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ABSTRACT

The biodegradation mechanism of fluoroquinolones (FQs) during composting is the key information
to accurately assess and effectively control the environmental risk caused by FQs in sewage sludge.
This study investigated the biodegradation of two FQs (norfloxacin [NOR] and ofloxacin [OFL])
using a series of sludge composts over a 56-d incubation period. Sludge composts were collected at
the mesophilic, thermophilic, and curing phases from the matrix of a pilot-scale sewage sludge com-
poster; spiked with NOR and OFL (each 5 mg/kg); and incubated at 35 (mesophilic), 55 (thermophilic),
and 40°C (curing). Compost samples were evaluated by determining FQ concentration, intermediate
metabolites, enzymatic activity (laccase, manganese peroxidase, and lignin peroxidase), and bacterial
and fungal communities. Results showed that NOR was likely to be predominantly biodegraded
via the acetylation route and the routes for OFL in each phase varied, while the main metabolites
from both NOR and OFL retained the FQ core structure related to the antibacterial activity. Only
manganese peroxidase had a significant correlation with FQ residue during the mesophilic phase.
Proteobacteria and Ascomycota were the dominant bacterial and fungal phyla in the incubated
sludge compost, respectively, and Pseudomonas was the most involved bacterial genus for FQ bio-
degradation in the sludge composts with Exophiala, Dissoconium, Talaromyces as the fungal genera.

Keywords: Sewage sludge; Antibiotics; Composting; Biodegradation; Microbial community

1. Introduction

Antibiotics resistance genes (ARGs) have attracted sig-
nificant attention in recent decades due to their ubiquitous
presence in the environment, including surface waters [1],
soil [2], and the atmosphere [3]. Antibiotic residue is a pri-
mary inducer of ARGs in environment [4]. For example,

* Corresponding author.

Zhu et al. [2] found that the application of manure com-
post with a high antibiotic residue enhanced the abundance
and activity of ARGs in the soil. Furthermore, antibiotics
used by human beings are absorbed into sewage sludge at
wastewater treatment plants [5,6] and discarded into the
soil via the application of sewage sludge following com-
posting or anaerobic digestion [7,8]. Consequently, sewage
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sludge is considered to be the main pollution source of
anthropogenic antibiotics in soil.

Fluroquinolones (FQs) are high-risk antibiotics in sew-
age sludge from China [9-11]. They are also widely used
as human antibiotics in China, accounting for approx-
imately one third of antibiotic sales, and have a high
residue in the environment [12]. A national investigation
by Chen et al. [9] showed that FQs were the key antibi-
otics in Chinese sewage, with a detection frequency of
92%-100% and a residue of approximately 2.0-6.0 mg/
kg. Considering that composting is the main treatment for
sewage sludge before its land application in China [13],
it is important to investigate the occurrence and fate of
FQs in sewage sludge during the composting process for
minimizing its potential ecological risk.

A researcher found that FQs of low concentration (~mg/
kg) in sewage sludge are not eliminated by composting
[14], whereas FQs of high concentration (~mg/kg) can be
effectively removed from sewage sludge by composting,
and biodegradation is considered to be the most important
pathway for FQ removal [15,16]. Zhang et al. [16] investi-
gated the dissipation of the FQs norfloxacin (NOR) and
ofloxacin (OFL) during the composting of sewage sludge
for 30 d when their concentrations were high (5 mg/kg),
and also observed high removal efficiencies (87%-95%),
mainly through biodegradation. To illustrate FQ biodeg-
radation mechanisms, studies have investigated different
types of fungi and bacteria. Fungi, such as white-rot fungi
[17,18], brown-rot fungi [19], and ascomycete [20], can effec-
tively degrade or even mineralize FQs using non-specific-
ity enzymes such as laccase (Lac), manganese peroxidase
(MnP), and lignin peroxidase (LiP). Other studies found that
bacteria including Labrys portucalensis [21] and Rhodococcus
sp. [22] can also biodegrade FQs. However, the removal of
FQs by biodegradation does not mean the elimination of
environmental risk from FQs, since recent researches found
that the FQ metabolites after biodegradation can still retain
a high-level antibacterial activity [17,23]. So, the biodegrada-
tion mechanism of FQs during composting is the key infor-
mation for the accurate assessment and effective control
of the environment risk caused by FQs in sewage sludge.

Notwithstanding, uncertainty still exists regarding
the biodegradation mechanism of FQs in sewage sludge
during composting, specifically with respect to the biodeg-
radation pathways, intermediate chemicals, correspond-
ing enzymes, and microbial communities involved. In this
study, we investigate FQ biodegradation mechanisms in

sewage sludge composting by conducting a bench-scale
series of 0.5 L incubation experiments using compost with
the addition of 5 mg/kg each of NOR and OFL. Samples
from the incubation experiments were then used to detect
the FQ concentration, intermediate products of FQ bio-
degradation, enzymatic activity of Lac/MnP/LiP, and the
bacterial and fungal communities. Using this information,
we explore the biodegradation mechanisms of FQ during
the aerobic composting of sewage sludge. This informa-
tion can be used to control and manage the environmental
risk from FQs in sewage sludge.

2. Materials and methods
2.1. Raw materials and chemical reagents

Mechanically dewatered sewage sludge was collected
from a municipal wastewater treatment plant in Guilin,
China. Sawdust purchased from a suburban wood-pro-
cessing manufactory was screened to remove particles
>10 mesh (2.00 mm) and then dried in the oven at 50°C
for 24 h. The dried sawdust was used as an amendment
to improve the physicochemical properties of the sludge.
The properties of the raw materials are listed in Table 1.

Ultrapure water was obtained using an ultrapure
water system (Milli-Q A10, Millipore, the United States).
Methanol and acetonitrile of pesticide-residue-grade-anal-
ysis quality were purchased from Tedia (Fairfield, the
United States), while standard FQs (NOR and OFL; 99%)
from Aladdin (Shanghai, China) were used to prepare
stock solutions (100 mg/L NOR and 100 mg/L OFL) using
methanol as a solvent. An Oasis HLB cartridge (500 mg,
6 mL) and a SAX cartridge (500 mg, 6 mL) were pur-
chased from Waters (Milford, MA, the United States)
and Agilent (Santa Clara, CA, the United States), respec-
tively, for cleaning the solid sample extracts. Prior to use,
the SAX and HLB cartridges were pre-conditioned in
sequence with 6 mL MeOH and 6 mL ultrapure water.

2.2. Experimental design
2.2.1. Design of the experiments

Pilot sewage sludge composting experiments with-
out the addition of FQs were carried out in a polyvi-
nyl-chloride (PVC) frustum-shaped bioreactor of 60 L
(height 520 mm, top diameter 450 mm, bottom diameter
320 mm). The bioreactor was coated in a layer of mineral

Table 1

Physicochemical properties of raw materials for aerobic composting
Materials Sewage sludge Sawdust
Moisture content (%) 83.0+£0.2 11.5+0.1
Volatile solid (db*, %) 70.3+0.9 96.2+0.2
Total C (db?, %) 29.6+0.3 450+0.3
Total N (db*, %) 5.19+0.04 0.88 +0.05
C/N 5.7 52.2

Fluoroquinolones (db?, mg/kg)

1.01 £ 0.62(NOR), 1.35 + 0.33(OFL)

0.09 + 0.03(NOR), <0.1(OFL)

*db indicates dry basis.
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wool 20 mm thick to prevent heat loss. At the bottom of
the bioreactor, plastic hollow balls with a diameter of
5 mm were placed to set the ventilation tube, which was
connected to a pump for aeration with ambient air. The
mixing ratio of sewage sludge to sawdust was 3.5:1 (w:w),
resulting in a total weight of 18.0 kg and moisture con-
tent of 64.5%. The aeration rate was 0.5 L/min, adjusted
by an air flow meter (0.3-2.7 L/min). The pilot matrix was
mixed once every 2 or 3 d, and the experiment lasted for
30 d. After thorough mixing, three 10-g composts were
collected from the center of matrix (height, 160-350 mm)
on days 1, 3, 5, 7, 13, 15, 18, 21, 24, and 27. Before lyo-
philization, the moisture of the compost samples was
determined. The treatment was run in duplicate.

Bench incubation experiments were carried out with
the compost collected from the mixed pilot-scale matrix
in three phases: the mesophilic (day 1, 35°C), thermo-
philic (day 5, 55°C), and curing phases (day 14, 40°C).
Each 180 g compost was put into a 0.5 L bioreactor, and
mixed after being spiked with the FQ stock solutions to
increase a concentration of 5.0 mg/kg (based on dry solid
weight of the compost). Three incubation treatments of
the mixed composts were run with an aeration rate of
15 mL/min at different temperatures according to the cor-
responding composting phases: 35°C (mesophilic phase),
55°C (thermophilic phase), and 40°C (curing phase). For
each treatment, a sterilized treatment was run as the con-
trol, in which the sludge compost was sterilized twice for
30 min at 121°C before it was placed in the 0.5 L bioreactor.
Sterilized ultrapure water was added weekly to the bio-
reactors to maintain the moisture of composts at approx-
imately 60%. Each incubation lasted for 56 d in the dark
to keep FQs from the potential photodegradation [24],
and all experiments were conducted in duplicate.

2.3. Analysis methods
2.3.1. Physicochemical properties

The moisture content and organic matter levels were
analyzed using the standard methods from Miner [25].
The total C and N levels were determined using an ele-
ment analyzer (EA2400II, PerkinElmer, MA, the United
States), and the C/N ratio was calculated from those val-
ues. The temperature of the pilot-scale matrix was obtained
by averaging the temperatures measured at three depths
(10, 25, and 40 cm) twice a day, at 09:00 and 21:00.

2.3.2. FQs and intermediate products

The raw material and incubated compost samples were
collected and lyophilized from the 0.5 L bioreactors on
days 0, 7, 14, 21, 28, and 56 to determine the FQ concen-
tration, and samples on days 7 and 21 were used to deter-
mine the intermediate products. Lyophilized samples were
mortared to pass through a 60 mesh (0.25 mm) nylon sieve,
and stored at 4°C before being extracted. A 0.5 g sample was
weighed for the extraction and determination of FQs and
intermediate products. The sample was extracted, cleaned,
concentrated, and resolved using sonic-wave assisted
extraction combined with the solid-phase microextraction

method described by Zhang et al. [16]. The resolved extract
was passed through a 0.22 um organic membrane filter and
sonicated for approximately 1 min before the determination
of target chemicals. The FQ concentration was determined
using high-performance liquid chromatography equipped
with a fluorescence detector (1260, Agilent, the United
States), and intermediate products were analyzed using a
high-performance liquid chromatography equipped tandem
mass spectrometer (6495, Agilent, the United States). Each
filtered sample (20 pL) was injected using splitless mode
into a column filled with C18 (XBridge, 250 mm x 4.6 mm,
5 um film thickness; Waters, MA) at 30°C. The mobile
phase was a mixture of methanol and phosphate buffer (v:v,
20:80), and passed through the column at a rate of 1.0 mL/
min. The excitation and emission wavelengths of the fluo-
rescence detector were 280 and 450 nm, respectively. For the
intermediate product of FQs, each filtered sample (15 pL)
was injected using splitless mode into a column filled with
C18 column (ZORBAX Eclipse XDB, 150 mm x 4.6 mm,
3.5 um film thickness, Agilent, the United States) at 25°C.
The mobile phases A and B were prepared by mixing aceto-
nitrile and ultrapure water at ratios of 5:95 and 95:5 (acetoni-
trile: ultrapure water, v:v), respectively, and then 0.5% formic
acid (volume) was added into both A and B. A gradient elu-
tion procedure was applied with the ratios of A:B as follows:
90:10 during 0-1 min and 90:10 to 10:100 during 1-30 min.
The electrospray ion source was used with positive ion scan-
ning mode at 275°C, a gas volume rate of 9 L/min, capillary
voltage of 4.0 kV, atomizer pressure of 310 kPa, and collision
energy of 30 eV. Ion detection was performed in multiple
reaction monitoring mode. The key parameters for each
compound are listed in Table 2, including structure formula,
retention time, parent ion, and most intensive fragment ion.

2.3.3. Enzymatic activity and microbial community

The enzymatic activity of Lac, MnP, and LiP was mea-
sured for the initial and incubated compost samples col-
lected from the 0.5 L bioreactors on days 0, 3, 7, 14, 21, 28,
35, 49, and 56. The collected samples were pretreated to
obtain the enzyme solution using a modified method from
Zhao et al. [26], which included water extraction, centrifu-
gation and filtration. A 1.0-g compost sample was extracted
via shaking for 30 min using ultrapure water with a ratio
of 1:9 (w:v) at 180 rpm, 28°C. The extracted sample was
centrifuged for 10 min at 4,000 rpm and 4°C, and the super-
natant was filtered with a 0.45 um filter membrane. Filtrate
was diluted with ultrapure water to a volume of 10 mL. The
enzymatic activities of Lac, MnP, and LiP in the pretreated
samples were measured using the ABTS, MnSO,-H,O,, and
veratrole alcohol methods, respectively [26]. ABTS method:
1.6 mL of 0.5 mmol/L ABTS solution with an acetate acid—
sodium acetate buffer (0.15 mol/L, pH 4) was placed into
the cuvette and 1.6 mL of the pretreated sample was added
into the cuvette to activate enzymatic action for 3 min at
30°C. The ABTS concentration was measured by observing
the absorbance of the mixed solution at a wave length of
420 nm using an ultraviolet spectrophotometer (V-5800PC,
Metash Instruments, China). The difference in ABTS con-
centration was used to calculate the enzymatic activity of
Lac; one unit (U) of Lac activity referred to the amount of
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Metabolite abbreviations, structures, retention times, mass of the protonated molecules, and product ions determined using HPLC-
MS/MS (ESI+) of the respective protonated molecule for norfloxacin (NOR) and ofloxacin (OFL)

Products Structure Chemical names t.(min)  [M+H]"(m/z) Product ions (m/z)
NOR 2 Norfloxacin 4.4 320 302, 276, 231
FﬁB/COOH
K\N N
N1 ] Desethylene-N-norfloxacin 7.8 294 276
Fﬁ}j/cﬂim
HN N
N2 9 7-Amino-1-ethyl-6-fluoro-4- 7.9 251 233, 205, 177, 149
F COOH oxo-1, 4-dihydroquinoline-3-
| carboxylic acid
HyN N
LCH;;
N3 e Desethylene-N-acetylnorfloxacin 9.3 336 318
*-\ /\\\ JL COOH
e ‘ = \NJ/
C\H/J L
N4 ? N-Formylnorfloxacin 9.4 348 330, 274
F. I \ | COOH
(\N 7 Br
C|!/ GHy
N5 it N-Acetylnorfloxacin 7.5 362 344, 274
r\ /\\\ J COOH
r/\N ‘ 7 \NJ/
CHE\H/N\J L“cm
OFL 7 Ofloxacin 4.5 362 344, 318, 261
F. ‘ \\J\\Jj/CDUH
K\N >
:H,/"\J °\)\CH‘
o1 9 9-Fluoro-10-[(2-formamidoethyl) 5.6 350 318, 298
f coon amino]-3-methyl-7-oxo-2,3-di-
w | hydro-7H-[1,4]oxazinol[2,3,4-ij]
\J \)N\ quinoline-6-carboxylic acid
CH;
I
02 7 9-Fluoro-10-(4-formylpiperazin- 5.7 376 344, 319, 287

1-yl)-3-methyl-7-oxo0-2,3-dihy-
dro-7H-[1,4]
Oxazino[2,3,4-ij]quinoline-6-car-
boxylic acid
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Table 2 Continued

Products Structure Chemical names t,(min)  [M+H]"(m/z) Product ions (m/z)
O3 5/ Desethylene-Nofloxacin 4.8 336 318, 298, 261
Y )
ck,/ CH:
04 i 10-[(2-Acetamidoethyl)amino]- 3.3 364 -
’ | o 9-fluoro-3-methyl-7-oxo-2,3-di-
o s hydro-7H-[1,4]oxazino[2,3,4-ij]
can\) o\)\ quinoline-6-carboxylic acid
05 e 10-Amino-9-fluoro-3-methyl- 9.3 279 261
. cooH 7-0x0-2,3-dihydro-7H-[1,4]
| oxazino|2,3,4-ij]quinoline-6-car-
iR " boxylic acid
°\)\
CH;
06 H 10-(4-Acetylpiperazin-1-yl)-9- 21.1 390 372
Fing g JL - fluoro-3-methyl-7-ox0-2,3-di-
- /JE //’I’\w] hydro-7H-[1,4]oxazinol[2,3,4-ij]
] 7 J\ quinoline-6-carboxylic acid
L Sy °\.\’/ ~G,
o7 Desmethyl-N-ofloxacin 4.3 348 330, 304, 261

0
F COOH
K\N Ny
\) 0\)\
CHy

enzyme that catalyzed the conversion of 1 umol of ABTS
per minute. 1.6 mL ultrapure water was analyzed as a blank
sample using the same procedure as the pretreated sam-
ple. MnSO,-H,O, method: 2.4 mL of 1.25 mmol/L MnSO,
solution with a tartrate buffer (0.50 mol/L, pH 4.5) and
0.6 mL of the pretreated sample was mixed in a colorimet-
ric tube, added into the cuvette, and then 60 uL of 20 mmol/L
hydrogen peroxide was injected into the mixed liquor to
activate enzymatic action for 3 min at 30°C. The concentra-
tion of Mn*" was determined by measuring the absorbance
of the mixed solution at a wave length of 290 nm with the
V-5800PC ultraviolet spectrophotometer. The enzyme activ-
ity of MnP was obtained by calculating the difference in
Mn?* concentration; one unit (U) of MnP activity is referred
to the amount of enzyme that catalyzed the conversion of
1 pmol of Mn?* per minute. The mixed liquor without the
addition of hydrogen peroxide was used as the blank sam-
ple. Veratrole-alcohol method: 0.6 mL of 10 mmol/L vera-
trole alcohol, 1.2 mL of 250 mmol/L tartrate buffer (pH = 3),
and 1.2 mL of the pretreated sample was mixed and added
into the cuvette, and then 60 pL of 20 mmol/L hydrogen
peroxide was injected into the mixed liquor to activate
enzyme action for 3 min at 30°C. The concentration of vera-
trole alcohol was determined by measuring the absorbance
of the mixed solution at a wave length of 310 nm using the

V-5800PC ultraviolet spectrophotometer. The enzymatic
activity of LiP was obtained by calculating the difference
in the veratrole alcohol concentrations; one unit (U) of
LiP activity is referred to the amount of enzyme that cat-
alyzed the conversion of 1 pmol of veratrole alcohol per
minute. The mixed liquor without hydrogen peroxide was
used as the blank sample.

The enzymatic activities of Lac,
calculated with Eq. (1) as follows:

MnP, LiP were

6
U= V xAAx10 V., )
V., xextxL V xm

where U is the enzymatic activity, U/g; V is the total volume
of reaction assay, which is 3.2, 3.06, 3.06 mL for Lac, MnP,
and LiP, respectively; V_ is the volume of enzyme used,
which is 1.6, 0.6, 1.2 mL for Lac, MnPF, and LiP, respectively;
V., is the volume of extracted enzyme solution, which is
9 mL for each enzyme; AA is the change of absorbance of
each reaction assay during the reaction, dimensionless;
¢ is the molar extinction coefficient of the oxidized sub-
strate in each reaction assay, which is 36,000, 11,590, and
9,300 L/(mol cm) for Lac, MnP, and LiP, respectively; t is
the reaction duration time, 3 min; L is the length of cuvette,
1 cm; m is the mass of extracted compost, 1 g.
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The microbial community was measured for the ini-
tial and incubated compost samples collected from the
0.5 L bioreactors on days 0, 21, and 56. A 5.0 g compost
was collected and kept in a sterilized Eppendorf tube at
4°C for no more than 2 d before the follow-up treatment.
The sample was treated according to the following steps:
extraction, DNA purification, DNA PCR amplification
(GeneAmp PCR System 9700, Thermo Fisher, the United
States), quantification of the recycled PCR product (Qubit
2.0, Thermo Fisher, the United States), and sequencing of
the 16S RNA/ITS amplicon (Miseq PE250, Illumina, the
United States). The abundance and diversity of microor-
ganisms were analyzed based on the sequence information
and gene-banks of RDP, SILVA, and Greengenes.

2.4. Quality assurance and quality control

Quality control was used to guarantee reliable results
for the quantification of FQs in the solid samples. Recovery
tests were performed by spiking the diluted stock solution
of FQs into the sample at 2.5 and 5 mg/kg (based on the
dry weight). The average recoveries were 110.6% + 4.4%
(2.5 mg/kg) and 98.5% +5.0% (5.0 mg/kg), and 120.9% + 1.8%
(2.5 mg/kg) and 107.9% + 4.0% (5.0 mg/kg) for NOR and
OFL, respectively.

2.5. Statistical analysis

FQ residue and enzymatic activity were analyzed for
a statistical relationship using correlation analysis at a
significance level of a = 0:05 using R software [27].

3. Results and discussion
3.1. Temperature and moisture during pilot-scale composting

Temporal changes of temperature and moisture showed
a typical trend during the pilot-scale composting of sew-
age sludge without the addition of FQs (Fig. 1). There were
three phases in the temperature profile of the matrix; the
mesophilic (20°C—40°C), thermophilic (40°C-60°C), and
curing phases (<40°C), and they lasted 2, 10, and 16 d,
respectively. The accumulated time when temperature of
matrix exceeded 50°C (t,) was 6.5 d, which satisfied the
sanitary standard for the composting of night soil in China.
The peak temperature 59.6°C was reached on day 4, con-
sistent with the temperature profiles of the 60-L aerobic
composting of sewage sludge with the addition of FQs of
5mg/kg™ by Zhang et al. [16]. The matrix moisture increased
initially from 60.9% to 64.9%, and then decreased slowly
to 50.5% at the end of the experiment. Moisture increases
during the mesophilic phase were also observed by Liu et
al. [28], and the was attributed to more water production
from the aerobic biodegradation of low-molecular organic
matter rather than the loss of water vapor through aeration.

3.2. FQ biodegradation

3.2.1. FQ removal

The removal efficiencies of FQs during the three com-
posting phases were thermophilic (48.4%) > mesophilic

(43.5%) > curing (31.3%) for NOR (Figs. 2A-C), and meso-
philic (38.2%) > thermophilic (31.8%) > curing (16.3%) for
OFL (Figs. 2D-F). After subtracting the results from the
sterilized control treatment, the removal efficiencies of FQs
through biodegradation were thermophilic (32.1%) > meso-
philic (29.8%) > curing (14.5%) for NOR and mesophilic
(27.5%) > thermophilic (18.9%) > curing (7.0%) for OFL.
FQs demonstrated high biodegradation removal efficiency
during both the mesophilic and thermophilic phases, show-
ing that both mesophilic and thermophilic microorgan-
isms could excrete enzymes to effectively biodegrade FQs.
Conversely, biodegradation in curing phases composts was
very low, which may be attributed to exhaustion of the
organic substrate and nutrition depletion. Ho et al. [29] and
Wang et al. [30] also found that most FQ removal occurred
during the mesophilic and thermophilic phases. Compared
with NOR, OFL had a lower removal efficiency in the
same compost in all three phases, attributed to the higher
molecular mass and more complex structure of OFL [18].

3.2.2. Biodegradation pathways

FQ biodegradation initially occurred at piperazine, and
relatively stable intermediate products were achieved after
approximately two to four steps, the routes of which are
shown in Fig. 3. With bacteria or fungi, NOR was decom-
posed along two pathways N-acylation or N-dealkylation as
three routes to five main intermediate chemicals [17,18,31,32].

These routes included the following steps: (1) the
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desethylation route, NOR — desethylene-N-norfloxacin (N1)
— desethylene-N-acetylnorfloxacin (N3) — 7-amino-1-eth-
yl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid
(N2); (2) the acetylation route, NOR — N-acetylnorfloxacin
(N5) - N3 — N2; and (3) the formylation route, NOR —
N-formylnorfloxacin (N4) — N2. Similar to NOR, OFL could
be biodegraded by lignin-degrading microbes to seven
intermediate products via three routes [17]: (1) the deseth-
ylation route, OFL — desethylene-o (O3) — 10-amino-9-flu-
oro-3-methyl-7-oxo0-2,3-dihydro-7H-[1,4] oxazino[2,3,4-ij]
quinoline-6-carboxylic acid (O5); (2) the demethylation—
acetylation route, OFL — desmethyl-N-ofloxacin (07) —
10-(4-acetylpiperazin-1-yl)-9-fluoro-3-methyl-7-oxo-2,3-di-
hydro-7H-[1,4]oxazino [2,3,4-ij]quinoline-6-carboxylic acid
(06) — 10-[(2-acetamidoethyl)amino]-9-fluoro-3-methyl-7-
oxo0-2,3-dihydro-7H-[1,4]oxazino[2,3,4-ij]quinoline-6-car-
boxylic acid (O4) — O5; and (3) the demethylation—formy-
lation route, OFL — O7 — 9-fluoro-10-(4-formylpiperazin-
1-yl)-3-methyl-7-oxo0-2,3-dihydro-7H-[1,4]oxazino(2,3,4-ij]
quinoline-6-carboxylic acid (O2) — 9-fluoro-10-[(2-formami-
doethyl)amino]-3-methyl-7-oxo0-2,3-dihydro-7H-[1,4]oxaz-
ino[2,3,4-ijlquinoline-6-carboxylic acid (O1)— O5. The FQs
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biodegradation pathways are different from those observed
in the advanced oxidation treatments such as photocatalytic
degradation [33], ferrous-activated persulfate oxidation [34],
and electrochemical oxidation [35]. During the advanced
oxidation process, N-dealkylation and hydroxylation of
piperazinyl ring are the two main pathways.

The temporal changes of FQ in most incubation had a
similar temporal change (Fig. 2): FQs degraded fast during
the first 7 d and the degradation had almost finished at
day 21. So, days 7, 21 were chosen as the key timepoints to
investigate the intermediates formation. Based on the peak
area of intermediate products from high-performance lig-
uid chromatography/mass spectrometry (HPLC/MS/MS;
Fig. 4), the main metabolites and routes of FQ biodegra-
dation were identified in the different phases of sludge
compost during 0-21 d of incubation (Table 3). The acetyl-
ation route was the major biodegradation route in all three
sludge composts (Figs. 4A-E). On day 7, N3 was the major
metabolite followed by N2, N4, and N5, showing that the
acetylation route was the most important route followed
by the formylation route during the first 7 d. By day 21,
N2 became the main metabolite in both mesophilic and

~150- B o1
S B o2
= s
@ 100- B o4
2 s
<
= 08
a

oo =mll wiigll

I |

1 1
T d-Sterilized 7 d-Unsterilized 21 d-Sterilized 21 d-Unsterilized

o 150~ 01

5 B o:

>

Kot

@ 100-

=l

<

x

§ 50- .

o

o mtimll welill
1
7 d—SlenIlzed 7 d-Unslerlllzed 21 d—SlenIlzed 21 d-Unsterilized

o 150~ F o1

= 02

X 03

@ 100- 04

2 B o5

z I s

3 50- .

N TR T

7 d-Sterilized 7 d-Unsterilized 21 d-Sterilized 21 d-Unsterilized

Fig. 4. Peak area of intermediate metabolites for NOR and OFL during incubation of the three-phase sludge composts: A, NOR in
mesophilic-phase compost; B, OFL in mesophilic-phase compost; C, NOR in thermophilic-phase compost; D, OFL in thermophil-
ic-phase compost; E, NOR in curing-phase compost; F, OFL in curing-phase compost; the samples was coded as “incubation time +
compost treatment” when the sterilized compost was used as the blank treatment.
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Table 3

Main metabolites and biodegradation routes of fluoroquinolones (FQs) in the bench incubations of different-phase sludge composts

FQs Sludge compost Main metabolites Main biodegradation routs
0-7d 7-21d
NOR Mesophilic-phase compost N3 N2 Acetylation route
Thermophilic-phase compost N3 N2 Acetylation route
Curing-phase compost N3 N3 Acetylation route
OFL Mesophilic-phase compost 06 06 Demethylation—acetylation route
Thermophilic-phase compost 05/06 05/06 Demethylation—acetylation route, Desethylation
Curing-phase compost o3 O3 Desethylation

thermophilic phase compost, and N3 was the main metab-
olite in curing phase compost. The variation in peak areas
for NOR metabolites showed that the acetylation route
was still the main biodegradation route in all three com-
posts; however, the levels differed. The rate-limiting steps
were the transformation from N3/N4 to N2 and from N5/
N4 to N3/N2 for the mesophilic and thermophilic phase
composts, respectively. All steps in the curing phase com-
post were slower compared with the other two composts.
The main metabolite and biodegradation routes differed
between three types of compost for OFL (Figs. 4B, D,
and F). In mesophilic phase compost, O6 was the domi-
nant metabolite, the demethylation—acetylation route
was the main biodegradation pathway, and the transfor-
mation from O4 to O5 was the rate-limiting step because
more O4 and O6 accumulated compared with O5 between
days 0 and 21. In thermophilic phase compost, O5 and
O6 were the dominant metabolites, the desethylation and
demethylation—-acetylation routes were the main biodegra-
dation pathways, and the rate-limiting step was the trans-
formation from O6 to O4. In curing phase compost, O3 was
the dominant metabolite, the while desethylation route
was the main biodegradation pathway, and the rate-limit-
ing step as the transformation from O3 to O5. It has been
widely reported that the metabolites from FQ degradation
still result in a considerable antibacterial activity [17,24,35].
Since the FQ core structure related to antibacterial agents
has not been largely damaged in the biodegradation,
the major metabolites of FQs in sewage-sludge compost
could retain the antibacterial activity and potentially
enhance proliferation of resistance genes. Therefore, more
attention should be paid on the probable environmental
risk caused by FQ metabolites in sewage-sludge compost.

3.3. Enzyme activity

The enzymatic activities of Lac, MnP, and LiP had dif-
ferent temporal trends in the different composts (Fig. 5).
Lac had similar temporal profiles during the incubation of
the mesophilic phase compost with that in the curing phase
compost; increasing rapidly at first and then decreasing
rapidly. There was limited enzyme activity with respect to
Lac in the thermophilic phase compost (Fig. 5A). Because
Lac can utilize both phenol and non-phenol structures, the
difference in Lac activity between the three phases can be
attributed to Lac being excreted by mesophilic fungi [36].
MnP activity decreased gradually with incubation time,

and tended to decrease initially and then increase during
the other two phases (Fig. 5B). Considering that most of
the substrates inducing MnP excretion from microorgan-
isms are phenol structures that tend to be released from
degraded lignin during the thermophilic and curing phases
[37], the decomposition of lignin was beneficial to the syn-
thesis and activation of MnP during these two phases.
Compared with MnP activity, LiP displayed similar trends
during incubation (Fig. 5C). Because the induced substrate
was a non-phenol structure for the secretion of LiP [38], the
similarity of the MnP and LiP profiles can be attributed to
the likelihood that they shared the same substrate-lignin.
The humped shape in both the MnP and LiP activity pro-
files can be attributed to inhibition caused by the high
concentration of toxic FQs following the initial incubation,
which reduced with the gradual reduction of residual FQs.

3.3.1. Relationship between FQ residue and enzyme activity

On the basis of Pearson’s correlation analysis, MnP
activity in the mesophilic phase sludge compost had a sig-
nificant positive relationship with FQ residue (Fig. 6A). The
correlation between FQ residue and MnP activity was 0.90
and 0.94 for NOR and OFL, respectively, indicating that
FQ residue had strong positive relationship with MnP. No
significant relationship was observed between Lac and LiP
activity and FQ residue or between MnP activity and FQ resi-
due in thermophilic and curing phase composts (Figs. 6B and
C). Consequently, the removal of FQ from mesophilic phase
compost can be attributed to MnP. This attribution was in
accordance with the findings of Cvancarova et al. [17],
who found that MnP was the main peroxidase in the bio-
degradation of FQs when investigating changes in Lac,
LiP, and MnP activities during the FQ biodegradation
process using five different fungi.

3.4. Microbial community

Bioinformatics analysis was applied to analyze oper-
ational taxonomic units (OTUs) in all samples with a
similarity of 97%.

3.4.1. Bacteria

In all compost phases, five main bacterial phyla
were identified totaling a relative abundance of 90%
and included Proteobacteria, Firmicutes, Acidobacteria,
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Fig. 5. Temporal changes in the enzyme activities of laccase (Lac),
manganese peroxide (MnP), and lignin peroxidase (LiP) during
the different phases of sludge composting with FQs.

Chloroflexi, and Actinobacteria (Fig. 7A). Among these
phyla, Proteobacteria had the highest abundance, with
mean values of 82.4%, 77.7%, and 81.5% for mesophilic,
thermophilic, and curing phase composts, respectively.
During incubation, the abundance of Proteobacteria
increased steadily in mesophilic phase compost, increased
and then decreased in thermophilic phase compost, and
decreased gradually in curing phase compost. Similarly,
Meng et al. [39] also observed that the rapid biodegrada-
tion of FQs was related to the domination of Proteobacteria
and Bacteroidetes in a membrane bioreactor. Consequently,
Proteobacteria could be the dominant bacteria in the deg-
radation of FQs. Actinobacteria could also be involved
the biodegradation of FQs during the thermophilic phase
considering its high relative abundance during this phase.
Seven bacterial genera were identified as the main phyla
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Fig. 6. Pearson coefficient matrix based on enzyme activities and
FQ residue at the level p = 0.05 for (A) mesophilic, (B) thermo-
philic, and (C) curing-phase composts.

(relative abundance > 1%) in the composts, including
Pseudomonas, Escherichia-Shigella, Bordetella, Sphingomonas,
Stenortrophomonas, Blastococcus, and Sphingobium (Fig. 7B).
Pseudomonas had a higher relative abundance compared
with other genera in the majority of the sludge composts
during the incubation. The results from correlation anal-
ysis showed that Pseudomonas and Escherichia-Shigella
had the highest correlation coefficients with the FQ res-
idue (Fig. 8A). Besides, Pseudomonas had the highest
relationship with the enzymatic activity of MnP, which
has been identified as the main peroxidase involved in
the biodegradation of FQs. Though MnP was tradition-
ally observed from the fungi, the recent studies showed
that it also can be produced by some bacteria especially
Pseudomonas spp. [40]. So, Pseudomonas can be considered
as the major genus related to the biodegradation of FQs
in the sludge composts, and it was speculated to accel-
erate the biodegradation of NOR and OFL by oxidizing
the polycyclic structure with the extracellular MnP.

3.4.2. Fungi

Five fungi phyla were identified as the main phyla in
all compost phases, including Ascomycota, Basidiomycota,
Rozellomycota, Zygomycota, and Chytridiomycota (Fig. 7C).
Ascomycota was the dominant fungi phylum and there
were marked differences between the five phyla. During
incubation, the abundance of Ascomycota increased
steadily in mesophilic and curing phase composts, and
increased initially and then decreased in thermophilic
phase compost. Because Ascomycota had the highest rel-
ative abundance in all samples, this phylum is likely to
be the most important fungi in the biodegradation of FQs
during sludge composting. A similar result was observed
by Rusch et al. [20,41] and Cvandarové et al. [17], who
found that Xylaria longipes (a species of Ascomycota)
effectively decomposed FQs including NOR, OFL, and
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CIP. Eight fungi genera were identified in the composts,
including Candida, Trichosporon, Dissoconium, Exophiala,
Talaromyces, Cryptococcus, and Meira (Fig. 7D). Even though
Candida was the dominant fungus genera in most of the
sludge composts during the incubation, it had a neg-
ative correlation with FQ residue, which meant that
Candida could be not attributed to the main fungus for
the biodegradation of FQs in the sludge composts. By
contrast, Exophiala, Dissoconium, Talaromyces showed a
relative higher positive correlation coefficient than the
others (Fig. 8B), which implied that these fungal genera
could have the more attribution for the biodegradation
of FQs in the sludge composts.

4. Conclusion

e For all sludge compost phases, the main metabolites of
NOR were N3 at days 0-7 and N2 at days 7-21, and the

transformation from N3/N4 to N2 and N5/N4 to N3/
N2 were the limiting reactions in the mesophilic and
thermophilic phases, respectively, when the acetylation
route was speculated as the potential route for NOR
biodegradation. The dominant metabolites during OFL
degradation were O6, O5/06, and O3 in the mesophilic,
thermophilic, and curing phases, respectively, corre-
sponding to the demethylation—-acetylation, desethyla-
tion and demethylation-acetylation, and desethylation
decomposition routes as the possible routes for OFL
biodegradation in the mesophilic, thermophilic, and
curing phases, respectively.

Only MnP activity displayed a significant positive rela-
tionship (p < 0.05) with FQ residue during incubation in
mesophilic phase sludge compost, but not for Lac and
LiP. Throughout the composting process, Proteobacteria
and Ascomycota always were the dominant bacteria and
fungus phyla, respectively, and Pseudomonas was the
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majorly involved bacterial genus for FQ biodegradation
in the sludge composts while Exophiala, Dissoconium,
Talaromyces as the involved fungal genera.

e The future research is suggested to focus on investi-
gating the antibacterial activity of FQs" metabolites in
sewage-sludge composts.
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