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ABSTRACT: To investigate the occurrence of antibiotics in
urban rivers and their association with antibiotic-resistant
Escherichia coli, 20 (fluoro)quinolone antibiotics (FQs), 16
tetracycline antibiotics (TCs) and their degradation products,
and 25 sulfonamides (SAs) and some degradation products
were determined in 45 river samples and 13 discharged
wastewater samples collected from Wenyu River and its
tributaries and 4 composite effluent samples from sewage
treatment plants in Beijing, China. Fifteen FQs, eight TCs,
including four degradation chemicals, and sixteen SAs,
including four acetylated products, were detected in the river
water. The SAs were the dominant antibiotic (total
concentrations up to 3164.0 ng/L) in river water, followed by FQs (1430.3 ng/L) and TCs (296.6 ng/L). The sum
concentrations for each class of detected antibiotic in the 13 discharge site samples were higher than those in river samples, up to
12326.7 ng/L for SAs, 6589.2 ng/L for FQs, and 730.1 ng/L for TCs, largely contributing to the high concentrations in the river
basin. Log−linear regression analysis confirmed that the concentrations of FQs, TCs, and SAs in the Wenyu River basin were
strongly correlated with the number of E. coli resistant to FQs (p < 0.05), TCs (p < 0.05), and SAs (p < 0.05), providing evidence
for the environmental impacts of antibiotic usage.

■ INTRODUCTION

The presence of antibiotics in the environment has attracted
increasing attention due to the induction and spread of
antibiotic resistance genes.1−6 The widespread occurrence of
antibiotic-resistant Escherichia coli has been reported in river
basins,7 and 50−60% of infections in general in the United
States have resulted from the spread of drug-resistance.8 The
potential physiological effects of antibiotics on nontarget
organisms are also of special concern.9−13 Some (fluoro)-
quinolone antibiotics (FQs) such as ciprofloxacin (CIP) may
interfere with the photosynthesis path of a plant, resulting in
morphological abnormalities,10 and almost all FQs, especially
third- and fourth-generation FQs, elicit genotoxicity.11

Tetracyclines (TCs) such as chlortetracycline (CTC) can
inhibit plant growth,14 and some sulfonamides (SAs) such as
sulfadimethoxine (SDM) and sulfamerazine (SMR) have
carcinogenic potential.15−17

Antibiotics are widely used throughout the world in human
and veterinary medicine, as well as for agricultural purposes.18

Annual worldwide antibiotic usage is estimated at 100 000−
200 000 tons, and annual consumption in China of more than
25 000 tons.19 A quantity of antibiotics are excreted in urine
and then released into the aquatic environment via a sewage

treatment plants (STP) due to limited removal efficiencies [e.g.,
moxifloxacin (MOXI, 40%), gatifloxacin (GATI, 43%),
ofloxacin (OFL, 33−66%), lomefloxacin (LOME, 21−72%),20

trimethoprim (TMP, 3%),21 and oxytetracycline (OTC,
38%)22]. Some antibiotics, such as sulfamethoxazole (SMX),
show increased concentrations in STP effluent.23 Thus, various
antibiotics discharged from STPs enter nearby rivers, creating
potential ecological risks. Numerous antibiotics, including FQs,
SAs, and TCs, have been detected downstream of STP
discharge sites and in river basins and seawater in the United
States, Japan, Korea, and China.18,20,24−26 While many studies
have demonstrated the ubiquity of antibiotics in the aquatic
environment, most studies have only targeted one group or a
narrow range of antibiotics and their metabolites: usually three
FQs (OFL, CIP, and ENR), five SAs (sulfanilamide (SA), SMX,
sulfadiazine (SDZ), sulfachloropyridazine (SCP), and TMP),
and three TCs (TC, OTC, and CTC). To better assess their
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environmental risks, it is necessary to extensively investigate
antibiotics and their metabolites in the aquatic environment.
Correlations between tetracycline residue and the level of

tetracycline resistance genes, such as tet(O), tet(W), tet(Q),
tet(M), tet(L), and tet (B), and the genes sum in soil
surrounding swine feedlots have been reported previously.27−29

Significant correlations have also been observed between the
relative abundance of plasmid-mediated quinolone resistance
(PMQR) genes and concentrations of 10 FQs in wastewater
and soil adjacent to swine feedlots.30 These correlations provide
evidence to evaluate the effects of antibiotics on the levels of
antibiotic resistance in the environment. To date, however, no
studies have reported on the correlations between the
resistance of bacteria that arise from various genes and the
different resistance mechanisms. For example, 12 TC resistance
genes have been reported in environmental samples, and the
FQ resistance mechanism about mutations of chromosomal
genes coding DNA gyrase or topoisomerase IV have been well
accepted before the emergence of bacterial plasmid-mediated
quinolone resistance (PMQR) genes. E. coli has been widely
used as a fecal contamination indicator in natural river basins,
and the correlation between its resistance (based on
phenotypes) and the residue of medicinal antibiotics in natural
river basins can help evaluate the effects of antibiotics on levels
of resistance in aqueous environments.
In this study, three classes of antibiotics (20 FQs, 16 TCs

and their degradation products, and 25 SAs) were determined
by LC-MS-MS to investigate the occurrence and possible
source of antibiotics in rivers of Beijing, China. The target
antibiotics were selected due to their significant use, wide
environmental occurrence and expected presence. In addition,
they can be accurately measured in environmental samples
using available technologies. Finally, the associations between
the occurrences of SAs, FQs, and TCs and the corresponding
incidence of resistant E. coli were assessed.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Details of antibiotic standards

and surrogate standards are shown in the Supporting
Information. The methanol, dichloromethane, acetonitrile,
and n-hexane from Fisher Chemicals (Fair Lawn, NJ) were
all of HPLC grade. HPLC-grade formic acid was purchased
from Dima Technology, Inc. (Richmond Hill, Ontario,
Canada), ammonia was purchased from Alfa Aesar (Ward
Hill, MA), and ethylenediamine tetraacetic acid disodium
(Na2EDTA) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). HPLC-grade water was prepared
using a Milli-Q RC apparatus (Millipore, Bedford, MA). Solid
phase extraction cartridges, Oasis HLB column (500 mg/6
cm3) and Oasis MAX column (60 mg/3 cm3, 150 mg/6 cm3)
were purchased from Waters Corporation (Milford, MA).
Sample Collection. The Wenyu River and its tributaries

(Qing, Ba, and Tonghui rivers) cover an area of 2478 km2 and
are recipient rivers for most wastewater in urban areas of
Beijing (Figure S1, Supporting Information). Four STPs
(Gaobeidian, Qinghe, Jiuxianqiao, and Beixiaohe) are located
upstream of the tributaries (Figure S1, Supporting Informa-
tion). In August 2006, 62 environmental water samples were
collected for the analysis of antibiotics and E. coli isolation to
test antibiotic susceptibility. These samples included river water
samples (n = 45), wastewater samples from discharge sites (n =
13), and STP effluent samples (n = 4; Table S1, Supporting
Information). Brown glass bottles used for sample collection

were previously washed with methanol, water, and deionized
water. All water samples were immediately transported to the
lab for E. coli isolation to test antibiotic susceptibility and were
extracted on the same day after being filtered with a glass
microfiber filter GF/C 1.2 μm (Whatman, Maidstone, UK).
The cartridges were kept at −80 °C for 1 week prior to analysis.

Sample Preparation. After filtration, 800 mL of river water
and 400 mL of wastewater were added with Na2EDTA (0.5%
w/v), acidified to pH 3.0 with hydrochloric acid (HCl), and
then spiked with the surrogate standards before being passed
through the HLB cartridges at a flow rate of approximately 5−
10 mL/min. Na2EDTA was used to reduce the formation
chelate complexes of FQs and TCs with metal ions.26,31 The
HLB cartridges were preconditioned with 6 mL of methylene
chloride, 6 mL of methanol, and 6 mL of ultrapure water
containing 0.5 g/L of Na2EDTA (adjusted to pH 3.0 with
HCl). The cartridges were dried under a flow of nitrogen and
finally eluted with 1 mL of methanol.
An aliquot of elute (0.5 mL) was dried by a weak stream of

nitrogen and reconstituted with ethyl acetate (0.8 mL) and
hexane (2.4 mL). The mixed solutions were then applied to
silica cartridges (500 mg, 3 cc) preconditioned with 4 mL of
hexane. The cartridges were rinsed with 3 mL of hexane, 3 mL
of hexane/ethyl acetate (9:1, v/v) and 3 mL of hexane/ethyl
acetate (3:2, v/v), and the analytes were finally eluted with 3
mL of methanol/acetone (1:1, v/v) followed by 3 mL of
acetone. The solution was evaporated to dryness under a gentle
stream of nitrogen and reconstituted with 0.5 mL of methanol/
water (1:1) for LC-MS/MS analysis of trimethoprim,
sulfonamides, and their metabolites.
The remaining elute (0.5 mL) in each HLB cartridges was

diluted to 8 mL by adding ultrapure water (pH 7.0), and then
applied to Oasis MAX cartridges conditioned with 3 mL of
methanol and 3 mL of ultrapure water. After the cartridges
were rinsed with 3 mL of ammonia (5%), the TCs, their
metabolites, and FQs were eluted by 3 mL of methanol
containing 1% formic acid. After the addition of 0.2 mL of 30%
aqueous ammonia solution, the elutes were dried under a
stream of nitrogen and reconstituted by 0.5 mL methanol/
water (1:1). The standard samples were treated in the same
way to counteract the effects of unexpected interference, as
described in our previous papers.20,32

Instrumental Analysis. An Acquity Ultra Performance
Liquid Chromatograph (Waters Corp., Milford, MA) and a
Quattro Premier XE tandem quadrupole mass spectrometer
(Waters Corp., Milford, MA) were used to analyze all target
antibiotics. A Waters Acquity UPLC BEH C18 Column (100 ×
2.1 mm, 1.7 μm) was used for separation of antibiotics, and the
column temperature was 40 °C. Methanol (A) and ultrapure
water containing 0.1% formic acid (B) were the mobile phases,
and the injection volume was 2.0 μL. Analytical conditions are
provided in Table S2 (Supporting Information). ESI-MS/MS
detections were performed in the positive ion mode for all
analytes. Data acquisition was performed in the selected
reaction monitoring (SRM) mode (Table S3, Supporting
Information). Common MS parameters were as follows:
capillary voltage, 3.0 kV; source temperature, 110 °C;
desolvation temperature, 400 °C; source gas flow, 50 L/h;
and desolvation gas flow, 650 L/h.
Identification was accomplished by comparing the retention

time (within 2%) and the signal ratio (within 20%) of two
selected product ions in the environmental samples with
standards. Quantitation was accomplished by choosing the
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select reaction monitoring conversion ion with the highest
abundance and/or minimal interference or background.
Internal standard (demeclocycline, DMC)26 and surrogate
standards (NOR-d5,

13C6−SMA, and NAcSMX-d5) were used
to compensate variations loss in the solid-phase extraction
(SPE) process and instrument response.
Method Performance. All equipment rinses were

conducted with methanol and ultrapure water to avoid sample
contamination. While the HLB cartridges can simultaneously

enrich all target antibiotics, a prevalent signal suppression (e.g.,
TCs 25−89% in STP effluent) occurred for the target analytes
without the cleanup procedure. To optimize the simultaneous
extraction of antibiotics, the silica cartridges were used for
cleanup of SAs, and the Oasis MAX cartridges were used for
cleanup of FQs and TCs. The efficiency of the extraction and
purification procedure was assessed by spiking the river samples
with standard solutions of target compounds and surrogate
standards. To further evaluate the purifying effect on the

Figure 1. Distribution of the three classes of antibiotics in 45 river water sampling sites in Beijing. (a) SAs; (b) TCs; (c) FQs. Compounds with
contribution percentages less than 1% are not shown. Sampling sites are shown in Figure S1 (Supporting Information). Solid arrows and dotted
arrows indicate discharge sites and STP effluent, respectively.
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response of target compounds, the matrix effects in three kinds
of samples were calculated, with the results shown in Table S4
(Supporting Information). Recoveries were estimated by
triplicate analysis of field water samples spiked with 200 ng/L
of each target chemical in direct discharge wastewater, with 100
ng/L in STP effluent, and with 50 ng/L in river water, with low
levels similar to the concentrations found in previously analyzed
samples.20,25,26,32 The recoveries of all target compounds,
except for two TCs (EACTC, 54−57%; ACTC, 48−55%) and
six FQs (PIPE, 53−63%; ENO, 58−61%; CIPRO, 59−75%;
SARA, 58−66%; GATI, 46−59%; PIRO, 55−58%), in the
discharge, STP effluent, and river water samples were 61−120,
60−116, and 61−120%, respectively, with a relative standard
error (RSD) in the range of 0.1−20% (Table S4, Supporting
Information). The limits of quantification (LOQs) of the
method were based on a signal-to-noise ratio of 10:1 in field
samples. For nondetected chemicals, samples were spiked using
a mixture of standard solution. The LOQs for the target
antibiotics were in the range of 0.4−19.1 ng/L in discharge site
samples, 0.5−30.6 ng/L in STP effluent samples, and 0.5−32.6
ng/L in river water samples (Table S4, Supporting
Information). The matrix effects after cleanup were in the
range of 1.7−20.8%, except for ECTC, β-apo-OTC, EACTC,
ACTC, SA, TMP, SIA, DANO, ENRO, OXO, and NALI (in
the range of 21−32.7%) in the STP effluent samples (Table S4,
Supporting Information), and using LC-ESI-MS/MS analysis
these results showed no obvious signal suppression compared
with the 24−49% signal suppression of six TCs in chlorinated
drinking water and signal enhancement for TCs in surface
waters reported previously.33

E. coli Isolation. Of the 45 samples, numbers of E. coli
resistant to antibiotics in 19 river water samples were reported
in our previous papers (Table S5, Supporting Information),6,7

and the incidence of antibiotic-resistant E. coli in 23 river water
samples, 3 discharge samples, and 4 STP effluent samples were
newly determined. Sample preparation and bacteriological tests
for isolation of E. coli were performed by an established
membrane filter method.6 Briefly, water samples were filtered
through nitrocellulose filters (0.45 μm pore-size) with the goal
of obtaining colonies. The filters placed onto E. coli
chromogenic agar (Chromagar Microbiology, France) and
incubated at 44 °C for 24 h. The colonies that turned blue on
E. coli chromogenic agar were chosen, recorded, purified, and
collected for subsequent studies. The detailed isolation
procedure of E. coli is provided in the Supporting Information.
Antibiotic Susceptibility Testing. Isolates were screened

for susceptibility to three classes of antibiotics on Mueller-
Hinton agar (Oxoid) by a disk diffusion method, as described
by the CLSI 2005 guidelines34 and our previous paper.6,7 The
following disks (Oxoid, UK) were used: tetracycline (TC, 30
μg), SXT (sulfamethoxazole/trimethoprim, 23.75 μg/1.25 μg),
LEV (5 μg). E. coli ATCC 25922 was used as reference strain.
The diameter of inhibition zones surrounding the antibiotic
disks was interpreted according to the CLSI 2005 guidelines.
The isolates that were shown to be resistant to antibiotics were
recorded, purified, and collected for subsequent studies.

■ RESULTS AND DISCUSSION

Occurrence of Antibiotics in Wenyu Rivers. Figure 1
shows the concentrations of SAs, FQs, and TCs in the 45 water
samples from Wenyu Rivers. Of the 61 antibiotics among three
classes, 16 SAs, 15 FQs, and 8 TCs were detected, with total

mean concentrations of 1046.7, 400.4, and 40.8 ng/L,
respectively (Table S6, Supporting Information).
Of the tested 20 FQs, 15 FQs, including 4 first-generation

quinolones (OXO, PIPE, PIRO, and NALI), 7 second-
generation FQs (OFL, FLUM, NOR, LOME, CIP, FLER,
and PEFL), 2 third-generation FQs (DIF and DANO), and 2
fourth-generation FQs (GATI and MOXI), were detected in all
the samples from the rivers (Table S6, Supporting
Information). OFL, GATI, and FLUM were detected in
100% of river samples, while OXO was detected in 84% (38/
45). The mean concentration (702.0 ng/L) of FQs in Tonghui
River was the highest, followed by Ba River (480.0 ng/L), Qing
River (331.2 ng/L), and Wenyu River (264.7 ng/L). Of the
detected FQs, OFL was the most abundant, with a
concentration range of 25.1−1213.6 ng/L, followed by
FLUM (24.2−137.0 ng/L), NOR (ND-199.4 ng/L), and
GATI (1.6−116.4 ng/L). The total concentration of FQs in 45
water samples from the rivers ranged from 56.5 ng/L (site W3)
to 1430.3 ng/L (site T6). The environmental occurrence of
FQs has been well studied, but earlier research has focused on
CIP, OFL, NOR, or enrofloxacin (ENR). The concentrations
of CIP (maximum, 24.1 ng/L) and ENR (not detected, ND) in
the present study were lower than those (80 ng/L for CIP and
15 ng/L for ENR) found downstream of STP discharge sites in
New Jersey,24 while the maximum concentration of OFL
(1213.6 ng/L) was higher than that in New Jersey (920 ng/L).
The lowest concentration of OFL (25.1 ng/L) in water samples
from the rivers in the present study was higher than that in
tributaries of the Seine in France (maximum, 18 ng/L),35 and
the median concentration of OFL (110 ng/L) in water samples
from the rivers was comparable to that in the Pearl River (108
ng/L)36 but higher than that in the Jiulong river basin (46 ng/
L).37 To our best knowledge, PIPE was detected for the first
time at a median concentration of 7.2 ng/L and a frequency of
53.3%. It should be noted that GATI, a fourth-generation
quinolone, was detected in all 45 samples from the rivers at a
relatively high concentration (1.6−116.4 ng/L; median, 16.5
ng/L). This is the first report on its occurrence in natural rivers,
and the concentration was higher than that found in STP
effluent reported previously (16−42 ng/L).32 Another fourth-
generation quinolone, MOXI, was also detected for the first
time with a detection frequency of 6.7%. Because fourth-
generation FQs can cause hyperglycemia and hallucina-
tions,38,39 it has already been removed from clinical use in
the North American market. The ubiquitous occurrence of
fourth generation quinolones in natural river water is of
concern.
Among the tested 16 TCs, 8 TCs (TC, OTC, DXC, and

MINO, 4 degradation chemicals (ICTC, ETC, EACTC, and
ATC)) were detected in all samples from the rivers (Table S6,
Supporting Information). The total concentration of TCs
ranged from ND to 296.6 ng/L, with OTC the most abundant
(ND-110.2 ng/L), followed by TC (ND-90.7 ng/L), ICTC
(ND-29.1 ng/L), and ETC (ND-46.5 ng/L), at detection
frequencies of 91, 93, 91, and 64%, respectively (Table S6,
Supporting Information). The mean concentration of TCs in
Ba River (69.3 ng/L) was the highest, followed by Tonghui
River (55.7 ng/L), Qing River (49.7 ng/L), and Wenyu River
(17.5 ng/L). The concentrations of TCs in Wenyu River and
its tributaries (ND−296.6 ng/L) were similar to those (20−180
ng/L) in the Cache la Poudre watershed in the USA,40 and
higher than those (ND ∼ 16 ng/L) in the Alzette and Mess
rivers of Luxembourg.42 However, the OTC concentration
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(maximum, 110.2 ng/L) in Wenyu was lower than that (OTC,
340 ng/L) in the Suwannee River located in the United
States.41 The detection frequencies of OTC and TC in Wenyu
were higher than those in 139 streams in the United States
(1.2−2.4%).43 It should be noted that while CTC (primary use
in beef cattle) has been frequently reported in surface
water,40,44 it was not detected in Wenyu River or its tributaries,
but its metabolite ICTC was detected (ND-29.1 ng/L). This
phenomenon has been observed in previous research.26

Apparently, ICTC is accumulated as CTC decomposes,
suggesting ICTC to be moderately stable compared with
CTC.45

Of the tested 25 SAs and metabolites, 12 sulfonamide
antibiotics and four acetylated products were detected in all
samples from the rivers (Table S6, Supporting Information).
The detection frequencies of SMX, TMP, SDZ, SPD, SMA,
SMM, and four N-acetylated metabolites (NAcSMX, NAcSPD,
NAcSDZ, and NAcSMA) were 96−100%, and the detection
frequencies of SGD, SA, SCP, SQX, STZ, and SME ranged
from 51 to 87%, indicating their widespread occurrence in
Beijing urban rivers. It has been reported that the removal
efficiencies of SMX, SPD, and SDZ in sewage treatment plants

are relatively low, or even negative,23 which would lead to high
detection frequencies and concentrations in the receiving rivers.
Total concentrations of SAs ranged from 467.8 to 3164.1 ng/L
in all samples from the rivers, with the highest total
concentration observed downstream of Tonghui River (site
T8). The mean concentration of SAs in Qing River (1328.0 ng/
L) was the highest, followed by Tonghui (1276.9 ng/L),
Wenyu (941.0 ng/L), and Ba (876.9 ng/L) rivers, and was
significantly higher than that in the Liao River basin (192.1 ng/
L) and adjacent Liaodong Bay (63.4 ng/L).25 The occurrence
of several SAs (SMX, TMP, SMA, SPD, and SDZ) has been
reported in earlier studies.18,46 The concentrations of SAs
(1.3−129.3 ng/L for SPD, 33.2−528.1 ng/L for SMX, 267.3
ng/L for SMA, and 12.8−119.7 ng/L for TMP) in Wenyu
River and its tributaries were about 1 order of magnitude higher
than those in the Mekong River (21−132 ng/L for SPD, 3−33
ng/L for SMX, 7−54 ng/L for TMP, and <28 ng/L for
SMA).18 The mean concentrations of SDZ (185.0 ng/L) and
SMX (186.4 ng/L) were comparable with those (140 ng/L for
SDZ and 150 ng/L for SMX) in the Haihe River basin in
China, but the mean levels of TMP (47.5 ng/L) and SCP (2.0
ng/L) were markedly lower (100 ng/L for TMP and 160 ng/L

Figure 2. Concentrations of the three classes of antibiotics in 13 discharge site and 4 STP effluent samples in Beijing. (a) SAs; (b) TCs; (c) FQs.
Compounds with contribution percentages less than 1% are not shown. Sampling sites are shown in Figure S1 (Supporting Information).
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for SCP in Haihe River basin).46 Among the four detected N-
acetylated sulfonamides, the concentration of NAcSMX (87.4−
826.0 ng/L) was the highest, followed by NAcSDZ (33.2−
638.9 ng/L), NAcSPD (4.5−192.6 ng/L), and NAcSMA (0.6−
35.6 ng/L). While these N-acetylated sulfonamide metabolites
have been detected in seawater samples from Liaodong Bay,
these compounds were detected in the Wenyu urban rivers at
higher concentrations than those reported in seawater samples.
In addition to the river samples, we also analyzed 4 STP

composite effluent samples collected over 1 week and 13 water
samples collected from wastewater discharge sites along the
tributaries of Wenyu River (Figure 2). Sites DQ2, DQ3, and
DBB4 were close to fishing ponds. Sites DB1, DBB1, DBB3,
DT3, and DT4 were located in residential areas; therefore,
these sites were probably influenced by domestic sewage. The
sources for other discharge sites were unclear. The levels of
antibiotics at discharge sites DB1, DBB1, DBB2 (except for
FQs), DBB3, DT1, DT3, and DT4, STP effluent sites DQE,
DBE, DJE, and DTE, were much higher than those detected in
the upstream and downstream river water samples, indicating
that STP effluent and discharge sites were the main sources of
antibiotics in the rivers. Total concentrations ranged from
1135.0 ng/L (site DJE) to 1621.6 ng/L (site DTE) for FQs,
65.1 ng/L (site DQE) to 297.2 ng/L (site DJE) for TCs, and
1051.1 ng/L (site DBE) to 1577.3 ng/L (site DQE) for SAs.
The most abundant compounds in the STP effluent samples
were OFL, OTC, and five SAs (SDZ, SMX, NAcSPD,
NAcSDZ, NAcSMX). The highest concentrations of OFL,
CIP, LOME, and OTC were 1.4-, 16.8-, 110.3-, and 6.4-fold
higher than those in the river water samples. Four FQs
(DANO, PEFL, DIF, and MOXI), four SAs (STZ, SME, SCP,
and SQX), and three TCs (MINO, DXC, and ATC) were
detected in a few discharge site and STP effluent samples and
the detection frequencies were consistent with the river water
samples. Very high concentrations of SAs at discharge sites (12
μg/L at site DT2 and 9.3 μg/L at site DT3) were detected in
downstream Tonghui River into Wenyu River.
Profiles. Of the three major classes of antibiotics quantified

in this study, SAs were the predominant antibiotic in all
samples collected from rivers, discharge sites, and STP effluent,

with an average contribution of 68%, followed by FQs (29%)
and TCs (3%). Of the 16 detected sulfonamide antibiotics and
N-acetylated metabolites, NAcSMX was the most abundant
compound (35%), followed by SDZ (19%), SMX (18%),
NAcSDZ (14%), TMP (5%), and NAcSPD (4%), with SMA,
SMM, SGD, SME, SA, SCP, STZ, and SQX contributing to 5%
of total SAs in Wenyu River and its tributaries. It was
commonly thought that N-acetylated sulfonamides metabolites
resulted from human and animal activities. It has been reported
that during biological treatment, NAcSPD and NAcSMX can be
transformed to SPD and SMX, respectively, and the ratio of an
N-acetylated sulfonamide to the corresponding parent in STP
effluent was lower than that in raw wastewater.23 For example,
previous research showed that the ratio (R = NAcSMX/SMX)
in raw influent was 3.3, but was 0.03 (median) in effluent,47 and
the Rall-value (Rall-value = sum (four acetylated products)/sum
(corresponding parents) in the effluent of four STPs ranged
from 0.6 to 1.1 (Figure 3). It should be noted that the
concentration ratios of N-acetylated sulfonamide to its parent
compound (NAcSMX/SMX, NAcSPD/SPD) in all sampling
sites, except for sites T6, W16, and B3, were greater than 1. The
ratio for NAcSMA/SMA was in the range of 1.0−3.7 in 18 of all
river samples, and the ratio of NAcSDZ/SDZ was 1.0−1.6 in 13
of all river samples. The higher than 1.1 Rall-value in 34 of 45
sites (Rall-value in discharge site samples was in the range of
0.2−1.1, except for DT2, DBB1, DB1, and DQ1 in the range of
1.2−5), and the significantly increased concentrations of SAs
downstream of Wenyu River (Rall-value was 1.0 and 1.3 in W16
and W17, respectively) indicated the existence of freshly
discharged treated sewage or naturally attenuated untreated
sewage.
The main antibiotics in the river samples were ETC, OTC,

TC, and ICTC, with mean percentages of 8.8, 62.5, 15.5, and
11.5%, respectively. These profiles were quite similar to the
STP effluent and discharge site samples, indicating that TCs in
the Wenyu River basin were affected by both municipal
wastewater and discharge sites. For the profiles of FQs, OFL
(45.7%) was dominant in the Wenyu rivers, followed by NOR
(14.2%), FLUM (13.4%), and GATI (5.0%), which was
different to the profiles in the discharge site samples in which

Figure 3. Ratio (Rall-value) of SAs and their metabolites in STP effluent, wastewater from discharge sites, and river water samples in Wenyu River
Basin. Dotted boxes indicate discharge sites with Rall-values greater than 1.1.
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NOR (32.4%) was dominant, followed by OFL (18.0%),
LOME (16.0%), and NALI (10.7%), but relatively similar to
STP effluent samples (Figures 4). This suggested that STP
effluent largely contributed to the occurrence of FQs in the
river basin, which was consistent with the limited removal
efficiencies of FQs (40−75%) in STPs.20

Relationship between Antibiotic Levels and Resistant
E. coli. Antibiotics have been widely used in hospitals and
aquaculture due to their good antibacterial, therapeutic, and
preventive effects. This has led to the generation and
distribution of resistant microorganisms in the natural environ-
ment. We determined the incidence of antibiotic-resistant E.
coli isolated from samples in Wenyu River in Beijing, China,
based on the phenotypic resistance testing of three classes of
antibiotics, TCs (tetracycline (TC), SAs (sulfamethoxazole-
trimethoprim (SXT)); and FQs (levofloxacin LEV; Table S5,
Supporting Information). In addition to the numbers of E. coli
resistant to antibiotics in 19 river samples reported in our
previous research,6,7 23 river samples, 3 discharge site samples
(DQ2, DQ3, and DBB4), and 4 STP effluent samples (DQE,
DBE, DJE, and DTE) in the present study were used for
regression analysis with antibiotic concentration (Table S5,
Supporting Information). Log−linear regression analysis was
performed between numbers of E. coli resistant to antibiotics
and the antibiotic residue in the river basin to assess their
associations. Results showed that the number of SA-resistant E.
coli significantly increased with total concentrations of SAs in
the river basin (r2 = 0.18, p = 0.0016; Figure 5). Although the
relationship was not as strong as that for SAs, a significant
relationship between the number of FQ-resistant E. coli was
also found (r2 = 0.14, p = 0.0053). A significant correlation
between the number of TC-resistant E. coli and TC residue in
the river basin was also observed (r2 = 0.28, p < 0.00005). As
observed in the relationship between bacterial antibiotic
resistance genes and TCs residue in soils adjacent to swine
feedlots,29 the logarithmic correlation suggested that the decay
rate of antibiotic-resistance bacteria should be faster than the
degradation of antibiotics in the natural environment, and the
relatively weak correlations between the number of antibiotics-
resistant E. coli and their concentrations may attribute to such
phenomenon. To our best knowledge, only one prior study
attempted to correlate the incidence of antibiotic-resistant E.
coli with antibiotic residue in hospital wastewater, although no
significant correlation was obtained.2 The correlations observed
in this study might be due to the same sources of SAs, FQs, and
TCs and their resistance E. coli. An alternative explanation
might be that the E. coli resistant to SAs, FQs, and TCs were
positively selected following exposure to these classes of

antibiotics during use or environmental contact. Horizontal
gene transfer from other bacteria species at chronic low-level
exposure to antibiotics48 would also contribute to the increased
antibiotic-resistance E. coli numbers as observed in our previous
paper6 where tet(M), a tetracycline-resistant gene originally
detected in Gram-positive bacteria, was detected in E. coli
isolated from the same natural river basin as in this study. This
is the first report regarding the relationship between the
number of E. coli and the levels of antibiotics found in the
natural environment. Although determination of resistance
genes can provide important information on the fate of
resistant bacteria and antibiotics, as exemplified by the
correlation between total TCs in soil adjacent to swine feedlots

Figure 4. Comparison of chemical profiles detected in three kinds of samples (wastewater discharge sites, STP effluent, and Wenyu rivers).
Compounds with contribution percentages less than 1% are not shown.

Figure 5. Correlation between resistant E. coli number to
corresponding antibiotics and the antibiotic concentration residues
in Wenyu River and its tributaries.
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and TCs residue, the results obtained in the present study
further understanding on the impacts of antibiotic pollution
because the bacteria not only act as a reservoir of clinical
resistance genes but also as a medium for the spread and
evolution of resistance genes and their vectors.6

This work examined the occurrence of 61 antibiotics based
on an analytical method for simultaneously determining three
classes of antibiotics and reported for the first time the profile
and source of these three classes of antibiotics in a river basin,
as well as the association between their levels and antibiotic
resistant bacteria.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed descriptions of target antibiotics, abbreviations of
discharge sites and STP effluent LC-MS/MS analysis, method
validation, and number of E. coli and levels of antibiotics in all
samples are provided in the Supporting Information. This
material is available free of charge via the Internet at http://
pubs.acs.org/.

■ AUTHOR INFORMATION
Corresponding Author
*Phone/fax: 86-10-62765520; e-mail: hujy@urban.pku.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support from the National Nature Science Founda-
tion of China (41330637 and 41171385) and the Education
Committee of Beijing (YB20081000103) are gratefully
acknowledged. The authors also thank Mr. Jiachen Shi, who
helped test antibiotic susceptibility of E. coli.

■ REFERENCES
(1) Zhang, X.; Zhang, T. Occurrence, abundance, and diversity of
tetracycline resistance genes in 15 sewage treatment plants across
China and other global locations. Environ. Sci. Technol. 2011, 45,
2598−2604.
(2) Oberle,́ K.; Capdeville, M.; Berthe, T.; Budzinski, H.; Petit, F.
Evidence for a complex relationship between antibiotics and antibiotic-
resistant Escherichia coli: From medical center patients to a receiving
environment. Environ. Sci. Technol. 2012, 46, 1859−1868.
(3) LaPara, T. M.; Burch, T. R.; McNamara, P. J.; Tan, D. T.; Yan,
M.; Eichmiller, J. J. Tertiary-treated municipal wastewater is a
significant point source of antibiotic resistance genes into Duluth-
Superior Harbor. Environ. Sci. Technol. 2011, 45, 9543−9549.
(4) Graham, D. W.; Olivares-Rieumont, S.; Knapp, C. W.; Lima, L.;
Werner, D.; Bowen, E. Antibiotic resistance gene abundances
associated with waste discharges to the almendares river near Havana,
Cuba. Environ. Sci. Technol. 2010, 45, 418−424.
(5) Luo, Y.; Mao, D.; Rysz, M.; Zhou, Q.; Zhang, H.; Xu, L.; J. J.
Alvarez, P. Trends in antibiotic resistance genes occurrence in the
Haihe River, China. Environ. Sci. Technol. 2010, 44, 7220−7225.
(6) Hu, J.; Shi, J.; Chang, H.; Li, D.; Yang, M.; Kamagata, Y.
Phenotyping and genotyping of antibiotic-resistant Escherichia coli
isolated from a natural river basin. Environ. Sci. Technol. 2008, 42,
3415−3420.
(7) Shi, J. C.; Hu, J. Y.; Chang, H.; Wan, Y.; Zhang, Z. B.; Xiang, Y.
Investigation on the antibiotic-resistance E. coli in Wenyu River in
Beijing. China Environ. Sci. 2008, 28, 39−42.
(8) Phillips, I.; Casewell, M.; Cox, T.; De Groot, B.; Friis, C.; Jones,
R.; Nightingale, C.; Preston, R.; Waddell, J. Does the use of antibiotics
in food animals pose a risk to human health? A critical review of
published data. J. Antimicrob. Chemother. 2004, 53, 28−52.

(9) Baguer, A. J.; Jensen, J.; Krogh, P. H. Effects of the antibiotics
oxytetracycline and tylosin on soil fauna. Chemosphere 2000, 40, 751−
757.
(10) Aristilde, L.; Melis, A.; Sposito, G. Inhibition of photosynthesis
by a fluoroquinolone antibiotic. Environ. Sci. Technol. 2010, 44, 1444−
1450.
(11) Hu, J.; Wang, W.; Zhu, Z.; Chang, H.; Pan, F.; Lin, B.
Quantitative structure−activity relationship model for prediction of
genotoxic potential for quinolone antibacterials. Environ. Sci. Technol.
2007, 41, 4806−4812.
(12) Hartmann, A.; Alder, A. C.; Koller, T.; Widmer, R. M.
Identification of fluoroquinolone antibiotics as the main source of
umuC genotoxicity in native hospital wastewater. Environ. Toxicol.
Chem. 1998, 17, 377−382.
(13) Isidori, M.; Lavorgna, M.; Nardelli, A.; Pascarella, L.; Parrella, A.
Toxic and genotoxic evaluation of six antibiotics on non-target
organisms. Sci. Total Environ. 2005, 346, 87−98.
(14) Bowman, S. M.; Drzewiecki, K. E.; Mojica, E. E.; Zielinski, A.
M.; Siegel, A.; Aga, D. S.; Berry, J. O. Toxicity and reductions in
intracellular calcium levels following uptake of a tetracycline antibiotic
in Arabidopsis. Environ. Sci. Technol. 2011, 45, 8958−8964.
(15) Neu, H. C. The crisis in antibiotic-resistance. Science 1992, 257,
1064−1073.
(16) Lee, S. H.; Park, Y. J.; Park, E. S.; Kim, Y. S.; Choi, Y. S.; Kim, B.
G.; Park, S. J.; Chong, S. M. Effects of extremely low frequency
elecromagnetic fields on thyroid carcinogenesis induced by N-bis(2-
hydroxypropyl)nitrosamine and sulfadimethoxine. J. Korean Surg. Soc.
2009, 77, 161−169.
(17) Imai, T.; Hasumura, M.; Cho, Y. M.; Ota, Y.; Takami, S.; Hirose,
M.; Nishikawa, A. Inhibitory effects of aminoguanidine on thyroid
follicular carcinoma development in inflamed capsular regions of rats
treated with sulfadimethoxine after N-bis(2-hydroxypropyl)-
nitrosamine-initiation. Cancer Sci. 2009, 100, 1794−1800.
(18) Managaki, S.; Murata, A.; Takada, H.; Tuyen, B. C.; Chiem, N.
H. Distribution of macrolides, sulfonamides, and trimethoprim in
tropical waters: Ubiquitous occurrence of veterinary antibiotics in the
Mekong Delta. Environ. Sci. Technol. 2007, 41, 8004−8010.
(19) Yiruhan; Wang, Q.; Mo, C.; Li, Y.; Gao, P.; Tai, Y.; Zhang, Y.;
Ruan, Z.; Xu, J. Determination of four fluoroquinolone antibiotics in
tap water in Guangzhou and Macao. Environ. Pollut. 2010, 158, 2350−
2358.
(20) Jia, A.; Wan, Y.; Xiao, Y.; Hu, J. Y. Occurrence and fate of
quinolone and fluoroquinolone antibiotics in a municipal sewage
treatment plant. Water Res. 2012, 46, 387−394.
(21) Lindberg, R. H.; Wennberg, P.; Johansson, M. I.; Tysklind, M.;
Andersson, B. A. V. Screening of human antibiotic substances and
determination of weekly mass flows in five sewage treatment plants in
Sweden. Environ. Sci. Technol. 2005, 39, 3421−3429.
(22) Li, D.; Yang, M.; Hu, J.; Ren, L.; Zhang, Y.; Li, K. Determination
and fate of oxytetracycline and related compounds in oxytetracycline
production wastewater and the receiving river. Environ. Toxicol. Chem.
2008, 27, 80−86.
(23) Chang, H.; Hu, J. Y.; Wang, L.; Shao, B. Occurrence of
sulfonamide antibiotics in sewage treatment plants. Chin. Sci. Bull.
2008, 53, 514−520.
(24) Gibs, J.; Heckathorn, H. A.; Meyer, M. T.; Klapinski, F. R.;
Alebus, M.; Lippincott, R. L. Occurrence and partitioning of antibiotic
compounds found in the water column and bottom sediments from a
stream receiving two wastewater treatment plant effluents in Northern
New Jersey, 2008. Sci. Total Environ. 2013, 458−460 107−116.
(25) Jia, A.; Hu, J.; Wu, X.; Peng, H.; Wu, S.; Dong, Z. Occurrence
and source apportionment of sulfonamides and their metabolites in
Liaodong Bay and the adjacent Liao River basin, North China. Environ.
Toxicol. Chem. 2011, 30, 1252−1260.
(26) Jia, A.; Xiao, Y.; Hu, J.; Asami, M.; Kunikane, S. Simultaneous
determination of tetracyclines and their degradation products in
environmental waters by liquid chromatography−electrospray tandem
mass spectrometry. J. Chromatogr. A 2009, 1216, 4655−4662.

Environmental Science & Technology Article

dx.doi.org/10.1021/es503700j | Environ. Sci. Technol. 2014, 48, 14317−1432514324

http://pubs.acs.org/
http://pubs.acs.org/
mailto:hujy@urban.pku.edu.cn


(27) Smith, M. S.; Yang, R. K.; Knapp, C. W.; Niu, Y.; Peak, N.;
Hanfelt, M. M.; Galland, J. C.; Graham, D. W. Quantification of
tetracycline resistance genes in feedlot lagoons by real-time PCR. Appl.
Environ. Microbiol. 2004, 70, 7372−7377.
(28) Peak, N.; Knapp, C. W.; Yang, R. K.; Hanfelt, M. M.; Smith, M.
S.; Aga, D. S.; Graham, D. W. Abundance of six tetracycline resistance
genes in wastewater lagoons at cattle feedlots with different antibiotic
use strategies. Environ. Microbiol. 2007, 9, 143−151.
(29) Wu, N.; Qiao, M.; Zhang, B.; Cheng, W.; Zhu, Y. Abundance
and diversity of tetracycline resistance genes in soils adjacent to
representative swine feedlots in China. Environ. Sci. Technol. 2010, 44,
6933−6939.
(30) Li, J.; Wang, T.; Shao, B.; Shen, J. Z.; Wang, S. C.; Wu, Y. N.
Plasmid-mediated quinolone resistance genes and antibiotic residues in
waste water and soil adjacent to swine feedlots: Potential transfer to
agricultural lands. Environ. Health Perspect. 2012, 120, 1144−1149.
(31) Shao, B.; Sun, X.; Zhang, J.; Hu, J. Y.; Dong, H.; Yang, Y.
Determination of ofloxacin enantiomers in sewage using two-step
solid-phase extraction and liquid chromatography with fluorescence
detection. J. Chromatogr. A 2008, 1182, 77−84.
(32) Xiao, Y.; Chang, H.; Jia, A.; Hu, J. Trace analysis of quinolone
and fluoroquinolone antibiotics from wastewaters by liquid chroma-
tography-electrospray tandem mass spectrometry. J. Chromatogr. A
2008, 1214, 100−108.
(33) Ye, Z.; Weinberg, H. S.; Meyer, M. T. Trace analysis of
trimethoprim and sulfonamide, macrolide, quinolone, and tetracycline
antibiotics in chlorinated drinking water using liquid chromatography
electrospray tandem mass spectrometry. Anal. Chem. 2006, 79, 1135−
1144.
(34) Performance Standards for Antimicrobial Susceptibility Testing;
Sixteenth Informational Supplement. CLSI document M100 S16.
Clinical and Laboratory Standards Institute (National Committee for
Clinical Laboratory Standards): Wayne, PA, 2005.
(35) Tuc Dinh, Q.; Alliot, F.; Moreau-Guigon, E.; Eurin, J.;
Chevreuil, M.; Labadie, P. Measurement of trace levels of antibiotics
in river water using on-line enrichment and triple-quadrupole LC-MS/
MS. Talanta 2011, 85, 1238−1245.
(36) Xu, W.; Zhang, G.; Zou, S.; Li, X.; Liu, Y. Determination of
selected antibiotics in the Victoria Harbour and the Pearl River, South
China, using high-performance liquid chromatography-electrospray
ionization tandem mass spectrometry. Environ. Pollut. 2007, 145, 672−
679.
(37) Jiang, H.; Zhang, D.; Xiao, S.; Geng, C.; Zhang, X. Occurrence
and sources of antibiotics and their metabolites in river water,
WWTPs, and swine wastewater in Jiulongjiang River basin, south
China. Environ. Sci. Pollut. Res. 2013, 20, 9075−9083.
(38) Yip, C.; Lee, A. J. Gatifloxacin-induced hyperglycemia: A case
report and summary of the current literature. Clin. Ther. 2006, 28,
1857−1866.
(39) Adams, M.; Tavakoli, H. Gatifloxacin-induced hallucinations in a
19-year-old man. Psychosomatics 2006, 47, 360.
(40) Kim, S.; Carlson, K. Temporal and spatial trends in the
occurrence of human and veterinary antibiotics in aqueous and river
sediment matrices. Environ. Sci. Technol. 2006, 41, 50−57.
(41) Pailler, J. Y.; Krein, A.; Pfister, L.; Hoffmann, L.; Guignard, C.
Solid phase extraction coupled to liquid chromatography-tandem mass
spectrometry analysis of sulfonamides, tetracyclines, analgesics and
hormones in surface water and wastewater in Luxembourg. Sci. Total
Environ. 2009, 407, 4736−4743.
(42) Lindsey, M. E.; Meyer, M.; Thurman, E. M. Analysis of trace
levels of sulfonamide and tetracycline antimicrobials in groundwater
and surface water using solid-phase extraction and liquid chromatog-
raphy/mass spectrometry. Anal. Chem. 2001, 73, 4640−4646.
(43) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M.;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Pharmaceuticals, hormones,
and other organic wastewater contaminants in U.S. streams, 1999−
2000: A national reconnaissance. Environ. Sci. Technol. 2002, 36,
1202−1211.

(44) Yang, S.; Cha, J.; Carlson, K. Quantitative determination of trace
concentrations of tetracycline and sulfonamide antibiotics in surface
water using solid-phase extraction and liquid chromatography/ion trap
tandem mass spectrometry. Rapid Commun. Mass Sp. 2004, 18, 2131−
2145.
(45) Shelver, W. L.; Varel, V. H. Development of a UHPLC-MS/MS
method for the measurement of chlortetracycline degradation in swine
manure. Anal. Bioanal. Chem. 2012, 402, 1931−1939.
(46) Luo, Y.; Xu, L.; Rysz, M.; Wang, Y.; Zhang, H.; Alvarez, P. J. J.
Occurrence and transport of tetracycline, sulfonamide, quinolone, and
macrolide antibiotics in the Haihe river basin, China. Environ. Sci.
Technol. 2011, 45, 1827−1833.
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