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HIGHLIGHTS GRAPHICAL ABSTRACT

Antibiotics in black-odor sediments
across China were investigated system-
atically for the first time.

Totally 36 out of 44 antibiotics were de-
tected in the sediment samples.
Oxytetracycline, ofloxacin, norfloxacin
and tetracycline were the dominant an-
tibiotics.

12 antibiotic concentrations were posi-
tively related to total organic carbon.
Significant correlations were found be-
tween some antibiotics from same or
different classes.
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28 provinces in China were collected for analysis. Among 44 targeted antibiotics, 13 antibiotics were detected in
more than 30% of sediment samples. Fluoroquinolones and tetracyclines were the predominant antibiotics in
these field samples, with average concentrations of up to 2074 and 1902 ng/g dry weight (dw), respectively,
followed by macrolides (87.9 ng/g dw), lincosamides (8.06 ng/g dw) and sulfonamides (8.38 ng/g dw). High an-
tibiotic contamination levels were almost always detected in black-odor sludges from economically less devel-
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Keywords: oped small cities; however, the difference in antibiotic concentrations between well-developed and small
Antibiotics cities in China was not statistically significant. In addition, among the seven regions within China, no significant
Black-odor sediments difference in concentrations was observed for the most antibiotics. Variances in antibiotic composition patterns
Occurrence

in the 28 provinces of China may be due to differences in bacterial resistance, prescription habits, efficacy, and
sediment carbon concentrations among various regions. There were significant positive correlations among
some antibiotics in the same or different classes.
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Y.-Z. Lv, X.-J. Luo, ].-L. Zhao et al.
1. Introduction

Because of their distinct activity against bacteria, antibiotics have
been widely used in human medicine, veterinary practices and aquacul-
ture since the 1930s (Rodriguez-Mozaz et al., 2015). It is estimated that
about 162,000 tons of antibiotics were consumed in China in 2013
(Zhang et al., 2015). Typically, antibiotics can be released into environ-
mental water bodies from human, livestock, and aquaculture sources,
including livestock farm effluents, feces and urine, medical wastewater,
direct disposal of unused and expired medication into toilet, sewage
treatment facilities and so on (Huang et al., 2019; Sarmah et al., 2006;
Zhang et al., 2018). In urban areas, municipal sewage treatment system
is an important source of antibiotics. However, antibiotics could only be
partially removed in wastewater treatment plants (WWTPs), which are
primarily designed for the removal of conventional pollutants such as
nutrients and easily degradable organic contaminants. Hence, the
unremoved antibiotics are ultimately disseminated into the receiving
environment. Owing to their continuous input to the natural environ-
ment, antibiotics have been regarded as pseudo-persistent environ-
mental pollutants and have elicited considerable concern (Llorca et al.,
2015; Yao et al.,, 2015). Numerous recent studies have confirmed the
presence of antibiotics in different environmental matrices, including
water and sediments, WWTP influents and effluents, groundwater,
sludge, soils, and animal manure (Fram and Belitz, 2011; Johnson
et al, 2015; Zhang et al., 2018; Zhou et al,, 2011).

Antibiotics in the natural environment are biologically active and
can cause direct toxicity to non-target organisms (Wang et al., 2017).
In addition, they can contribute to the development and dissemination
of antibiotic-resistant bacteria or genes, which might result in more sig-
nificant effects to the health of various organisms including humans and
have been regarded as “emerging contaminants” (Christou et al., 2017;
He et al,, 2014). Studies have been conducted to investigate their envi-
ronmental presence and evaluate their adverse ecological effects (He
et al., 2019; Lu and Ly, 2019; Rodriguez-Mozaz et al., 2015; Yang et al.,
2019). Simultaneously, parent antibiotics in the receiving environment
may be transformed into diverse products owing to biological, physical,
and chemical processes, and these transformation products might be
more toxic or biologically active than their parent compounds
(Michael et al., 2013; Onesios et al., 2009). Consequently, potentially
hazardous effects of antibiotics on the ecological environment cannot
be disregarded.

Following the rapid expansion of urbanization and industrialization,
a significant number of environmental water bodies in urban areas of
China have been severely polluted, many of which have even become
black and malodorous (namely black-odor water bodies), thereby se-
verely affecting the life quality and health of the local population (He
etal., 2015; Wei et al., 2019). Generally, black-odor water bodies collec-
tively refer to water bodies that present unpleasant colors and/or emit
foul smell (MOHURD, 2015). By 2016, the phenomenon of black and
smelly water had occurred in 216 out of the 295 prefecture-level and
above cities in China, and the total number of black-odor water bodies
in the country had reached 1811 (MOHURD, 2016). The formation of
black-odor water is primarily caused by exogenous pollution (domestic
sewage, industrial wastewater, surface runoff, etc.) and endogenous
pollution (sediment pollution, organism pollution, etc.). As both
“sinks” and “sources” of water pollutants, sediments can not only adsorb
various inorganic or organic contaminants from the overlying water, but
also release contaminants into the water when environmental factors
(e.g. water flow, pH, and temperature, etc.) change (Ao et al., 2018;
Cheng et al., 2014). Therefore, sediment pollution plays an important
role in endogenous pollution of black-odor water and should be of con-
cern. So far, many studies have reported the existence and distribution
of antibiotics in river sediments, lake sediments and marine sediments
(Cheng et al,, 2016; Li et al., 2018; Xu et al., 2018); however, the antibi-
otic contamination in black-odor sediments (i.e., the surface sediments
in black-odor water) in China remains unclear.
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In this work, sediment samples were collected from the major
urban black-odor water bodies in China to investigate the occur-
rence and distribution of 44 target antibiotics in black-odor sedi-
ment nationwide, as well as to provide a basic understanding
regarding the antibiotic contamination of black-odor sediments in
China. To the best of our knowledge, this is the first report
pertaining to the concentration of antibiotics in sediments from
urban black-odor water across China.

2. Materials and methods
2.1. Chemicals and materials

The abbreviations of the target antibiotics were displayed in
Table 1. In total, seven classes of 44 antibiotics, including 3 sub-
types of IPs, 1 subtype of AGs, 17 subtypes of SAs, 12 subtypes of
FQs, 5 subtypes of MLs, 1 subtype of LMs, and 5 subtypes of TCs
were selected for this study. NAR was obtained from US Pharmaco-
poeia (Rockville, MD), whereas SMR was purchased from Dr.
Ehrenstorfer GmbH (Germany). SAL, MON, NOV, LIN, CTM, LCM,
the FQs, the TCs, and the 16 other subtypes of SAs were supplied
by Dr. Ehrenstorfer GmbH (Germany). ETM, RTM, and TYL were
purchased from Sigma-Aldrich (St. Louis, MO, USA). ETM-H,0 was
prepared by acidification, which can be referred to a previous re-
port (Xu et al.,, 2007). Six isotope-labeled internal standards,
i.e., sulfamethoxazole-D,4, thiabendazole-D,, trimethoprim-Ds,
ciprofloxacin-Dg, erythromycin-'3C-Ds, and lincomycin-D5 were
supplied by Toronto Research Chemicals (North York, ON,
Canada), whereas meclocycline and sulfamethazine-'3Cg were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and Cambridge
Isotope Laboratories (Andover, MA, USA), respectively.

Methanol, acetonitrile, formic acid, and ammonium acetate were of
HPLC grade; the first two were obtained from Merck (Darmstadt,
Germany), and the last two were obtained from Aladdin Bio-Chem
Technology Co., LTD (Shanghai, China) and CNW Technologies
(Germany), respectively. Citric acid, trisodium citrate dihydrate, and
tetrasodium ethylenediaminetetraacetate (Na4EDTA) were of analytical
grade and purchased from the Damao Chemical Reagent Factory (Tian-
jin, China). Strong anion exchange (SAX) cartridges (6 mL, 500 mg) and
Oasis HLB cartridges (6 mL, 200 mg) were provided by Agilent Technol-
ogy (Palo Alto, USA) and Waters (Milford, MA, USA), respectively.

2.2. Study area and sample collection

In this study, 28 among 34 provincial administrative regions in China
were investigated. Based on their geographical characteristics, the 28
provinces can be classified into seven regions: East China (Shanghai,
Jiangsu, Anhui, Fujian, Jiangxi, and Shandong Province), North China (Bei-
jing, Tianjin, Hebei, Shanxi, and Inner Mongolia Province), Central China
(Henan, Hubei, and Hunan Province), South China (Guangdong, Guangxi,
and Hainan Province), Northeast China (Liaoning, Jilin, and Heilongjiang
Province), Northwest China (Shaanxi, Gansu, Qinghai, and Ningxia Prov-
ince), and Southwest China (Chongging, Sichuan, Guizhou, and Yunnan
Province). A total of 174 black-odor sediment samples were collected
from 74 cities within the 28 provinces in 2018 (Fig. S1). Detailed informa-
tion regarding the sampling sites is provided in Table S1.

All the sediment samples were collected and stored in pre-cleaned
glass containers, with 2 g of sodium azide added immediately to inhibit
microbial activity. After arriving at the laboratory, the samples were
freeze-dried, ground, homogenized by passing through an 80 mesh
standard sieve and then stored at —18 °C in the dark until further ex-
traction. The total organic carbon (TOC) of the sediment samples was
determined using an elemental analyzer (Vario EL, Elementar, GmbH,
Germany) after the removal of inorganics using hydrochloric acid.
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Table 1
Concentrations (ng/g dry weight) of the antibiotics in Chinese black-odor sediment.
Compounds Abbreviation N*  Range Median Mean
Fluoroquinolones FQs
Ciprofloxacin CFX 172 0.85-1908 65.4 118
Danofloxacin DAN 13 1.56-2.65 1.61 1.69
Difloxacin DIF 10  0.92-105 1.11 11.8
Enrofloxacin EFX 138 0.59-850 442 19.0
Fleroxacin FL 29  094-12.8 1.77 2.70
Lomefloxacin LEX 98  0.40-180 6.11 12.2
Marbofloxacin MAR 1 1.04
Norfloxacin NFX 170 1.08-20,690 519 1003
Ofloxacin OFX 166 1.53-26,840 450 976
Pefloxacin PEF 143 0.86-468 4,79 13.9
Sarafloxacin SAR 5 1.28-323 2.55 133
Carbadox CAR 1 1.97
> FQs® 173 2.00-50,190 1034 2074
Macrolides MLs
Clarithromycin CT™M 68  0.38-82.7 2.54 8.80
Erythromycin-H,0 ETM- H,0 167 0.39-1077 18.8 66.5
Leucomycin LCM 3 1.15-4.77 2.82 291
Roxithromycin RTM 114 0.66-379 7.74 25.9
Tylosin TYL 2 5.70,11.2
>_MLs 167 0.39-1142 255 87.9
Lincosamides LMs
Lincomycin LIN 139 0.94-86.5 441 8.06
Tetracyclines TCs
Chlortetracycline CTC 124 2.82-937 309 99.7
Doxycycline DC 25 12.9-524 78.8 115
Methacycline MT 47  0.63-30.6 2.07 4,02
Oxytetracycline OTC 174 1.47-22,590 540 1388
Tetracycline TC 170 1.46-7160 186 435
>_TCs 174 4.95-29,930 778 1902
Sulfonamides SAs
Sulfacetamide SCT ND¢
Sulfachlorpyridazine  SCP 2 0.50, 1.06
Sulfadiazine SDZ 15 0.23-184 0.51 2.28
Sulfadoxine SDO 1 8.99
Sulfadimethoxine SDM 1 36
Sulfaguanidine SG ND
Sulfamethazine SMzZ 14  0.41-108 248 3.39
Sulfamethoxazole SMX ND
Sulfameter SM 1 2.65
Sulfamonomethoxine SMM 16  0.58-154 1.63 422
Sulfapyridine SPD 8 0.82-6.15 2.06 2.50
Sulfaquinoxaline SQX ND
Sulfisoxazole SX 2 0.52,0.57
Sulfathiazole STZ 5 0.76-33.9 3.42 9.42
Sulfamerazine SMR 3 0.72-2.15 1.12 1.33
Ormetoprim OMP 2 2.84,50.3
Trimethoprim TMP 42 0.51-26.8 231 4,66
J_SAs 62 0.23-148 2.89 8.38
lonophores IPs
Monensin MON ND
Narasin NAR ND
Salinomycin SAL ND
> IPs ND
Aminoglycoside AGs
Novobiocin NOV ND
>_AGs ND

2 N: detection number.
b SFQs: the sum of FQs, similarly hereinafter.
¢ ND: not detected.

2.3. Sample extraction

The sample extraction and clean-up performed in this study was
based on a previously reported method (Zhou et al., 2012). Briefly, the
prepared sediment sample (2 g each) was weighed and added into a
30 mL glass centrifuge tube, spiked with 100 pL of internal standard
mixture (1.0 mg/L). Next, the sample was mixed homogeneously and
stored at 4 °C overnight. Subsequently, each sample was mixed with
10 mL of citric acid buffer (pH = 3) and 10 mL of acetonitrile and
then ultrasonicated for 15 min. After the sample was centrifuged for
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10 min at 1370g, the supernatant of each tube was collected into a
round-bottom glass flask (200 mL). The extraction process above was
conducted for two additional times, and the supernatants from the
three extractions were collected together. The combined extract from
each sample was spin-evaporated at 55 °C to get rid of the organic
phase. Prior to solid phase extraction, 0.2 g of Na,EDTA was added
into each concentrated aqueous phase extract, followed by dilution to
200 mL with Milli-Q water. After being mixed homogeneously, the di-
luted extract was loaded at a flow rate of 5 mL/min in the SAX-HLB tan-
dem cartridges preconditioned by consecutively passing 10 mL
methanol and 10 mL Milli-Q water through it previously. Subsequently,
the SAX cartridge was removed, and 10 mL of Milli-Q water was added
to the HLB cartridge to eliminate Na4,EDTA and other impurities. After
the cartridge was dried under vacuum, the elution was implemented
with 10 mL of methanol, and the eluate was collected and concentrated
to near dryness under a gentle nitrogen stream. Each dried extract was
reconstituted into 1 mL of methanol, mixed, filtered through a 0.22 um
nylon membrane filter, and finally kept at —18 °C until further analysis.

24. Instrumental analysis

The instrument analysis of the antibiotics was performed with an
1290 Infinity II series ultrahigh performance liquid chromatograph
coupled to Agilent 6495 triple quadrupole mass spectrometer
(UHPLC-MS/MS) equipped with an electrospray ionization (ESI+)
source. The chromatographic separation of target antibiotics was per-
formed on an Agilent Eclipse Plus-C18 RRHD column (100 mm x 2.1
mm, 1.8 pm) with a corresponding guard column. The column temper-
ature was maintained at 40 °C. The injection volume and the flow rate
were set to 10 puL and 0.3 mL/min, respectively. The mobile phase
consisted of water containing 2 mM ammonium acetate and 0.2% (v/
v) formic acid (A) and acetonitrile (B). The gradient elution program
was programmed as follows: ramped from 10%-15% B in 5 min, from
15%-20% B in 2 min, from 20%-40% B in 4 min, from 40%-60% B in 4
min, and from 60%-95% B in 1 min (holding 95% B for 4 min), with a
post-time of 6 min. Detection was operated in multiple reaction moni-
toring (MRM) mode, with main MS parameters as follows: drying gas
(Nitrogen) flow rate and temperature were 11 mL/min and 280 °C, re-
spectively. The nebulizer pressure was set to 20 psi. The sheath gas
flow rate and temperature were held at 11 mL/min and 250 °C, respec-
tively. The capillary voltage was 3000 V. MRM parameters for the target
antibiotics were listed in Table S2. Quantification of the target analytes
was carried out with the internal calibration method, and a six-point
calibration curve was constructed for individual chemicals at concentra-
tions ranging from 1.0 to 200 pg/L.

2.5. Quality assurance and quality control (QA/QC) and data analysis

QA/QC procedures were performed throughout the sampling, pre-
treatment, and instrument analysis. Analyses of spiked blank samples,
spiked matrix samples, and procedural blank samples were included. Si-
multaneously, a solvent blank and an independent check standard (100
pg/L for each compound) for each batch of 15 samples were processed
in sequence to monitor background pollution and the performance of
instrument. No target antibiotics were found in procedural blank or sol-
vent blank samples. The method detection limits (MDLs) and quantifi-
cation limits (MQLs) of the target antibiotics were set as the signal-to-
noise ratios of 3 and 10 times, respectively. Detailed MDLs, MQLs,
mean recoveries, and mean matrix effects for 44 individual compounds
in black-odor sediments are summarized in Table S3.

In this study, data analysis was conducted using Microsoft Excel
2019, Origin Pro 9.0.0, and IBM SPSS Statistics 25 software. The antibi-
otic concentrations were reported as dry weight (dw). Concentration
values below the MQLs were considered to be not detected. Kruskal-
Wallis test (K—W test) was used to compare antibiotic levels among
different cities and regions in China. The correlations between antibiotic
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levels and TOC and among antibiotic levels were examined with
Pearson's correlation analysis. The Kolmogorov-Smirnov test was per-
formed prior to the statistical analysis, and the results revealed that
these data didn't fit normal distribution. Therefore, the raw data (antibi-
otic concentrations and TOC values) were transformed to logarithmic
values for the Pearson's correlation analysis. The level of significance
was defined as p < 0.05 in the present study.

3. Results and discussion
3.1. Occurrence of antibiotics in urban black-odor sediment of China

Descriptive statistics for the detected concentrations of the selected
antibiotics in this study were summarized in Table 1. Antibiotics were
detected in all the 174 field samples, indicating widespread contamina-
tion of these compounds in black-odor sludges throughout China.
Among the seven classes of antibiotics detected, five classes of antibi-
otics (FQs, MLs, LMs, TCs, and SAs) were found in different degrees in
these samples, whereas IPs and AGs were not detected in any sediment
sample. Although up to 37 antibiotics were detected in the sediment
samples, many of them (DAN, DIF, FL, MAR, SAR, CAR, LCM, TYL, DC,
MT, and the 13 subtypes of SAs) occurred in less than one-third of the
samples (detection number < 58) and tended to be low in concentra-
tions (Table 1). The relatively low frequencies and low levels of these
compounds in sediments could be related to their low usage (Zhang
et al,, 2015), great degradation performance (Loke et al., 2000; Sturini
et al.,, 2010; Sturini et al., 2012a; Sturini et al., 2012b), and/or strong hy-
drophilic nature (Zhang et al., 2018). Only 13 antibiotics with a detec-
tion frequency exceeding 1/3 were discussed hereinafter; those
antibiotics include six subtypes of FQs (CFX, EFX, LFX, NFX, OFX, and
PEF), three subtypes of TCs (CTC, OTC, and TC), three subtypes of MLs
(CTM, ETM-H,0, and RTM), and LIN.

The concentrations of detected Y _FQs (i.e., the sum of FQs, similarly
hereinafter) and >_TCs ranged from 2.00 to 50,190 ng/g with a median
of 1034 ng/g and from 4.95 to 29,930 ng/g with a median of 778 ng/g,
respectively; while }_MLs, > LMs, and Y_SAs were found in much
lower concentrations, ranging from 0.39 to 1142 ng/g with a median
of 25.5 ng/g, from 0.94 to 86.5 ng/g with a median of 4.41 ng/g, and
from 0.23 to 148 ng/g with a median of 2.89 ng/g, respectively
(Table 1). The concentrations of Y _FQs and ) _TCs were one to three or-
ders of magnitude higher than those of > MLs, > LMs, and »_SAs
(Table 1). This result may be due to the stronger adsorption on solid
phases (sludge, sediments, particles, etc.) of FQs and TCs than other an-
tibiotics (Kummerer, 2009; Li et al., 2018). Similarly, previous studies
have shown that FQs and TCs were predominant, being significantly
higher in concentration than other antibiotics in different river sedi-
ments (Huang et al,, 2019; Zhou et al., 2011). However, in environmen-
tal water, the concentrations of FQs and TCs were much lower or even
below their MQLs (Xu et al., 2009; Yang et al., 2011). All of these reports
suggest that sediments are a significant sink for FQs and TCs.

Among the six subtypes of FQs, NFX (Fig. 1D) and OFX (Fig. 1F) were
the most prevalent pollutants, followed by CFX (Fig. 1A), EFX (Fig. 1B),
LFX (Fig. 1C) and PEF (Fig. 1E). Similar results have been reported in
previous researches (Huang et al., 2019; Zhou et al., 2011). NEX and
OFX were detected in more than 166 of 174 field samples, with maxi-
mum average concentrations of 11,840 and 15,370 ng/g in Shantou, re-
spectively (Table 1 and S4). The second highest concentrations (7775
and 6250 ng/g, respectively) were found in Shenzhen, which has a
dense population and developed economy (Table S4). The notable
abundance was not unexpected, as the usage of these two antibiotics
in China is prevalent. For example, the amounts of NFX and OFX used
in 2013 were 5440 and 5110 tons, respectively (Zhang et al., 2015).
CFX was also found in a high frequency (99%) with the concentration
range of 0.85-1908 ng/g (Table 1). Similar to NFX and OFX, the rela-
tively high average levels of CFX were also detected in Shantou (1186
ng/g) and Shenzhen (802 ng/g) (Table S4). By contrast, the detectable
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frequencies of EFX, LFX, and PEF were 79%, 56%, and 82%, respectively,
and their concentrations ranged from 0.59-850 ng/g with a mean
value of 19.0 ng/g, from 0.4-180 ng/g with a mean value of 12.2 ng/g,
and from 0.86-468 ng/g with a mean value of 13.9 ng/g, respectively
(Table 1). EFX is an antibiotic that is used specifically in animals and
was found in the present study with average concentrations of more
than 100 ng/g in only three cities (Neijiang, 440 ng/g; Nanning, 109
ng/g; and Jilin, 108 ng/g) (Table S4). The present results indicated the
probable role of poultry, livestock, or the aquaculture industry in the
three cities as important sources of EFX contamination. The highest
levels of LEX and PEF were detected in Shantou, which were 97.3 and
239 ng/g, respectively (Table S4). Their low usage was responsible for
their low detection rate (Zhang et al., 2015).

Among the three subtypes of TCs mentioned above, OTC was found
in all 174 samples at considerably high levels (1.47-22,590 ng/g)
(Fig. 2F and Table 1). TC was detected in 98% of the samples. The con-
centrations of TC (Fig. 2G and Table 1) were lower than those of OTC,
ranging from 1.46 to 7160 ng/g. Spatially, OTC was detected in Heze at
the highest average concentration of 12,540 ng/g. Besides, high concen-
trations of OTC and TC were found in Shantou and Yongzhou with aver-
age levels of 7355 and 12,050 ng/g for OTC, and of 3773 and 3764 ng/g
for TC, respectively (Table S4). The detectable frequency of CTC was 71%,
and the concentration range of CTC was 2.82-937 ng/g (Fig. 2E and
Table 1), which was obviously lower than those of OTC and TC. Similar
results could be found in previous studies (Huang et al., 2019; Jia
etal., 2018).

The levels of the three subtypes of MLs in black and odor sludge from
all of the 28 provincial administrative regions of China were in the fol-
lowing order: ETM-H,0 (Fig. 2B) > RTM (Fig. 2C) > CTM (Fig. 2A). Gen-
erally, the concentrations of RTM (median: 7.74 ng/g) and CTM (2.54
ng/g) in the samples were about one order of magnitude lower than
those of ETM-H,0 (18.8 ng/g) (Table S4). The difference in their abun-
dance was consistent with those of their usage quantities in China
(Zhang et al., 2015). ETM-H,0 was found in 96% of all the samples,
and the sample collected from Weinan presented the highest level
(1077 ng/g) (Table 1 and S4). In addition, relatively high mean values
of ETM-H,0 (218 to 277 ng/g) were found in Hohhot, Shantou, Tianshui,
Changchun, and Siping (Table S4). RTM was measured in black-odor
sludge with a moderate frequency of 66%, and only samples from
Changchun and Shenyang had relatively high mean concentrations of
more than 100 ng/g (Table 1 and S4). CTM was detected in 68 among
the 174 samples with the highest average concentration in Tianjin
(less than 30 ng/g) (Tables 1 and S4). Large variations in the distribution
of the three subtypes of MLs in China suggest differences in antibiotic
usage strategies among these cities.

As an antibiotic typically used in human medicine, animal hus-
bandry, and aquaculture, the annual consumption of LIN is huge
(Zhang et al., 2015; Zhang et al., 2018). However, LIN was found in
this study at relatively low concentrations ranging from 0.94 to 86.5
ng/g, despite its significant frequency of 80% (Fig. 2D and Table 1).
This is probably because of the degradation of LIN in water and sedi-
ments (Lei and Lai, 2018).

In addition to black-odor sediments, WWTPs sludge is also an im-
portant source of antibiotics in environmental water. Therefore, the an-
tibiotic concentrations in black-odor sediment and WWTPs sludge in
China were compared (Table S5). A few sediment samples in this
study contained extremely high levels of antibiotic. For example, up to
1908, 850, 26,840, 468, 1077, 22,590, and 7160 ng/g for CFX, EFX, OFX,
PEF, ETM-H,0, OTC, and TC, respectively, were detected in the present
study; these levels were much higher than the maximum concentra-
tions of the corresponding antibiotic in Chinese WWTPs sludge
(Table S5). In terms of average concentration, however, the antibiotic
levels in the black-odor sediments from our study were lower than or
comparable to those in WWTPs sludge from other researches (Ashfaq
et al., 2017; Li et al., 2013; Zhou et al., 2012; Zhou et al., 2013; Zhou
et al,, 2019). This suggests that the antibiotic contamination levels in
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Fig. 1. The distribution of the six target subtypes of FQs (A-F) in the black-odor sediment samples from China. (Different bars in every province represent the corresponding sampling cities.
The details are as follows. Hebei: Shijiazhuang, Handan, Qinhuangdao (from left bar to right bar, the same below). Beijing: Beijing. Tianjin: Tianjin. Shanxi: Taiyuan. Neimenggu:
Bayannaoer, Baotou, Hohhot. Henan: Xinyang, Zhengzhou, Anyang, Kaifeng. Hubei: Wuhan, Jingzhou, Suizhou. Hunan: Hengyang, Yongzhou, Changsha, Yueyang. Guangxi: Nanning,
Guigang. Guangdong: Zhanjiang, Yangjiang, Shantou, Shenzhen, Huizhou, Guangzhou. Hainan: Haiou. Shanghai: Shanghai. Anhui: Fuyang, Hefei, Maanshan, Wuhu. Jiangsu: Xuzhou, Nan-
jing, Yangzhou, Nantong, Wuxi. Jiangxi: Shangrao, Nanchang. Fujian: Fuzhou, Xiamen, Longyan, Zhangzhou. Shandong: Heze, Linyi. Ningxia: Yinchuan, Wuzhong, Shizuishan. Gansu:
Dunhuang, Zhangye, Lanzhou, Tianshui. Qinghai: Delingha, Xining. Shaanxi: Weinan, Xi'an. Yunnan: Kunming, Yuxi. Chongqing: Chongqing. Sichuan: Neijiang, Guangyuan, Chengdu. Gui-
zhou: Anshun. Jilin: Changchun, Jilin, Siping. Liaoning: Huludao, Yingkou, Shenyang. Heilongjiang: Qiqihaer, Daqing, Haerbin.)

the most black-odor sediment samples were comparable to those in
most WWTPs sludge samples. In addition, Huang et al. (2019) investi-
gated antibiotic concentrations in black-odor sludge from Guangzhou,
and their result were similar to those reported in our study.

3.2. Spatial distribution of antibiotics in Chinese black and odor sludge

Generally speaking, the levels of antibiotic in black and odor sludges
varied greatly among the 74 cities in China. As mentioned above, high
levels of antibiotic were detected in black-odor sludge samples from

Shenzhen, Nanning, Changchun, Hohhot, Yongzhou, Shantou, Tianshui,
Weinan, Neijiang, Jilin, Siping, and Heze. Except for Shenzhen, the eco-
nomic development levels of most the other cities is relatively weak.
By contrast, the samples collected from Haerbin and Chongqing
contained extremely low levels of all the 13 antibiotics (Figs. 1 and 2).
Meanwhile, it is noteworthy that antibiotic concentrations found in Bei-
jing, Shanghai, and Guangzhou were particularly low, which was incon-
sistent with their developed economies and dense populations. These
results indicated a possible negative correlation between antibiotic
use and the regional economy. Furthermore, the 74 sampling cities
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Fig. 2. The distribution of the three subtypes of MLs (A, B and C), LIN (D), and three subtypes of TCs (E, F and G) in the black-odor sediment samples from China. The explanations are same

as Fig. 1.



Y.-Z. Lv, X.-J. Luo, ].-L. Zhao et al.

Science of the Total Environment 787 (2021) 147554

>z

I CFX U T .
I EFX S ¥
B LFX
I NFX
I OFX
I PEF pI.
I cT™
I ETM-H20
RTM )
LIN
I cTe
oTC
TC

: y
“> Yunnan .
Z; NN

ngx'a ShanX|

Guizhou” 4 i
! 7

‘Guangxi‘Guanigdong

k
D” 0 160 320 640
- —— )
Hainan

Fig. 3. Composition (%) of the select antibiotics in black-odor sediments of different provinces in China.

were classified into three categories based on the level of economic de-
velopment as follows: first-tier cities, second-tier cities and small cities.
As shown in Fig. S2, high concentrations of antibiotics were almost al-
ways detected in black-odor sludge from economically less developed
small cities, whereas the first/second-tier cities tended to contain rela-
tively low antibiotic levels, with the exception of two cities (Shenzhen
and Nanning). However, the results of the K—W test showed that no
significant concentration difference among the three types of cities (p
> 0.05). Therefore, the relationship between antibiotic usage and
urban scale remains unclear. Considering a previous survey (Gu et al.,
2015), that revealed the tendency of urban inhabitants and those with
higher education levels to consume antibiotics more reasonably, further
research is needed on possible differences in antibiotic usage between
large and small cities.

In terms of geographical characteristics, TCs were mainly distributed
in East China, Central China, and South China (Fig. S3D), whereas MLs
were mainly in Northeast China, North China, and Northwest China
(Fig. S3B). No obvious geographical distribution characteristics were
found for FQs and LMs (Fig. S3A and C). To further analyze the geo-
graphical characteristics, the K—W test was conducted to identify the
differences in individual antibiotic distributions among the seven re-
gions. Obvious spatial differences were observed for CFX, EFX, LFX,
NFX, and OFX (p < 0.05). As shown in Fig. S4, the levels in Northwest
China for the five compounds were relatively lower than those in the
other six regions. However, for the other eight antibiotics, there was
no significant difference among the seven regions (p > 0.05), indicating
that the use of these antibiotics in China did not exhibit clear large-
region characteristics.

3.3. Antibiotic contaminant patterns

The composition of antibiotics in the sediment samples was shown
in Fig. 3. It can be seen that OTC, OFX, NFX, and TC were the main pollut-
ants in almost all the provinces, constituted 11%-77%, 5.4%-56.5%, 8%—
41%, and 1%-23% of the total antibiotics, respectively. ETM-H,0, CEX
and CTC had similar contributions (less than 7%) to the total amounts
of antibiotics in individual provinces, despite some exceptions for
ETM-H,0 in Shaanxi Province (23%), CFX in Shanghai (15%) and Tianjin

(9%), and CTC in Beijing (13%). The contribution rate of RTM, EFX, LFX,
PEF, CTM, or LIN to the total amounts of antibiotics was less than 2.3%
in all the provinces. Basically, there were some variances in the antibi-
otic composition patterns for the 28 provinces of China.

In fact, depending on a patient's specific constitution, symptoms, and
economic conditions, different antibiotics may be required to treat a
specific bacterial infection. Likewise, a combination of different antibi-
otics can be used to treat different bacterial infections. Accordingly, dif-
ferences in bacterial resistance, price, prescription habits and efficacy
might be the primary reasons for the discrepancies in the composition
profiles of antibiotics in various regions.

Moreover, 12 antibiotics were found to be significantly related to
TOC in sediment samples in this work (0.35 < r < 0.6) (Fig. S5), imply-
ing organic carbon content in sediment may be a contributing factor to
the diverse composition profiles.

3.4. Correlation analysis among antibiotics

Correlation analysis was conducted on the logarithmic values of
the antibiotic concentrations to demonstrate the relationships
among different antibiotics (Figs. S6 and S7). There were statisti-
cally significant correlations among the FQs (Fig. S6A—F). There-
into, good positive correlations were observed among CFX, NFX,
and OFX (r > 0.88) (Fig. S6A—C), all of which are used frequently
in clinical treatment. However, the correlations among the other
FQs as well as between CFX, NFX, or OFX and all the other FQs
were moderate or relatively weak (r < 0.67). In particular, the cor-
relation coefficient between EFX and CFX was 0.51 (Fig. S6D). It is
known that EFX can transform into CFX in water environments
(Kerrigan et al., 2018); hence, the low correlation between them
suggests that most of CFX were not originated from metabolism
of EFX, and off-the-shelf commercial CFX is the likely source of pol-
lution for the black and smelly sludge in the present study area. In
addition, EFX concentrations reported in a previous study were
highly correlated with those of OFX and CFX (Qian et al., 2016),
which is inconsistent with our study. Antibiotic sources may be re-
sponsible for the divergence. Specifically speaking, most of the
black and smelly sludge samples in this study were collected from
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city areas, where humans were the main source of antibiotic emis-
sions. While in the previous study (Qian et al., 2016), animals ma-
nures were the main antibiotics source. Accordingly, correlation
analysis may be used to determine whether antibiotics come from
human or animal sources.

For TCs, a significant positive relationship was exhibited between
OTC and TC (r = 0.85) (Fig. S6J), but weak correlations were exhibited
between CTC and OTC or TC (r < 0.5) (Fig. S6K and L). Both OTC and
TC have the same antibacterial spectrum and can be used to treat rick-
ettsial disease, mycoplasma infection, and chlamydia infection etc.
However, because of its significant side effects, CTC is currently only
for external use, such as for the treatment of conjunctivitis and tra-
choma. As for MLs, the concentrations of ETM-H,0 were highly corre-
lated with those of RTM (r = 0.79) (Fig. S6G); however, relatively
moderate correlations (r = 0.52 and 0.60) were found between ETM-
H,0 or RTM and CTM (Fig. S6H and I). The current results indicated
that there may be some differences in usage patterns or environmental
behaviors (e.g. degradation characteristics, etc.) between CTM and the
other two subtypes of MLs.

Correlations among the four different classes of antibiotics (FQs,
MLs, LIN and TCs) were also examined, and the results showed that
there were significant positive correlations between several antibiotics
from different classes (Fig. S7). For example, TC and OTC were highly
positively related to CFX, OFX, and NEX (r > 0.69) (Fig. S7A—F). Signifi-
cant positive correlations were also found between OTC or TC and ETM-
H,0 (r = 0.66 and 0.60) (Fig. S7G and H). The above results suggested
that there were more or less links (such as combined drug treatment,
etc.) among these antibiotics in clinical use.

4. Conclusion

The present study provides important basic data regarding the
presence and distribution of antibiotics in Chinese black-odor sed-
iments. In summary, extensive antibiotic contamination was found
in black-odor sludge throughout China. OTC, OFX, NFX, and TC were
the predominant antibiotics detected in the sediment samples.
More severe antibiotic pollution was found in economically under-
developed areas than in large cities in China, although these differ-
ences were not statistically significant. In addition, no significant
concentration difference was found among the seven regions of
China for the most antibiotics. The usage strategy of antibiotics
may depend on prescription habits, antibiotic price, efficacy, and
bacterial resistance in local areas. In conclusion, the detection of
various antibiotics with high concentrations in black-odor sludge
indicated that these sludge are an important reservoir of antibiotic
residues in the aquatic environment. Notably, the antibiotics
adsorbed in the sediments are still biologically active to some ex-
tent and can be released into water under suitable conditions,
thereby affecting the stability and function of the water ecosystem.
Therefore, understanding the presence and distribution of antibi-
otics in black-odor sludge can facilitate the assessment of their en-
vironmental risks and proposal of effective management strategies.
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