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Scientists have become increasingly concerned about the
occurrence of antibacterial resistance in the environment. In
this study, Escherichia coli resistant to one or more antibiotics
among nine antibiotics was screened from Wenyu River
Basin in Beijing, China, with mean frequency of 48.7 ( 8.7%
of 388 isolates in summer and 47 ( 6% of 236 isolates in winter.
The mean multiantibiotic resistance (MAR) index in summer
was 0.11 ( 0.03, slightly lower than that (0.14 ( 0.04) in winter.
Most frequent resistance appeared for sulfonamides,
tetracycline, and ampicillin. The distribution of 20 tetracycline,
three sulfonamide, and three �-lactam resistance genes
was assessed in the resistant isolates. While 97% of the
ampicillin (AMP) resistant mechanism could be explained by
the resistance gene TEM, 90% of the tetracycline (TC) and 96%
of the sulfonamide (SXT) resistances could be explained by
tet(A), tet(B), tet(M), and their combinations and sul(I), sul(II),
sul(III), and their combinations, respectively. tet(M), a
tetracycline-resistant gene originally detected in Gram-positive
bacteria, and its combinations with tet(A) or tet(B) were first
detected in E. coli isolated from a natural river basin, suggesting
that tet(M) in E. coli might have been transferred from other
bacterial species through horizontal gene transfer, which was
supported by the fact that no tet(M) was detected in the
isolates of human and chicken sources, except for only one
isolate from swine. The source of sulfonamide-resistant E. coli
in the river was supposed to be mainly from humans, based
on a comparison of the sulfonamide resistance genotypes in
animals and humans.

Introduction
Overuse in human medicine and agricultural uses, particu-
larly in livestock, contribute significantly toward the problem

of antibiotic resistance, which has become a recognized
medical problem, and scientists have become increasingly
concerned about the occurrence of antibacterial resistance
in the environment (1, 2). The antibacterial-resistant bacteria
together with antibiotics are discharged into the environment
through pathways such as domestic sewage and hospital
wastewater and are selected and promoted in the environ-
ment (3, 4), where several antibiotics exist at low levels (5–7).
Bacteria in the environment can acquire resistance genes
from other bacteria in their vicinity in a process known as
“horizontal transfer” at chronic low-level exposure to anti-
biotics (8, 9) and therefore contribute significantly to
increased gene frequencies and dissemination of resistance
genes into other ecosystems.

Several studies have attempted to evaluate the impacts
of antibiotic use on antibiotic resistance, and antibiotic
resistance genes in the environment have been studied as
an emerging contaminant (10). Sixteen tetracycline resistance
genes (10–15), three sulfonamide resistance genes (10), and
10 �-lactamase resistance genes (16) have been detected in
river sediment, seawater, irrigation ditches, dairy lagoons,
and the effluents of wastewater recycling and drinking water,
indicating the ubiquitous occurrence of these resistance
genes. Further studies using tet(W) and tet(O) for tetracycline,
sul(I) and sul(II) for sulfonamide, and ere(A) and msr(A) for
macrolide show that these genes could not be removed
effectively by biological treatment in a dairy lagoon system;
in contrast, significant increases of sulfonamide resistance
genes were found, especially under antibiotic-spiked condi-
tions (17). While these results on the occurrence and fates
of antibiotic resistance genes (ARGs) in the environment
provide fundamental data for proper risk assessment and
environmental management, most previous studies neglected
the role of bacteria, which act not only as a reservoir of clinical
resistance genes that may provide a source of transferable
traits for emerging pathogens but also as a medium for the
spread and evolution of resistance genes and their vectors.

The presence of antibiotic-resistant bacteria in freshwater
sources has been documented on the basis of the phenotypic
resistance testing of antibiotics (18–20). In those studies,
Escherichia coli has been the most widely investigated
bacteria (21, 22). The resistance to at least two classes of
antimicrobial agents in E. coli has been frequently found in
the environment (19, 23), and it has been estimated that
17.6% of the genes in E. coli has been acquired by horizontal
transfer at a rate of 16 kb/Myr (24). The resistance phenotypes
may arise from many different genes, and each gene may
present specific epidemiological features; however, these
studies lacked information about the antibiotic resistance
genes that confer the resistance, while several reports have
demonstrated an even greater heterogeneity among antibiotic
resistance genes and no detectable homology between those
found in Gram-negative and -positive species (25, 26). To
our best knowledge, only one paper reported the occurrence
of �-lactam-resistant bacteria in estuarine waters and their
resistance mechanism by determining related resistance
genes (16), and there have been no reports of a detailed study
on both the phenotypes and genotypes of E. coli resistant to
typical antibiotics in a natural river basin and their potential
sources. E. coli are common bacteria in the intestinal flora
of human and other warm-blooded animals and have been
widely used as a fecal contamination indicator in environ-
ment. Some groups of E. coli are the causative agents of
many enteric infections worldwide, and animal and human
commensal and environmental enteric E. coli are supposed
to be the natural reservoir of pathogenic strains (27). The
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study on the occurrence of antibiotic-resistant E. coli in
natural rivers can provide a prototypical view of the effects
of antibiotic use on bacterial populations.

In 1999, the annual antibiotic usage in China was about
29 574 tons, including 6716 tons of sulfonamides, 2500 tons
of macrolides, 6265 tons of penicillins, 9413 tons of tetra-
cycline, 2360 tons of fluoroquinolones, 702 tons of cepha-
losporin, and 1618 tons of aminoglycosides (28). In this study,
we examined the frequency of antibiotic-resistant E. coli
isolated from the Wenyu River Basin in Beijing, China, based
on the phenotypic resistance testing of nine antibiotics
[�-lactams including ampicillin (AMP), cefazolin (KZ), cefa-
mandole (MA), cefoperazone (CFP), and imipenem (IPM);
tetracycline (TC); sulfamethoxazole-trimethoprim (SXT);
levofloxacin (LEV); and gentamicin (CN)]. And then antibiotic
resistance genotyping was carried out by examining 20
tetracycline resistance genes (eight genes encoding ribosomal
protection protein and 12 tetracycline efflux genes), three
sulfonamide resistance genes, and three �-lactamases re-
sistance genes using the polymerase chain reaction (PCR)
method. Finally, primary source analysis was carried out by
phenotyping and genotyping antibiotic-resistant E. coli
isolated from swine, chicken, sheep, and human sources. To
our knowledge, this is the first study in which the phenotypes
and genotypes of E. coli isolates from a river basin were
comprehensively characterized.

Experimental Section
Sample Collection and E. coli Isolation. Figure 1 shows the
sampling locations. The Wenyu River flows over a distance
of 47.5 km with a catchment area of 2478 km2. About 55%
of the total population of Beijing lives around the Wenyu
River Basin, including its tributaries, the Qing, Ba, and
Tonghui Rivers. While most of these areas are sewered, there
is discharge from untreated wastewater and several stock
farms, mainly housing swine. There are some swine, sheep,
and chicken stock farms in Shunyi and Changping District
located in the suburbs of the Wenyu River Basin. Unfortu-
nately, information on the discharge from untreated waste-
water and stock farms into the Wenyu River Basin is unknown.

Sample preparation and bacteriological tests for isolation
of E. coli were performed by an established membrane filter
method (29, 30). Briefly, river water samples (about 500-1000
mL) at sites as shown in Figure 1 were collected in sterile
Whirl pack bags (Corning) on August 8-11 and on December
21, 2006, respectively. In order to build a source database
from animal and human sources to explore the potential
sources (animal or human) of antibiotic-resistant E. coli in
the Wenyu River Basin, wastewater samples from the
Fangzhuang Sewage Treatment Plant (STP) in a residential

area of Beijing, which receives 100% domestic wastewater,
and three lagoons of swine, sheep, and chicken production
facilities located in the suburbs of Beijing near the Wenyu
River were also taken in this sampling campaign. The detail
isolation procedure of E. coli is provided in the Supporting
Information.

Antibiotic Susceptibility Testing. Isolates were screened
for susceptibility to a panel of nine antibiotics on Mueller-
Hinton agar (Oxoid) by a disk diffusion method, as described
by the CLSI 2005 guidelines (33). The following disks (Oxoid,
UK) were used: AMP (10 µg), TC (30 µg), SXT (sulfamethox-
azole/trimethoprim: 23.75 µg/1.25 µg), LEV (5 µg), KZ (30
µg), MA (30 µg), CFP (75 µg), IPM (10 µg), and CN (10 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. The total
frequencies of antibiotic-resistant E. coli were estimated by
the equation A/B, where A is the numbers resistant to one
or more antibiotic, B is the numbers of isolates from the
sample. The multiantibiotic resistance (MAR) index of the
samples were calculated by the equation a/(b × c), where a
is the aggregate antibiotic resistance score of all isolates from
the sample, b is the number of antibiotics, and c is the number
of isolates from the sample (34).

Detection of Antibiotic Resistance Genes. PCR assays
were performed in order to determine which antibiotic
resistance gene was detectable in antibiotic-resistant E. coli.
Primers used for the PCR amplification of antibiotic resistance
genesweremainlybasedonpublishedpapers(11,12,14,16,35),
and their sequences are listed in Table S1 (Supporting
Information). The PCR assays were carried out using a Takara
Ex Taq kit (Takara) in a 50-µL volume reaction. The PCR
mixture consisted of 5 µL of 10× Ex Taq buffer (Mg2+ Plus),
4 µL of dNTPs (2.5 mM each), 0.2 µM of each primer, 2 µL
of bacteria that were incubated on liquid LB at 37 °C for 24 h
before use, and 0.25 µL 5 U/µL Ex Taq DNA polymerase.
Each PCR was performed with a S320 Thermal Cycler (Beijing
Botong Tech). The PCR was initiated by incubating the
reaction mixture at 95 °C for 10 min, followed by 40 cycles
of 15 s at 95 °C, 30 s at the annealing temperature (for the
annealing temperatures, see Supporting Information Table
S1), and 30 s at 72 °C. The reaction was terminated with an
extension step consisting of 7 min of incubation at 72 °C
(14). All PCR experiments contained a negative control (2 µL
of E. coli ATCC 25922 that was incubated on liquid LB at 37
°C for 24 h before use) and a blank control (no E. coli). To
generate positive controls, purified PCR products obtained
from the resistant isolates from the Wenyu River Basin were
cloned and sequenced. If the PCR products were verified as
the object resistance genes using the BLAST alignment tool
(http://www.ncbi.nlm.nih.gov/blast/), these isolates with
such genes were used as the positive control. Both positive
and negative controls were included in every run. Each PCR
product (6 µL) was mixed with 1.2 µL of 6× loading buffer
dye (Takara, Japan) and loaded on a 1.5% horizontal agarose
gel (agarose HT, Amresco, America) together with a 100 bp
size ladder (Takara, Japan). All gels were run in 50× TAE
buffer (Dingguo) for 30 min and 100 V, stained for 20 min
in 50× TAE buffer containing 0.5 µg of ethidium bromide per
mL, and visualized by UV transillumination (Gel Doc 2000,
Bio-Rad Laboratories, Milan, Italy). If the PCR products were
not clearly observed after the first PCR, a second, nested PCR
was performed with 2 µL of the first PCR mixture as a template
and amplification for 40 cycles as described above, and the
PCR production was examined by UV transillumination again.

REP-PCR. The E. coli isolates with same phenotyping and
genotyping from one sampling site were tested by repetitive
extragenic palindromic PCR (REP-PCR) with primers BOXA1R

FIGURE 1. Map of sampling points in the Wenyu River Basin.
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(5′-CTACGGCAAGGCGACGCTGACG-3′), and the composi-
tion of reaction mixtures and PCR program were as described
previously (31). All PCR experiments contained a positive
control (E. coli ATCC 25922) and a negative control (2 µL of
water instead of E. coli). PCR products were electrophoresed
in 1.5% agarose gels, stained with ethidium bromide, and
visualized by UV transillumination (Gel Doc 2000, Bio-Rad
Laboratories, Milan, Italy). Gel images were analyzed with
the Quantity One 4.3.0 software (Bio-Rad Laboratories, Milan,
Italy). Isolates representing similar fingerprint were discarded
and only one of them would be recorded as a result.

Results and Discussion
Phenotyping of Antibiotic-Resistant E. coli Isolates. Eleven
and six water samples were taken from the Wenyu River
Basin in the summer season (August 2006) and winter season
(December 2006), respectively, as shown in Figure 1. Median
values for E. coli in samples taken from the Wenyu River in
summer and winter were in the range from 22 (site L) to 1.7
× 104 cfu/mL (site E) and 18 (site D) to 3.6 × 103 cfu/mL (site
B), respectively. It should be noted that the E. coli levels in
the samples from sites A, B, E were much higher than those
in the effluents of STPs located along the river basin (Figure
1) due to the inputs of untreated domestic waste, as found
in our previous paper (36). The 388 isolates were screened
from sites A-K in summer with regard to their resistances
against the nine antibiotics used. While the total frequencies
of antibiotic-resistant E. coli ranged from 40% (site A) to 67%
(site C), the spectra of antibiotic-resistant E. coli are distinct
among sites. As shown in Figure S1 (Supporting Information),
the frequency of single-drug resistance in total E. coli at site
C is as high as 41%, followed by three-drug (10%) and four-
drug resistances (10%), while its frequency at site A is only
13%, followed by three-drug resistance (15%) and double
resistance (10%). It should be noted that relatively high total

frequency (58%), with 8% of five-drug and 3% of six-drug
resistance were detected at site E, which was located
downstream of the Wenyu River. Profiling of resistance
phenotypes in the anabranches of the Wenyu River (sites
F-K) was basically similar to those in the Wenyu River except
for site K, where a relatively high frequency of four-drug
resistance (19%) was found. In addition, two-drug resistance
with high frequency (14–19%) was found at sites G-I, and
relatively high three-drug resistance was found at sites F and
J, where five-drug (5%) and six-drug (3%) resistances were
detected. To investigate the seasonal variation of antibiotic
resistance profiles, 236 isolates were obtained from sites A-E
and L in winter. The antibiotic resistance frequency ranged
from 41% to 55%, a variation that is not significant compared
with the summer samples. However, variations in the
antibiotic resistance spectrum were obvious: the frequencies
of three-, four-, and five-drug resistance increased. Overall,
the mean frequency of antibiotic-resistant E. coli in summer
and winter were 48.7 ( 8.7% and 47 ( 6%, respectively,
indicating no obvious seasonal variation, which is similar
with observations (18) in Japan. It should be noted that the
mean multiantibiotic resistance (MAR) index in summer was
estimated to be 0.11 ( 0.03, a little lower than that (0.14 (
0.04) in winter.

Figure 2 shows the resistance spectra of E. coli isolates
against the nine antibiotics. Twenty-five different resistance
patterns (six single-drug, five two-drug, four three-drug, five
four-drug, three five-drug, and two six-drug resistance
patterns with the proportions of 49.5, 16.5, 17, 12.2, 3.7, and
1.1%, respectively) were observed for the isolates in summer,
while 29 different patterns were found in winter (four single-
drug, eight two-drug, eight three-drug, five four-drug, three
five-drug, and two six-drug resistance patterns with the
proportions of 34.0, 19.6, 15.2, 19.6, 9.8, and 1.8%, respec-
tively). Among single-drug-resistant isolates in summer, the

FIGURE 2. Levels of each antibiotic resistance pattern accounting for total antibiotic-resistant E. coli isolates from the Wenyu River
Basin. Summer: samples taken in August 2006. Winter: samples taken in December 2006. AMP, ampicillin; TC, tetracycline; SXT,
sulfamethoxazole-trimethoprim; LEV, levofloxacin; KZ, cefazolin; MA, cefamandole; CFP, cefoperazone; IPM, imipenem; CN, genta-
micin.
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highest proportion of resistance was against TC (36%),
followed by AMP (7.9%), SXT (1.6%), MA (1.6%), LEV (1.1%),
and KZ (1.1%), and no single-drug-resistant E. coli against
IPM, CN, or CFP was detected, which is similar to reports in
previous papers (18). Of the multiresistant isolates in summer,
the most common resistance pattern was AMP/TC/SXT,
which accounted for 13.8% of the 188 resistant isolates,
followed by AMP/TC/SXT/CN (8%) and AMP/TC (8%), TC/
SXT (6.4%), and AMP/TC/SXT/LEV/CN (2.1%). Only one six-
drug-resistant isolate showed resistance against CFP. Among
the antibiotic-resistant isolates in winter, the most abundant
resistance pattern was also the single TC resistance with a
much lower proportion (18.8%) of the 112 resistant isolates,
and the most abundant multiresistant pattern was a four-
drug one, AMP/TC/SXT/CN (9.8%), followed by AMP/TC/
SXT/LEV/CN (7.1%) and AMP/TC/SXT (7.1%), TC/SXT (6.3%),
and AMP/TC/SXT/LEV (5.4%), suggesting that the multire-
sistant E. coli might be more persistent or be discharged at
a higher rate in winter. It should be noted that among the
nine antibiotic agents tested, the resistances for AMP, TC,
and SXT were the most frequent in both summer and winter.

Genotyping of Antibiotic-Resistant E. coli. About 109
isolates displaying various resistance patterns such as AMP/
TC/SXT, TC/SXT, AMP/TC, and SXT/TC were selected to
detect their genotypes (Supporting Information Table S2). It
was observed that of 26 resistance genes [tet(B/P), tet(M),
tet(O), tet(Q), tet(S), tet(T), tet(W), Otr(A), tet(A), tet(B), tet(C),
tet(D), tet(E), tet(G), tet(H), tet(J), tet(L), tet(Y), tet(Z), tet (30),
sul(I), sul(II), sul(III), TEM, SHV, CARB] selected, seven genes
[tet(A), tet(B), tet(M), sul(I), sul(II), sul(III), and TEM] were
detected in these resistant isolates.

At first, 12 efflux genes and eight of the ribosomal
protection tetracycline resistance genes listed in Table S1
(Supporting Information) were analyzed in 91 tetracycline-
resistant isolates. Of the 12 efflux genes, only tet(A) and tet(B)
were detected, but tet(E), which had been originally isolated
from E. coli, was not detected. The frequencies of tet(A) and
tet(B) were 66% and 41% (Supporting Information Table S2),
respectively. This result is different from that in lactose-
fermenting coliforms from humans and animals (26), where
the majority of wild-type tetracycline-resistant coliforms
carried tet(B) with a frequency of 73.3%, while tet(A) was
detected in only about one-fifth (21.7%), together with the
relatively low detection frequency of tet(C). Such differences
may be due to the species-specific gene patterns, because
coliforms included not only E. coli but also Enterobacter and
Klebsiella, where tet(B) may be more prevalent. In fact, the
tet(B) has been reported to have the widest host range among
Gram-negative species (37). The gene profile in this study
was also different from those in Gram-negative bacteria
isolated from polluted and unpolluted marine sediments (38).
In that study, the most dominant resistance determinant
was tet(E) (66–70%), which was speculated to be the
indigenous tetracycline resistance gene for microorganisms
in marine sediments, because tet(E) is associated with large
plasmid, that are neither mobile nor conjugative (39). The
majority of Gram-negative isolates described in the literature
carry a single type of tet gene, except for one study that showed
that 3.5% of the lactose-fermenting coliforms simultaneously
carried two different tet genes, tet(A) and tet(B) [tet(A,B)]
(26). However, a recent study of polluted marine sediments
from Norway (38) found 26% of tetracycline-resistant isolates
carried both tet(D) and tet(E). In this study, 15 isolates among
91 tetracycline-resistant E. coli isolates carried tet(A,B) with
a frequency of 16.5%, which is much higher than that (3.5%)
in lactose-fermenting coliforms from humans and animals
(26). It should be noted that of the ribosomal protection
tetracycline resistance genes, only tet(M) was detected in 15
isolates (16%), of which 8.8% and 5.5% were combined with
tet(A) [tet(A,M)] or tet(B) [tet(B,M)], respectively, and 1%

combined with both tet(A) and tet(B) [tet(A,B,M)]. Although
tet(M) had been detected in E. coli strains from clinic (40)
and pig and chicken isolates (41), to our best knowledge, this
is the first report on the presence of tet(M) in E. coli strains
from a river basin. It should be noted that none of the 20
tetracycline-resistance genes in this study were detected in
the nine tetracycline-resistant E. coli isolates (10%), sug-
gesting that there is a need for further study to determine the
comprehensive distribution of tetracycline resistance genes
or to explore new tetracycline resistance genes. Thus, 90%
tetracycline (TC) resistance could be explained by tet(A),
tet(B), tet(M), and their combinations.

Resistance to sulfonamides in E. coli frequently results
from the acquisition of an alternative dihydropteroate
synthase (DHPS) gene (sul) (42). Three alternative sulfona-
mide resistance DHPS genes [sul(I), sul(II), and sul(III)] in
Gram-negative bacteria have been documented, and all of
them were present in this study. sul(I) and sul(II) were
detected almost at equal frequency: 60 isolates of the 73
isolates (82%) carried sul(I), and 56 isolates (77%) carried
sul(II), of which the combination of sul(I) and sul(II) was
detected in 49 isolates (67%). sul(III) was detected in only 12
isolates with 16.4% frequency, which consisted of 4% sul(III)
(three isolates), 1.4% combination of sul(I) and sul(III)
[sul(I,III)], 1.4% combination of sul(II) and sul(III) [sul(II,III)],
and 9.6% combination of sul(I), sul(II), and sul(III). Thus,
96% of the sulfonamide-resistant isolates can be explained
by the presence of sul(I), sul(II), and sul(III). This result was
similar to that in sulfonamide-resistant E. coli isolates of
clinical origin (43).

�-Lactams are the most commonly used antibacterial
agents for treating infectious diseases in humans and
veterinary practice, and resistance to these compounds
among Gram-negative bacteria is most frequently related to
the production of �-lactamases with an increased spectrum
of activity (44). TEM, SHV, and CARB-type �-lactamases,
which are most often found in E. coli were analyzed in this
study. While TEM with 97% frequency was detected in the
78 isolates, no SHV and CARB were detected, which is similar
to that reported in the previous paper, where the frequencies
of TEM, SHV, and CARB in E. coli were 95% (33/35), 1% (1/
35), 1% (1/35), respectively (16).

Primary Analysis of Sources. To explore the potential
sources of antibiotic-resistant E. coli in the Wenyu River Basin,
we also analyzed the phenotyping and genotyping of
antibiotic-resistant E. coli in the sources of swine, sheep,
chicken, and human (domestic wastewater from the Fang-
zhuang STP in Figure 1). Figure S2 (Supporting Information)
compares the spectrum of resistant E. coli isolates in the
river basin with those of swine, chicken, and human sources,
except for sheep, because only AMP- and TC-resistant E. coli
were isolated from sheep. The frequency of LEV-resistant
isolates from human source increased with increasing drug
number of antibiotic resistance, which is largely different
from the spectra of both swine and chicken sources, where
four- and five-drug-resistant isolates were mainly detected
together with a relatively low frequency of three-drug
resistance. As for AMP, TC, and SXT, the three-drug-resistant
isolates are most dominant in both swine and chicken, but
the three- and four-drug-resistant isolates in human are at
a similar level. However, all of these spectra lack obvious
similarity with that in the river basin to judge the potential
source.

Resistance genes among AMP-, TC-, and SXT-resistant E.
coli isolates from animal and human sources were also
examined (Supporting Information Table S3). TEM was
detected in all 53 AMP-resistant isolates from swine and
human source, but no SHV and CARB were found, which
was similar to that in the river basin. However, only 50% of
the 32 AMP-resistant isolates from chicken source were
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explained by TEM, excluding the possibility of chicken stock
farm as the potential sources of AMP-resistant isolates in the
river basin. Figure 3a shows the profiles of resistance genes
coding for sulfonamide resistance in E. coli isolates from
swine, chicken, and human sources together with the results
for the Wenyu River Basin. It can be found that the profile
in the river basin is very similar to that in human except for
sul(I,II,III) and sul(I,III), but distinctly different from those
in swine and chicken. Isolates with sul(I,II) were dominant
among the resistant isolates from both the Wenyu River Basin
and human with the frequencies of 58% and 56%, respectively,
much higher than those from swine (10%) and chicken (35%).
And sul(III) was highly detected in animal: 65% frequency
for swine [20% of sul(III), 25% of sul(II,III), 10% of sul(I,II,III),
and 10% of sul(I,III)] and 51% for chicken [6% of sul(II,III),
45% of sul(I,II,III)]. These results indicated that the sulfona-
mide-resistant E. coli isolates that accounted for 45.6% of
total antibiotic resistant isolates in the Wenyu River Basin
mainly stemmed from human source. It should be noted
that, in the river basin, we detected isolates carrying
sul(I,II,III), which was not observed in human but found in
animal, especially in chicken, indicating that a part of resistant
isolates in the river basin possibly stemmed from animal
sources.

Figure 3b compares the genotypic profiles of tetracycline
resistance genes in the river basin with those in human, swine,
and chicken sources. While tet(A), tet(B), and their combina-
tion tet(A,B) were detected in river basin, human, swine, and
chicken, tet(M) and its combination with tet(A) or/and tet(B)
were detected with 15% frequency in the river basin, and
tet(M) combined with tet(A) was detected only in swine with
a relatively low frequency (3.5%, one isolate of 28 TC-resistant
isolates). These results indicate that there should be other
E. coli discharging sources such as wild animals, as reported
in previous papers (32, 44), or other antibiotic resistance
formation mechanism, such as horizontal transfer in the river
basin besides human and animal sources. tet(M) was
hypothesized to have Gram-positive origin and can be
introduced into a significant number of other genera,
including Gram-negative and Gram-positive organisms and
species lacking cell walls (37). Thus, the finding of the
presence of tet(M) and its combined genes tet(A,M), tet(B,M),
and tet(A,B,M) in E. coli from the river basin suggested that
the horizontal gene transfer of tet(M) would occur in the
river basin, and further investigation is necessary.

There are several E. coli source identification methods based
on either the DNA fingerprinting techniques such as ribotyp-
ing and REP-PCR or on physiological characteristics such as
resistance to various antibiotics, although there is concern
that these methods may not be as robust as previously

thought (45). In this study, the source for sulfonamide-
resistant E. coli isolates in the natural river basin was supposed
mainly to be human by comparing the antibiotic resistance
genotypes of E. coli isolates with those from the domestic
animals and human. And the method based on the antibiotic
resistance genotypes would be expected to provide mean-
ingful results for source identification of E. coli in the
environment (46). Further work is going on in our laboratory
to characterize the resistance formation mechanism, espe-
cially for the occurrence of tet(M) in E. coli.
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