
Study on the degradation and
metabolic mechanism of four
quinolone antibiotics by
mixed strains

Hongdan Wang1,2, Qiaoning Wang1,2, Min Lv1,2, Zhihua Song3,
Jialuo Yu1, Xiaoyan Wang4, Jinhua Li1,2 and Lingxin Chen1,2,5*
1CAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Shandong
Research Centre for Coastal Environmental Engineering and Technology, Yantai Institute of Coastal
Zone Research, Chinese Academy of Sciences, Yantai, China, 2Laboratory for Marine Biology and
Biotechnology, Pilot National Laboratory for Marine Science and Technology, Qingdao, China, 3School
of Pharmacy, Yantai University, Yantai, China, 4School of Pharmacy, Binzhou Medical University, Yantai,
China, 5Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, China

Quinolone antibiotics are a common class of antibiotics in the environment and
have received considerable attention. In this study, three groups of mixed
degradation strains targeting mixed quinolone antibiotics, norfloxacin (NOR),
and enrofloxacin (ENR) were selected through screening, enrichment, and
microbial diversity detection experiments. The strains screened in this study
are divided into two categories through degradation efficiency experiments,
community composition detection and functional enrichment analysis. In
groups mix and ENR, the resistant bacteria are the main microorganisms and
the degrading bacteria are the secondary ones, while in group NOR, the strains
with degradation effects are themain ones, and the strains with resistance effects
are the secondary ones. What’s more, that carbon sources have little effect on the
community composition of the quinolone antibiotic degrading and tolerant
bacteria, the difference between groups is mainly controlled by the type of
antibiotics. On this basis, we found the key to NOR degradation is the cleavage of
carbon nitrogen bonds on the piperazine ring, followed by oxygenation and
deethylation. Preliminary studies have confirmed that the optimal degradation
conditions for NOR degrading strains, and also found that environmental factors
did not significantly affect the degradation efficiency of the Mix and NOR
degrading strains, which indicating that the mixed bacteria can degrade NOR
in different real environments effectively such as tap water, seawater, river water,
and lake water. This manuscript is the first report on a mixed strain of quinolone
antibiotic microbial degradation, and it is also the study with the highest NOR
degradation efficiency among known reports. It has great research value for the
co-metabolism and biodegradation of quinolone antibiotics in the environment.
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1 Introduction

Quinolone antibiotics are a common class of antibiotics
discovered in the early 1960s, which contain a bicyclic core
structure related to compound 4-quinolone. It has broad-
spectrum activity against both Gram positive and Gram negative
bacteria. Its function is to inhibit bacterial nucleic acid and cause
damage to its chromosomes (Han et al., 2021; Jiwanti et al., 2022).
Since 1980, antibiotics have been used in the aquaculture industry,
and quinolones (QNs) are also one of the most commonly used
antibiotics in aquaculture. Due to the low bioavailability, high
polarity, and strong adsorption capacity of QNs, they have been
widely detected in freshwater and seawater environments, and have
caused cardiac developmental toxicity, neurotoxicity,
immunotoxicity, neurotoxicity and other toxic effects to aquatic
organisms such as zebrafish embryos (Danio rerio) (Xiao et al., 2018;
Han et al., 2021), Chinese shrimp (Fenneropenaeus chinensis)
(Zhang et al., 2011), peacock fish (Poecilia reticulata), which
seriously threaten the development of aquaculture and human
health, becoming one of the most important emerging pollutants
in the world (Kovalakova et al., 2020).

Currently, there are multiple methods and pathways for
studying the degradation of antibiotic pollutants in the
environment, such as physical adsorption (activated carbon (Fu
et al., 2017), Biochar-Chitosan Composite Microspheres (Liu et al.,
2018)), chemical degradation (microbial fuel cell (MFC) (Li et al.,
2017; Xu et al., 2021), Metal-organic polyhedron catalyzed
photodegradation (Huang et al., 2022), UV and persulfate
(Huang et al., 2022) and so on), microbial degradation (Kim
et al., 2011; Wang and Wang, 2018) and other types of methods
to remove residual antibiotics from the environment. Compared
with other methods, microbial decomposition method has lower
cost, higher decomposition efficiency, and less environmental
pollution. It is considered one of the main methods for removing
QNs in the natural environment and wastewater treatment at
this stage.

Microbial degradation refers to the degradation of QNs
antibiotics into various other degradation products under the
action of microbial degrading bacteria. It is known that
Lactobacillus reuteri WQ-Y1 can degrade fluoroquinolone
antibiotics with a piperazine ring structure, with the highest
degradation rate of 65.1% in 4 mg/mL ciprofloxacin (CIP)
medium. Additionally, 1 mg/mL of glucose in Minimal Salt
Medium (MSM) can enhance the degradation effect of CIP (Qu
and Xiao, 2021). In addition, Labrys portucalensis F11 and
Rhodococcus sp. FP1 have also been identified to have the ability
to degrade ciprofloxacin and OFLX (Amorim et al., 2014; Maia et al.,
2018). Some fungi can also degrade CIP through n acetylation,
deethylene n acetylation, and/or n formylation reactions under the
catalysis of functional enzymes (Parshikov et al., 2001). Most studies
on the biodegradation of QNs focus on individual bacteria in pure
cultures, while there are few reports on the degradation of QNs by
mixed strains. Some studies have also shown that multiple strains
typically have higher antibiotic degradation efficiency compared to a
single strain, making mixed bacteria an effective method for
removing antibiotics from the environment (Kassotaki et al., 2016).

In this study, the degradation efficiency of 20 mg/L norfloxacin
(NOR) by composite microbial communities such as Acinetobacter

bereziniae, Aeromonas caviae, Comamonas testosteroni,
Pseudomonas putida, etc. reached 96.76% through screening,
enrichment, and microbial diversity detection experiments. On
this basis, we explored the molecular mechanism of QNs
degradation by mixed bacteria, revealed the resistance
mechanism related to protein outer membrane protein and
peroxidase overexpression, and screened the key proteins for
QNs degradation. Preliminary studies have confirmed that
salinity has a small impact on the degradation efficiency of
mixed bacterial communities, indicating that the mixed bacteria
can effectively degrade QNs in different real environments such as
tap water, seawater, river water, and lake water. This manuscript is
currently known to have the highest NOR degradation efficiency in
the report. The study of the biodegradation and degradation
mechanism of QNs in the environment has important
reference value.

2 Materials and methods

2.1 Chemicals and media

Quinolone antibiotics were purchased from J&K Chemical Inc.
(Beijing, China), including Ofloxacin (OFLX), norfloxacin (NOR),
ciprofloxacin (CIP), enrofloxacin (ENR). Acetonitrile (high
performance liquid chromatography (HPLC) - grade) was
purchased from CNW Technologies (Duesseldorf, Germany).
Other chemical reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China).

The minimal medium (MM medium) had all the essential
nutrients for bacteria except carbon, and QNs-degrading bacteria
were enriched in the MM medium adding 20 mg/L QNs (OFLX:
NOR:CIP:ENR = 1:1:1:1), 20 mg/L OFLX, 20 mg/L CIP, 20 mg/L
NOR or 20 mg/L ENR as the only carbon namely the enrichment
medium (Mix-MM, OFLX-MM, CIP-MM, NOR-MM, ENR-MM
medium). The enriched QNs-degrading bacteria were isolated on
the isolationmediumwhich was the solidmedium of the enrichment
medium by adding 1.5% wt/vol agar powder. All bacteria were
recovered and cultured in the growth medium (2216E seawater
medium) which had adequate nutrients for bacteria (Wang et al.,
2020). All of the above mediums and buffer solutions were autoclave
sterilized. The formulation of all mediums is described in
Supplementary Table S1.

2.2 Enrichment of QNs-degrading bacteria

In this study, we selected 20 mg/L Mix-MM, OFLX-MM, CIP-
MM, NOR-MM, ENR-MM medium as the only carbon source to
screen QNs degrading bacteria in the environment and we collected
sediment from the mouth of the Guangdang River in Yantai City,
Shandong Province as a source for screening degradation strains of
QNs. Firstly, 5 ± 0.5 g of sediment were taken and placed in 200 mL
of the Mix-MM, OFLX-MM, CIP-MM, NOR-MM, ENR-MM
medium. The liquid culture medium containing sediment was
placed in an air bath constant temperature oscillator and shaken
for 1 week at 30 °C and 180 rpm. To ensure that the screened mixed
strains have QNs degradation and resistance characteristics, the he
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mixed culture medium was divided into two parts for subsequent
experiments: (1) accurately suck 1.5 mL of mixed culture solution
using a pipette and place it in a 1.5 mL centrifuge tube. Then place it
in a low speed centrifuge at 10,000 rpm for 2 min. Discard the
sediment and filtered with 0.22 μm pore size polyethersulfone
membrane (Jinteng experimental equipment Co., Ltd., Tianjin,
China), the filtered filtrate is placed in a liquid phase injection
bottle and detected for QNs by high-performance liquid
chromatography- Ultraviolet Spectroscopy (HPLC-UV). (2) when
a significant decrease in the concentration of QNs was detected in
experimental step (1), 200 mL of the Mix-MM, OFLX-MM, CIP-
MM, NOR-MM, ENR-MMmedium was recalibrated, and 10 mL of
the above mixed culture medium was accurately aspirated using a
pipette and added to a new culture medium. This experimental step
was repeated 5 times. When no changes in the concentration of QNs
were detected in step (1) of the experiment, a new sampling site was
selected and sediment samples were taken again, repeating the above
experimental process.

In this experiment, HPLC-UV was used to detect the
concentration of QNs. The experimental conditions were: column
temperature 35 °C, mobile phase 0.4% acetic acid solution:
acetonitrile = 80:20, and injection volume 10 μ L. The injection
time is 6 min, the flow rate is 1 mL/min, and the detection
wavelength is 294 nm. The degradation efficiency of QNs is
calculated according to formula 1.

R � C0 − Ct

C0
× 100% (1)

R is defined as the degradation rate (%) of QNs, C0 is the
concentration of QNs in the control group (mg/L), and Ct is the
concentration of QNs in the experimental group (mg/L).

2.3 Isolation of mixed QNs-
degrading bacteria

The selected mixed QNs-degrading bacteria (in Mix-MM,
NOR-MM, ENR-MM) was has been proven to have significant
degradation effects. 1mL mixed Mix, NOR, ENR-degrading
bacteria were incubated in 50 mL Mix-MM, NOR-MM, ENR-
MM medium and Mix-lysogeny broth (LB), NOR-LB, ENR-LB
medium as the experiment group at 30°C, 160 rpm for 3 days to
simulate the actual environment with sufficient and insufficient
carbon sources, which were randomly divided into six groups:
Mix-MM group, NOR-MM group, ENR-MM group, Mix-LB
group, NOR-LB group, ENR-LB group. 1mL bacterial
suspension was collected after 7 days, and then detected by
HPLC-UV after filtering using 0.22 μm polyethersulfone
membrane. Meanwhile, the bacterial cells of the experiment
group were collected after 7 days by centrifugation at
10,000 rpm for 2 min, and DNA was extracted using Bacterial
DNA Kit D3350 (Omega, Shanghai, China). Then the composition
of microbial community diversity was analyzed by the Illumina
MiSeq platform of Shanghai Majorbio Bio-pharm Technology Co.,
Ltd. (Shanghai, China) for sequencing according to
standard protocols.

The PE reads obtained from Illumina sequencing are first
concatenated based on the overlap relationship, while quality

control and filtering are performed on the sequence quality. After
distinguishing the samples, operational taxonomic units (OTU)
clustering analysis and species classification analysis are
performed. Based on OTU, multiple diversity index analysis can
be performed. Based on the results of OTU clustering analysis,
multiple diversity index analysis can be performed on OTU, as well
as detection of sequencing depth; Based on taxonomic information,
statistical analysis of community structure can be conducted at
various classification levels.

Raw fastq files were quality filtered by Trimmomatic andmerged
by Flash version 1.2.7. To detect the species richness in each sample,
the effective tags in all samples is classified as operational taxonomic
units (OTUs) based on 97% sequence similarity using UPARSE
(version 7.0.1090 http://drive5.com/uparse/). The 16s rRNA gene
sequence was classified and annotated by Silva database
(Release138 http://www.arb-silva.de). Alpha-diversity (α) was
assessed using the species richness indices (ace, chao and sobs)
and diversity indices (shannon) by Mothur version 1.30.2 (https://
www.mothur.org/wiki/Download_mothur). The KEGG and COG
function prediction of 16s sequence is completed by PICRUSt
version 1.1.0.

2.4 Biodegradation experiments

2.4.1 Growth curve of mixed QNs
degrading bacteria

The mixed strains of Mix, NOR, and ENR degradation selected
in 2.2 were resuspended in LB medium at 30°C and shaken at 180 r/
min for 8–12 h to achieve a bacterial concentration of 1 OD. The
activated bacterial solution was added to 200 mL of Mix-LB, NOR-
LB, and ENR-LB medium, with an OD value of 0.05. The
experimental conical flask was placed in a 30°C constant
temperature incubator and shaken at 180 rpm for 24 h. Take
1 mL of LB every 2 h for cultivation. Based on measuring the UV
absorbance at a wavelength of 600 nm using a UV visible
spectrophotometer, plot the OD-t growth curve of the mixed
strain in LB culture medium.

2.4.2 Detection of NOR degradation products
The mixed strains of NOR degradation selected in 2.2 were

resuspended and added to 200 mL of NOR-MM medium, with an
OD value of 0.05. The experimental conical flask was placed in a
30°C constant temperature incubator and shaken at 180 rpm for
7 days. Then samples were collected to detect the NOR degradation
products of mixed bacteria by HPLC-ESI-MS/MS.

2.5 Effects of initial concentration, pH, and
salinity on QNs degradation

QNs initial concentration, pH, and salinity were selected to
investigate their effects on QNs biodegradation by mixed bacteria.
Mix, NOR, and ENR initial concentrations were set to 1, 5, 10, 20,
50 mg/L. The pH values were set to 5, 6, 7, 8, 9 (shown in
Supplementary Table S2), the seawater proportions were set to
0%, 20%, 40%, 60%, 80%, 100% with PBS buffer. Both QNs
initial concentrations were 20 mg/L, the inoculum amount of the
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bacteria cell was 108 CFU/mL, and bacterial suspensions were
detected after 7 days.

2.6 Data analysis

All data presented were the mean values of three independent
sets of experiments. Each value was expressed as means ± standard
deviation (S.D.). All data were tested for normality (Kolmogorov-
Smirnov) and homogeneity of variance (Levene). Statistical analysis
was carried out by one-way ANOVA using the Duncan’s test to
evaluate whether the means were significantly different (p < 0.05).
The statistical software SPSS 19.0 was used for all statistical
calculations.

3 Results and discussion

3.1 Screening of QNs degrading bacteria

In this study, the mixed bacteria which could degrade ENR,
NOR efficiently and possess OFLX, CIP resistance simultaneously
was enriched after repeated screening. The degradation rate of
NOR single antibiotic is the highest, reaching 98.66% (Figure 1).
The highest degradation rate of norfloxacin by the degrading strain
in this experiment at 20 mg/L was better than the currently known
degradation rate of 34%–92.6% (Fu et al., 2017; Gu, 2023),
indicating that the selected NOR degrading bacteria in this
study have good application prospects. In repeated experiments,
no significant decrease in antibiotics was observed in the
experimental groups OFLX-MM and CIP-MM, confirming that
no mixed strains capable of significantly degrading single
antibiotics OFLX and CIP were screened in this batch of
environmental samples. However, due to the high degradation
efficiency of NOR, we choose to continue exploring the
degradation mechanisms of NOR and ENR groups with
degradation efficiency. Although the degradation strain of
OFLX, CIP was not selected in this experiment, it was
confirmed through the Mix-MM group experiment that the
mixed strain has both OFLX, CIP resistance. Similar

experimental results were observed in Dae Wi Kim’s research,
Microbacterium sp. strain 4N2-2 did not grow on norfloxacin as a
sole carbon source, but when adding other nutrients, it produced
four possible metabolites from norfloxacin. Meanwhile, it also
confirms that in this study some bacteria may degrade NOR and
ENR to metabolites with less antibacterial activity that could be
subject to further degradation by other microorganisms, in
combination with these organic substances, the strain can
exhibit degradation characteristics or resistance to OFLX and
CIP (Kim et al., 2011).

3.2 Identification of QNs degrading bacteria

The raw data sets are available at the NCBI SRA with the
accession number: SUB14112108. Complete diversity data
analysis of 6 samples and obtain an optimized sequence of
450830193001211 bases, with an average sequence length of
428bp. The detailed information on each sample was shown in
Supplrementary Material. The top 5 species at the phylum level
include Proteobacteria, Bacteroidota, Actinobacteriota, and
unclassified Bacteria. The top 5 species at the genus level include
Klebsiella, Comamonas, Stenotrophomonas, Aeromonas,
Dysgonomonas.

Klebsiella pneumoniae (K. Pneumoniae) is an important
multidrug-resistant (MDR) pathogen affecting humans and a
major source for hospital infections associated with high
morbidity and mortality due to limited treatment options
(Navon-Venezia et al., 2017) and has been extensively tested for
its resistance to QNs (Martinez-Martinez et al., 2002; Paulraj et al.,
2019). The QNs target bacterial topoisomerases to inhibit DNA
replication. The mechanism of resistance of K. Pneumoniae to
fluoroquinolones mainly includes mutations in the
aminoglycoside acetyltransferase gene AAC (6)-Ib, production of
MDR efflux pumps, and plasmid carrying resistance gene qnr
(Redgrave et al., 2014). K. pneumoniae strains producing
extended-spectrum β-lactamases (ESBL) and carbapenemases are
more frequently resistant to fluoroquinolones than K. Pneumoniae
strains lacking these enzymes (Martinez-Martinez et al., 2002; Wei
et al., 2015), and multiple vitamins have an inhibitory effect on this
resistance (Paulraj et al., 2019). Mechanisms of resistance were
determined in 33 quinolone-resistant isolates of the species
Aeromonas hydrophila, Aeromonas caviae, Aeromonas media,
Aeromonas salmonicida, Aeromonas popoffii and Aeromonas
veronii, recovered from humans, freshwater and eels by Elena
Alcaide and Jordi Vila (Vila et al., 2002; Alcaide et al., 2010),
and the mechanism of QNs resistance in the Aeromonas isolates
studied was related to mutations in quinolone resistance-
determining regions (QRDRs) of gyrA and parC genes.

In addition, it was also possible that antibiotics degradation by
the mixed bacteria related to bacterial co-metabolism. Co-
metabolism was an important mechanism of antibiotics
biodegradation in the environment. The dominant strains
detected in this study, Comamonas, Stenotrophomonas, and
Dysgonomonas, have not yet been reported to be able to degrade
QNs. However, the question of whether intermediate products in the
degradation process of QNs can be utilized and whether they have
resistance to QNs is still worth further research.

FIGURE 1
The degradation rate of mixed bacteria in Mix-MM, ENR-MM and
NOR-MM group.
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3.2.1 Species composition analysis
Through comparative analysis of the number of common and

unique species (such as OTU) in 6 samples, it was found that
5 species coexist, mainly including Klebsiella pneumoniae,
Stenotrophomonas acidaminiphila, Alcaligenes faecalis, Delftia
tsuruhatensis, and Aeromonas Caviae (Figure 2A). In addition,
the main degradation strains of NOR include: Methylorubrum
extroquens, Leucobacter sp., Stenotrophomonas sp.,
Brevundimonas sp., Shinella sp., Castellaniella sp.,
Parapusillimonas sp., Phenylobacterium sp. and Flavobacterium.
Among them, the community abundance of Leucobacter sp.
account for 48.91% of the unique degradation bacteria of NOR-
MM group, significantly higher than Shinella sp., which accounts for
14.13% (Figure 2B). Combined with the experimental results of
shared strains, Shinella sp. and Comamonas testosteroni are the
dominant strains in NOR-MM group.

By analyzing the community composition of 6 samples, the
research results of the community barplot and community hotmap
showed that Klebsiella pneumoniae was the main degrading bacteria
of Mix-MM group, ENR-MM group, Mix-LB group and ENR-LB
group. Comamonas was the main degrading bacteria of NOR-MM
group and NOR-LB group. In addition, Comamonas also holds an
important position in the ENR-MM group and Mix-MM group. In
the inter group comparative analysis of species diversity, Beta
diversity analysis also confirmed the results, with a stronger
correlation between NOR-LB group and NOR-MM group, while
the similarity in community composition between Mix-MM group,
ENR-MM group, Mix-LB group, and ENR-LB group was stronger.

However, it has not yet been seen to have a degradation effect or
resistance to antibiotics. Although there is no literature confirming
the biodegradability of QNs in Leucobacter sp. currently,
Actinobacteria, such as Corynebacterium and Leukobacterium, are
often the main carriers of sulfonamide resistance (SR) genes
(sul1 and intI1) (Lin et al., 2017; Xia et al., 2019).In previous
studies, Comamonas testosteroni has been confirmed to be able to
degrade organic substances such as hexachlorobenzene (Dimova

et al., 2022), phenanthrene, naphthalene (Goyal and Zylstra, 1997),
and 4-chlorophenol (Bae et al., 1997; Wang et al., 2020). What’s
more, it can be found in Figure 3 that carbon sources have little effect
on the community composition of the QNs degrading and tolerant
bacteria, the difference between groups is mainly controlled by the
type of antibiotics. Based on the results of degradation efficiency
experiments, it has been confirmed that the strains screened in this
study are divided into two categories. In groups Mix and ENR, the
resistant bacteria are the main microorganisms and the degrading
bacteria are the secondary ones, while in group NOR, the strains
with degradation effects are the main ones, and the strains with
resistance effects are the secondary ones.

3.2.2 Functional prediction analysis
In this study, we obtained the COG family information and KEGG

Ortholog (KO) information corresponding to each OTU through the
greengene id corresponding to each OUT. And calculate the
abundance of each COG and the abundance of KO. Based on the
information in the COG database (Figure 4A), the description
information and functional information of each COG can be
parsed from the eggNOG database to obtain a functional
abundance spectrum. We observed that the most frequently
represented functional clusters in our transcriptome on the COG
database were “Amino acid transport and metabolism”, “Inorganic
ion transport and metabolism.” Through clustering analysis of the
COG function in the NOR-MM group (Figure 4B), it was found that
there was a significant enrichment of functions such as “Amino acid
transport andmetabolism”, “Inorganic ion transport andmetabolism,”
“Energy production and conversion” and “Translation, ribosomal
structure and biogenesis.” In the study of the functional annotation
of GOG, it was found that the 6 groups of samples were mainly
involved in functional processes such as “amino acid transport and
metabolism” and “inorganic ion transport and metabolism,”
supporting the previous conclusion that carbon source is not the
main factor affecting the composition of degradation strain
communities proposed by the author.

FIGURE 2
(A) Venn diagram of the comparative analysis of the common and unique species in 6 samples. (B) Pie diagram of ENR-MM group community
composition.
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KEGG pathway analysis performed functional prediction
analysis on 16S sequencing data from 6 groups of samples
(Figure 5), and the results showed that the 6 groups of samples
were significantly enriched in multiple pathways such as “metabolic
paths,” “biosynthensis of secondary metabolites,” and “microbial
metabolism” in diverse environments. In addition, the NOR-LB
group and NOR-MM group also showed significant enrichment in
signaling pathways such as “ABC transporters,” “Biosynthesis of
amino acids,” “Two component system,” “Carbon metabolism,” and
“Quorum sensing” and so on.

The 6 groups of samples were significantly enriched in various
pathways such as “metabolic pathway,” “biosynthesis of secondary
metabolites,” and “microbial metabolism” which confirmed that the
selected degradation strains have the degradation effect of NQs,
which can be degraded by metabolizing NQs or metabolic
intermediate metabolites in the environment. At the same time,
signal pathways such as “ABC transporters” and “Biosynthesis of
amino acids” in the NOR-MM group were significantly enriched,
confirming that NOR may increase drug resistance by passive
diffusion through the cell membrane into the next metabolic
process or enhancing the antioxidant system.

3.3 Growth curve of mixed QNs
degrading bacteria

As shown in Figure 6A, the mixed strain showed a rapid growth
effect after 4 h with sufficient carbon source. However, in the pre
experiment, MM culture medium did not show a similar effect,

confirms that the addition of carbon sources can promote the
sustained and stable growth of mixed strains, but the impact on
community composition is not significant. At 22 h, the growth of the
Mix-LB group reached its peak for the first time, while the first peak
of the ENR-LB group appeared at 24 h. The mixed bacteria in the
NOR-LB group showed sustained and stable growth in the
presence of NOR.

3.4 Effects of initial concentration, pH, and
salinity on QNs degradation

3.4.1 The effect of initial concentration on the
degradation of QNs

In this experiment, concentration gradients of QNs (Mix, NOR,
ENR) were set at 1, 5, 10, 20, and 50 mg/L, respectively. Samples
before cultivation were taken as the control group and samples after
7 days of degradation were taken as the experimental group. The
conversion rate of NQs was detected and calculated by HPLC-UV.
The results are shown in Figure 6B. Firstly, the degradation rate of
Mix-MM group by the mixed strains remained at 20%–30% under
various concentration conditions, and there was no significant linear
relationship between the degradation rate and the initial
concentration. Secondly, the degradation rate of ENR-MM group
remained at 5%–20% under various concentration conditions, and
there was no significant linear relationship between the degradation
rate and the initial concentration. And it is lower than the 80%
degradation rate obtained by the strain Thermos sp.C419 (Pan et al.,
2020), indicating that compared to other studies, the degradation

FIGURE 3
(A) The community barplot analysis. (B) The community heatmap analysis. (C) Sample Beta Diversity Analysis.
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rate of enrofloxacin by this mixed strain is not ideal. Finally, the
degradation rate of NOR-MM group at a concentration of 20 mg/L
reached 76.36%, approaching the 78% (14 days) degradation rate
obtained from the Microbacterium sp. 4N2-2 (Kim et al., 2011) and
the possible linear relationship needs conditioning in the future.
Compared to the 20 mg/L group, the degradation efficiency of
50 mg/L was significantly reduced, indicating that the mixed
strains had insufficient tolerance to ultra-high concentrations of
NOR. Therefore, it indicates that excessive concentration (50 mg/L)
of NOR still has an inhibitory effect on the growth of degrading
strains. The 20 mg/L group showed a higher degradation effect,
which indirectly confirmed the presence of NOR provided energy
for the inventory of the strain. In the study on the degradation effect
of antibiotics by Aeromonas caviae and mixed strains, it was found
that mixed strains have more advantages in antibiotic degradation at
high concentrations compared to single strains.

3.4.2 The effect of pH on the degradation of QNs
In this experiment, QNs (Mix, NOR, ENR, 20 mg/L) were

added to a pH buffer, and three replicates were set up. After
7 days of cultivation at 30°C and 160 r/min, the conversion rate
of NQs was detected and calculated by HPLC-UV. The results
are shown in Figure 6C. Firstly, the degradation rate of Mix-
MM group by mixed strains remained between 15% and 30%
under various pH conditions, with low degradation rate and no
significant linear relationship with pH. Secondly, the
degradation rate of ENR-MM group remained below 10%
under various pH conditions, with low degradation rate and
no significant linear relationship with pH. Thirdly, under the
condition of pH 7, the degradation rate of NOR-MM group can
reach to the peak as high as 97.55%, and as the pH decreases, the
NOR degradation efficiency significantly decreases. Overall, the
degradation strains of Mix and ENR groups were not strongly

FIGURE 4
(A) The COG functional classification analysis in 6 samples. (B) The COG functional classification analysis in NOR-MM group.
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affected by pH, while the mixed strains of NDR group were
more significantly affected by environmental pH. Adamek et al.
(2016) found that in rivers with severe antibiotic pollution,
there is a significant positive correlation between the biological
removal rate of antibiotics and pH, that is, the higher the pH,
the higher the antibiotic removal rate. In the process of
photodegradation, the degradation rate of antibiotics is
negatively correlated with pH, meaning that the degradation
rate of antibiotics is higher at low pH (Lester et al., 2012). Some
studies have shown that pH can affect the degradation
efficiency of antibiotics and other pollutants by affecting
bacterial growth, reproduction, and enzyme activity in the
bacterial (Wang and Wang, 2018), which explains that the
degradation efficiency of the NOR experimental group with
high degradation efficiency in this manuscript is greatly
affected by pH in the environment.

3.4.3 The effect of salinity on the degradation
of QNs

In this study, 20 mg/L QNs (Mix, NOR, ENR) were added to
different seawater ratios of culture medium. Three replicates were
set up and cultured under the same conditions. Samples were taken
before and 7 days after cultivation, and the conversion rate of QNs
was measured and calculated by HPLC-UV. The results are shown
in Figure 6D. As shown in the figure, the degradation rate of Mix-
MM group by the mixed strains remained around 30% under
various salinity conditions, with low degradation rate and no
significant linear relationship with salinity. The degradation rate
of ENR-MM group remained around 10% under various salinity
conditions, with low degradation rate and no significant linear
relationship with salinity. The response of Mix-MM and ENR-
MM group to salinity is not significant, which may be related to
the widespread presence of monarch K. pneumoniae in the

FIGURE 5
The KEGG functional classification analysis in 6 samples.
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FIGURE 6
(A) Growth curve of mixed QNs degrading bacteria. (B) The Effect of initial concentration on the Degradation of QNs. (C) The Effect of pH on the
Degradation of QNs. (D) The Effect of salinity on the Degradation of QNs.

FIGURE 7
(A) The mass spectrogram of Norfloxacin. (B) The proposed Degradation pathway of Norfloxacin.
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environment (Navon-Venezia et al., 2017). Therefore, the impact of
environmental factors on its effectiveness is not significant.

The degradation efficiency of NOR-MM group decreases with
increasing salinity. Under the condition of pure seawater with 100%
salinity, the degradation rate is about 60%, while under the condition
of zero, the degradation rate can reach as high as 98.66%. The
degradation rate of NOR in seawater is significantly lower than that
in freshwater environment, but it also reaches over 60%. This result
confirms the NOR degrading mixed bacteria in the NOR-MM group
can simultaneously degrade in multiple environmental media such
as rivers, lakes, and oceans, and has strong application value.

3.5 Analysis of NOR degradation products

According to the mass charge ratio of each product fragment in
the first order mass spectrometry (Figure 7A), it can be inferred that
two products were obtained after the degradation of NOR, with m/z
of 243.88 and 278.80, respectively. It is preliminarily speculated that
the molecular formula of product 1 is C16H18FN3O4, product 2 is
C14H16FN3O3. The co-metabolic mechanism of norfloxacin
degradation by mixed bacteria suggests that its degradation
starting point is the cleavage of carbon nitrogen bonds on the
piperazine ring, followed by oxidation and deethylation reactions
of the ring opening piperazine ring, and the structure of the product
is confirmed (Figure 7B).

In the study of the degradation pathways of QNs in existing
wastewater treated with ozone, more than 20 products were
detected. Among them, the analysis results of NOR
degradation products 1 and 9 are similar to those of our
degradation products 2 and 1, which with the same molecular
formula (Liu et al., 2012). The degradation of these species occurs
by the attack of either molecular ozone or hydroxyl radicals on
both the piperazinyl moieties. Transformations of the piperazinyl
ring appear to occur via both the ring cleavage and the addition of
oxygen atom to the ring. Loss of an ethylene group from the
piperazine ring produces desethylene norfloxacin (product 2).
This pathway and the formation of product 2 are in agreement
with the results of Kim et al. (2011) who examined the
modification of norfloxacin by a Microbacterium sp. strain
isolated from a wastewater treatment plant. The formation of
another direct product of NOR oxidation (product 1) appears to
take place via the addition of an oxygen atom that produces the
hydroxy-derivative of piperazine ring, indicating that the
degradation pathway of NOR in this article is similar to it
(Liu et al., 2012; Cai et al., 2022).

4 Conclusion

In this study, the mixed bacteria which could degrade ENR,
NOR efficiently and possess OFLX, CIP resistance
simultaneously was enriched after repeated screening.
Through degradation efficiency experiments, community
composition detection and functional enrichment analysis, it
was found that, the strains screened in this study are divided
into two categories. In groups Mix and ENR, the resistant
bacteria are the main microorganisms and the degrading

bacteria are the secondary ones, while in group NOR, the
strains with degradation effects are the main ones, and the
strains with resistance effects are the secondary ones. What’s
more, that carbon sources have little effect on the community
composition of QNs, the difference between groups is mainly
controlled by the type of antibiotics. The ring opening oxidation
and deethylation of piperazine ring are key factors in NOR
degradation. What’s more, the optimal degradation conditions
for NOR degrading strains which indicating that the mixed
bacteria can degrade NOR in different real environments
effectively such as tap water, seawater, river water, and lake
water. It has great research value for the co-metabolism and
biodegradation of QNs in the environment.
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