which is consistent with
our qPCR data shown in Fig. 3A. Moreover, CYP450 enzymes, such as
monooxygenases, dioxygenases, hydroxylases, carboxylases, decarbox-
ylases and etc., are generally involved in the hydrolysis, oxidation, and
reduction reactions for biodegrading antibiotics [42]. Therefore, we
speculated that CYP450 enzymes are involved in the biotransformation
of OFL and ENR to achieve detoxification of fluoroquinolones by co-
metabolism of H. lacustris. There have been several reports on the
degradation of OFL and ENR; however, the formed metabolites are quite
different [44,45]. Although the degraded products from fluo-
roquinolones are different depending on the species of the organism, the
role of CYP450 enzymes is irreplaceable [46,47]. The results shown in
Table S7 and discussion in Supporting Information demonstrated that
the toxicity evaluation of metabolites formed from fluoroquinolone
biodegradation. Taken together, these data plausibly explained the
biodegradation metabolites and also proposed pathways of OFL and
ENR co-metabolism by H. lacustris with glycerol with the aid of CYP450
enzymes.

3.5. The possible mechanistic interactions between the biodegradation of
fluoroquinolone and CYP450 enzymes

A detailed understanding of the molecular interactions between
fluoroquinolone and CYP450 enzymes still requires further investiga-
tion. Two CYP450 enzymes, including p-carotene hydroxylase (CrtR-B)
and CPR, were selected for further analyses of the mechanistic in-
teractions between the biodegradation of fluoroquinolone and CYP450
enzymes. The results of molecular docking revealed hydrogen bonds
between CrtR-B and OFL along with ENR, respectively (Fig. SOA and B).
Furthermore, there were five hydrogen bonds between CPR and OFL,
and three hydrogen bonds between CPR and ENR (Fig. S9C and D,
Table S8). This suggests the tight binding of fluoroquinolones to CPR
active pocket, thereby leading to the higher stability of CPR-OFL/ENR
complexes than that of CrtR-B-OFL/ENR. In addition, the CYP450 in-
hibition assay demonstrated that CPR-mediated activation might be
responsible for fluoroquinolones biodegradation under the microalgae-
based co-metabolism system (Fig. S10). Therefore, CPR was selected
for further analyses. It was well known that CPR has the ability to
metabolize exogenous compounds [48,49]; however, the underlying
molecular mechanism of CPR-mediated biodegradation of fluo-
roquinolones still remains unknown. Therefore, we predicted the
possible metabolic sites of CPR-OFL/ENR complexes based on molecular
docking and MD simulation to analyze the potential binding mechanism.

Root-mean-square deviation (RMSD) is a prominent structural and
dynamic parameter for investigating conformational stability [50]. As
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shown in Fig. 5A and B, the RMSD values of CPR-OFL and CPR-ENR did
not change after 15 ns and 14 ns, respectively, demonstrating that the
complex conformation of CPR-fluoroquinolones appeared to reach
convergence. Furthermore, the RMSD values of CPR-OFL/ENR com-
plexes were similar to that of CPR, suggesting that a strong binding
existed between the OFL/ENR and CPR. Radius of gyration (Rg) acts as
one key indicator of the protein structure compactness, which can reflect
the stable conformation status of the complexes [51]. It was reported
that the Rg value of CPR-OFL gradually decreased until 14 ns to reach
relative stability (Fig. 5C); meanwhile, the Rg value of CPR-ENR rose at
first and turned to decrease after 8 ns (Fig. 5D). Furthermore, the fluc-
tuations of the Rg values of CPR-OFL/ENR and CPR exhibited strong
consistency and converged to equilibrium, implying that the CPR-OFL/
ENR complexes were well-folded. Root-mean-square fluctuation (RMSF)
represents the fluctuation of each atom or residue within a definite time
period during the protein dynamic simulation, which reflects the flexi-
bility of protein during the MD simulation [52]. It was shown that the
RMSF value of CPR-OFL is higher than that of CPR (Fig. 5E), indicating
that the binding of OFL induced to an increase of flexibility to adjust to a
stable conformation of CPR-OFL complex. Moreover, the RMSF value of
CPR-ENR demonstrated a slight decrease in residue numbers of 49-62
and 81-123 (Fig. 5F), implying the restricted movement of the CPR-ENR
complex might be related to the tight bind between CPR and ENR
(Supplementary Movies 1 and 2). These data were in agreement with the
results of MD evolution shown in Fig. S11 and discussion in Supporting
Information.

To clearly clarify the interactions between CPR and OFL/ENR, MM/
PBSA method was performed to calculate the binding free energy based
on the values of van der Waals interactions, electrostatic interactions,
polar solvation, and non-polar solvation interactions [52]. As shown in
Tables S9 and S10, the values of binding free energies (AGpinding) of CPR-
OFL and CPR-ENR indicated that OFL and ENR can easily and tightly
bound to CPR. It was reported that the residues less than —1.0 kcal/mol
of the binding energy contribution are considered key residues for
investigating molecular recognition of small molecular ligands by pro-
teins [53]. As expected, the contribution energy of CPR residues to OFL
or ENR was less than —1.0 kcal/mol in several residue numbers (Fig. 5G
and H). Specifically, Leu6, Cys84, Alal12, Tyr122, Vall123, and Met154
were found to be potential residues for the contribution of binding free
energy (Fig. 5I), while Cys84, Asp121, and Vall123 were found to form
hydrogen bonds to efficiently bind to CPR (Fig. 5J). As shown in Fig. 5K
and L, Pro51, Arg85, Alall2, Tyrl22, Vall23, and His153 were
considered the main contributions to binding energy, and Alall2,
Serl14, and Val123 were found to participate in the formation of
hydrogen bonds, resulting in efficient and tight binding of ENR to CPR.
Taken together, OFL and ENR might insert into CPR binding pocket to
ultimately form an effective and tight binding conformation for the
biodegradation of antibiotics in microalgae.

4. Conclusion

In this study, the feasibility of alga H. lacustris for the synergistic
performance of fluoroquinolones was systematically investigated under
a co-metabolism system. The retrieved results reveal that H. lacustris
exhibited good potential for antibiotics removal in 1 mg/L of fluo-
roquinolone. Glycerol as an excellent substrate improved the capabil-
ities of physiological and oxidative responses of H. lacustris, which are
crucial for fluoroquinolone removal. Consequently, the biodegradability
of H. lacustris for extremely high concentrations of antibiotics driven by
glycerol was improved significantly, accompanied by the simultaneous
increase of microalgal astaxanthin and lipid. Molecular analyses and MD
simulations indicated that CYP450 enzymes, especially CRP, were able
to efficiently and tightly bind to fluoroquinolones while contributing to
the biodegradation of fluoroquinolones by H. lacustris. In summary, we
demonstrate how the alga Haematococcus lacustris could biodegrade
fluoroquinolones under a glycerol-involved co-metabolism system for
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simultaneously increasing astaxanthin and lipid production. This study
provides a novel and low-carbon strategy for the sustainable biodegra-
dation of extremely high concentrations of antibiotic pollution accom-
panied by valuable product accumulation of microalgae. Although the
realistic fluoroquinolones on the risks to the environment are still in ng
to mg/L levels, the broad biodegradability of antibiotics is needed in this
microalgae-based co-metabolism system due to the uncertain concen-
trations in the occurrence of aquatic antibiotics. Of course, it will be
worthy of further study to confirm the realistic application of this
microalgae-based co-metabolism system in real antibiotic-containing
wastewater in the future.
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