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Abstract The rapid development of antibiotic-resistant bac-
teria (ARB) has been of concern worldwide. In this study,
antibiotic resistance genes (ARGs) were investigated in
antibiotic-resistant Escherichia coli isolated from surface wa-
ter samples (rivers, n=17; Taihu Lake, n=16) and from hu-
man, chicken, swine, and Egretta garzetta sources in the
Taihu Basin. E. coli showing resistance to at least five drugs
occurred in 31, 67, 58, 27, and 18 % of the isolates from
surface water (n=665), chicken (n=27), swine (n=29), human
(n=45), and E. garzetta (n=15) sources, respectively. The
mean multi-antibiotic resistance (MAR) index of surface wa-
ter samples (0.44) was lower than that of chicken (0.64) and
swine (0.57) sources but higher than that of human (0.30) and
E. garzetta sources (0.15). Ten tetracycline, four sulfonamide,
four quinolone, five β-lactamase, and two streptomycin resis-
tance genes were detected in the corresponding antibiotic-
resistant isolates. Most antibiotic-resistant E. coli harbored at

least two similar functional ARGs. Int-I was detected in at
least 57 % of MAR E. coli isolates. The results of multiple
correspondence analysis and Spearman correlation analysis
suggest that antibiotic-resistant E. coli in water samples were
mainly originated from swine, chicken, and/or human sources.
Most of the ARGs detected in E. garzetta sources were prev-
alent in other sources. These data indicated that human activ-
ities may have contributed to the spread of ARB in the aquatic
environment.
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Introduction

Antibiotics have been widely used in medical settings and
animal feed to treat infections and increase production capac-
ity, respectively. Application of antibiotics can directly alter
the microbiota by selecting antibiotic-resistant bacteria
(Akiyama and Savin 2010). Many antibiotics can induce
cell-wall-deficient bacteria and therefore enhance the horizon-
tal gene transfer that contributes to the transmission of antibi-
otic resistance genes (ARGs) among bacteria via the genetic
mobile elements (plasmids, transposons, and integrons)
(Baquero et al. 2008; Woo et al. 2003). Residual antibiotics
released from these environments not only result in chemical
pollution but also threaten the health of human and animals by
contributing to the development of antibiotic resistance in
non-antibiotic-producing microorganisms (Cummings et al.
2011; Knapp et al. 2010; Martinez 2008). Thus, it is necessary
to evaluate and track the development of antibiotic resistance
among bacteria to reduce their deleterious effects.
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E. coli commonly inhabit the intestines of warm-blooded
animals. A number of E. coli strains are important pathogens
that can be responsible for colibacillosis in poultry, and some
of them can cause severe human diseases such as the hemo-
lytic uremic syndrome (Momtaz et al. 2012; Zhao et al. 2009).
Various antibiotic-resistance phenotypes and/or genotypes of
E. coli have been found in rivers, lakes, beaches, sediments,
soils, and wastewaters (Hu et al. 2008; Li et al. 2014; Ram
et al. 2007; Zhang et al. 2009a). Previous studies have shown
that surface waters facilitate the dissemination of antibiotic-
resistant organisms, ARGs, and antibiotics among human and
animal populations, and throughout the natural environment
(Baquero et al. 2008; Hu et al. 2008; Tacão et al. 2014).
Therefore, E. coli from nonpoint sources as well as humans,
farm animals, wildlife, and pets can affect water quality of
catchments or lakes (Ibekwe et al. 2011; Wang et al. 2013).
However, the propagation mechanism of ARGs in E. coli and
its impacts on the environment remain unclear, especially in a
wide ecosystem (Sayah et al. 2005).

Taihu Lake, the third largest freshwater lake in China, has
approximately 2250 km2 of surface area and 100 tributaries.
The population density is over 1200 per square kilometer.
Approximately six million pigs and/or chickens are raised
each year in the Taihu Lake Basin. Although most wastewa-
ters are treated following certain standards before being
discharged into receiving water bodies, the discharge from
wastewater treatment plants may be an important reservoir
of antibiotic resistance bacteria (Zhang et al. 2009d). To date,
most wastewaters from feedlots are not or inadequately treated
in this region. Therefore, the aquatic ecosystems in this basin
are affected. The multi-antibiotic-resistant bacteria in this area
have been posing a serious environmental issue (Zhang et al.
2009b; Zhao et al. 2009). The phenotype and genotype char-
acterization of antibiotic-resistant E. coli strains isolated from
surface water, human, swine, chicken, and wildlife present in
the Taihu Lake Basi can be particularly interesting for under-
standing the effect of anthropogenic activities on the emer-
gence and prevalence of antibiotic resistance at a basin level.

Fecal contamination indicator E. coli was employed in this
study to characterize the antibiotic resistance and ARGs in
E. coli strains isolated from surface water and from human,
feedlot, and wildlife sources, and to study the source of
antibiotic-resistant E. coli in surface water and its potential
impact on wildlife and/or human health in the Taihu Lake
basin.

Materials and methods

Sample collection

Surface water samples were collected from Taihu Lake in
December 2009 and May 2010; and from 17 tributary rivers

in Taihu Lake basin in May 2010 (Supplementary informa-
tion, Fig. S1 and Table S1).Water samples were obtained from
the effluents of biological treated wastewater from chicken
and swine feedlots and from wastewater treatment plant (three
sites) (Supplementary information) to represent chicken,
swine, and human sources, respectively (May, 2010). Fresh
fecal samples were collected from three nests of the wild her-
on, Egretta garzetta, on an island in Taihu Lake in April–July
2010.

E. coli isolation and antibiotic susceptibility testing

Colony counts were performed by spreading 100 ml of each
diluted sample of feces or water samples on MacConkey agar
plates at 42 °C for 24 h. The colonies suspected to be E. coli
were further purified and identified by standard methods for
all samples (Zhang et al. 2009c).E. coli isolates were screened
for susceptibility to a panel of nine antibiotics on Mueller-
Hinton agar (Oxoid) by a disk diffusion method according to
Clinical and Laboratory Standards Institute (CLSI) 2005
guidelines. Ampicillin (AM, 10 μg), oxytetracycline (OT,
30 μg), tetracycline (TET, 30 μg), gentamicin (GT, 10 μg),
streptomycin (30 μg, SM), sulfamethoxazole/trimethoprim
(ST, 23.75 μg/1.25 μg), cefoperazone (CF, 75 μg),
levofloxacin (LE, 5 μg), and nalidixic acid (NA, 30 μg) disks
were used in this study. E. coli ATCC25922 was used as a
reference strain. The diameter of inhibition zones surrounding
the antibiotic disks was interpreted according to the CLSI
2005 guidelines. The isolates were recorded if they were re-
sistant to antibiotics. The total frequencies of antibiotic-
resistant E. coli were estimated by calculating the percentages
of the isolates that resisted to at least one antibiotic versus the
total numbers of isolates from the sample. The MAR index of
the samples were calculated based on the equation a/(b×c),
where a is the total antibiotic resistance numbers of all iso-
lates, b is the number of antibiotics, and c is the number of
isolates in the same sample (Hu et al. 2008).

If E. coli isolates from the same sample showed the same
antibiotic resistance phenotype, they were further character-
ized using repetitive sequence-based PCR (REP-PCR) with
primers BOXA1R according to the method described by Hu
et al. (2008). Isolates representing similar fingerprint (85 %
cutoff values) were discarded and only one of them was re-
corded. After removing the duplicates, 15 isolates for each
surface water sample were obtained, and 27, 29, 45, and 15
isolates of E. coli were respectively isolated from chicken,
swine, human, and E. garzetta source, respectively (Supple-
mentary information; Tables S2 and S3).

Detection of ARGs

Specific primers (Supplementary information; Table S4) were
used to detect 39 ARGs and integrons I in antibiotic-resistant
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E. coli isolates was randomly selected from water samples
(Supplementary information; Table S5) or in all
antibiotic-resistant isolates from chicken, swine, human,
and E. garzetta sources (Supplementary information;
Table S6). The details for PCR assays are provided in
Supplementary information.

The PCR products of representative ARGs detected
in this study and conserved sequence of class I
integrons (Levesque et al. 1995) were cloned into plas-
mid pGEM-T Easy vector (Promega Corporation, Mad-
ison, WI), and E. coli TOP10 was used for transforma-
tion. To check the correct insertion of the expected size,
colony-direct PCR was performed using T7 primer (5′-
TAATACGACTCACTATAGGG-3′) and SP6 primer (5′-
GATTTAGGTGACACTATAG-3′). Plasmids were ex-
tracted for sequencing. Online similarity searching was per-
formed using the Basic Local Alignment Search Tool
(BLAST) at the National Center for Biotechnology Informa-
tion Web site (NCBI, http://www.ncbi.nlm.nih.gov/).

Nucleotide sequence accession numbers and phylogenetic
analysis of qnr (B)

DNA sequences of the seven qnr (B) and gene cassettes of
integron Class (I) were submitted to GenBank under accession
numbers from HE575214 to HE575220 and from FR875291
to FR875305, respectively. Nucleotide sequences of qnr (B)
were aligned and a neighbor-joining tree was construct-
ed using MEGA 5 (Tamura et al. 2011). The statistical
significance of branching was evaluated by bootstrap
analysis involving the construction of 1000 trees from
resampled data. Predicted amino acids were also com-
pared by using MEGA 5.

Statistical analyses

Chi square (χ2) tests were performed for each antimicrobial
agent to analyze the distribution of antimicrobial-
resistant E. coli between the sample sites in Lake (eight
groups) or river (seventeen groups) (Supplementary in-
formation; Table S2). The Spearman correlation analysis
was performed to determine correlation between the
ARGs detected in E. coli isolates from surface water
and from chicken, swine, and human sources. Multiple
correspondence analyses (MCA) were performed using
XLSTAT-pro (version 7.5.2) to group the source (hu-
man, surface water, swine, and chicken) using seven ARGs
(tet (A), tet (E), sul (I), sul (II), blaTEM, blaCTX-M, and Int-I).
These ARGs occurred at a high frequency among the E. coli
isolates (Tables S5 and S6). The sources of these isolates and
ARGs were used as supplementary variables and active vari-
ables, respectively.

Results

Characterization of antibiotic-resistant E. coli
from surface water sample

In total, 665 bacterial strains from 33 surface water samples
(16 from Taihu Lake and 17 from rivers) were identified as
E. coli and characterized for their resistance against nine anti-
biotics. About 49 % of these isolates showed resistance to at
least four antibiotics (Fig. 1). TET, OTC, GT, AM, SM,
LE, NA, TS, and CF resistance occurred in 42.71,
39.25, 43.76, 41.35, 30.53, 20.75, 44.81, 67.52, and
37.89 % of the 665 E. coli isolates from surface water
samples (Table S3), respectively. MAR indexes of Taihu
Lake samples ranged from 0.33 (Site c# and f#) to 0.49
(Site b#) in December 2009 and from 0.36 (Site d#) to
0.43 (Site g#) in May 2010 (Table S3). MAR index
ranged from 0.33 (Site 7#) to 0.64 (Site 2#) in the river
samples, and their mean value was 0.44. Two hundred
twelve resistance phenotypes were detected in the iso-
lates from surface water sample (Fig. 1).

In total, 27, 29, 45, and 15 strains of E. coli were
respectively isolated from chicken, swine, human, and
E. garzetta sources, and only the isolates showing resis-
tance to at least one drug were further analyzed. For the
same antibiotic, the resistance rate varied significantly
among the four sample sources (except for TS). The mean
MAR indexes of E. coli from chicken, swine, human, and
E. garzetta sources (Table S4) were 0.64, 0.57, 0.30, and
0.15, respectively.

Fig. 1 Occurrence and distribution of antibiotic resistance in 665 E. coli
isolates from the surface water. *The numbers of antibiotic resistance
phenotype of E. coli in each group

11414 Environ Sci Pollut Res (2015) 22:11412–11421

http://www.ncbi.nlm.nih.gov/


Characterization of ARGs in antibiotic-resistant E. coli

The presence of 39 ARGs were detected in randomly selected
antibiotic-resistant E. coli strain from surface water (n=164),
swine (n=28), human (n=27), and E. garzetta (n=7) sources
and all the isolates from chicken (n=27). Ten (seven efflux- and
three ribosomal protection-related) of 21 tet genes were detected
in the 75, 15, 20, and 18 TET-resistance isolates from surface
water (n=81), chicken (n=17), swine (n=21), and human (n=
20) sources, respectively (Table 1 and Fig. 2a). tet (A) was
detected in the highest frequency and followed by tet (E), tet
(B), tet (M), and tet (O). Combinations containing more than
two tet genes were detected in 56, 12, 14, and 10 TET-resistant
isolates from surface water, chicken, swine, and human sources,
respectively (Table 1). Most of the tet patterns in strains from
chicken, swine, and human sources occurred in the surfacewater
isolates. All the TET-resistant strains were characterized by the
presence of at least two tet genes, and tet (A + E), tet (A + B),
and tet (A + D) were detected more frequently than other com-
binations. Combinations with three tet genes were detected in
the isolates from surface waters (n=11), chicken (n=3), swine
(n=5), and humans (n=4). The TET resistance genes tet (A) and
tet (E) were detected in the isolates from E. garzetta sources.

Among the four sul genes targeted, sul (I) (ranged from 73
to 90 %) was the most prevalent genes in SFT-resistant iso-
lates, followed by sul (A), sul (III), and sul (II) (Fig. 2b). Fifty-
three, seven, two, and 12 isolates harboring at least two sul
genes were detected from the surface water, chicken, swine,
and human source. Combinations sul (A+I+II) were detected
in surface, chicken, human, and E. garzetta source, while sul
(I+II+III) and sul (A+I+III) were only detected in the surface
water and human samples, respectively (Table 1).

Among the four quinolone resistance genes, qnr (B), qnr
(S), and aac (6′)-Ib were detected in quinolone-resistant (LE
and/or NA) strains from surface water, chicken, swine, and
human sources (Fig. 2b).At least one quinolone resistance gene
was detected in 63.5, 43.5, 60, 38.5, and 16.7 % of quinolone-
resistant isolates from surface water (n=96), chicken (n=23),
swine (n=20), humans (n=13), and E. garzetta (n=6), respec-
tively (Table 1). Among the sequenced 27 partial nucleic acid
sequences of qnr (B), seven unique sequences were new qnr
(B) variants and clustered into two groups (Fig. S2).

Five of the eight β-lactamase genes were detected in AM-
and/or CF-resistant isolates from the surface water, chicken,
swine, and human sources (Fig. 2c and Table 1). β-Lactamase
genes like blaTEM, blaOXA, blaOXY, blaSHV, and blaCTX-M oc-
curred respectively in 51.3, 14.9, 12.3, 8.7, and 17.4 % of AM-
and/or CF-resistance isolates in the Taihu region. Two β-
lactamase genes coexisted in isolates from chicken, swine, and
human sources were found in isolates from surface water except
that combination blaOXA+blaCTX-M was only detected in the
chicken sources. Combination blaTEM+blaOXY+blaCTX-M was
only detected in the surface water and swine sources. Str (A) and

str (B) were detected in streptomycin-resistant E. coli isolates
from all the sources (Fig. 2c and Table 1). Occurrence of str (A)
(68 %) in streptomycin-resistant isolates was higher than that of
str (B) (51 %). Combination str (A+B) was detected in 95, 93,
94, and 90 % of SM-resistant isolates from surface water, chick-
en, swine, and human sources, respectively.

Characterization of integron I

Class I integron was detected in 68, 85, 86, 67, and 57 % of
MAR E. coli isolates from surface water (n=164), chicken
(n=27), swine (n=28), human (n=27), and E. garzetta (N=
7) sources, respectively (Tables S5 and S6). Variable region of
class I integrons was detected in 156 of 181 integron-positive
isolates and grouped into four classes, largely based on the
length of the amplified products. The most prevalent length of
gene cassettes of class I integrons was at 1.6–1.8 kb, followed
by 1.0–1.2 kb. It was noted that 60 of 156 isolates contained at
least two different lengths of gene cassettes. Eight patterns of
gene cassettes were detected in class I integrons (Table 2).
Genes encoding dihydrofolate reductase (drfA) and
adenylyltransferase (aadA) conferring resistance respectively
to trimethoprim and spectinomycin/streptomycin were detect-
ed in the variable regions of class I integrons. Class I integrons
fromE. coli isolates mainly carried with 1.6–1.8 kb of variable
regions, which contained gene combinations like dfrA17-
aadA5 and dfrA14-aadA6/aadA10 (Table 2).

MCA and Spearman correlation analysis of ARGs
in E. coli from various sources

MCA software was used to analyze the relationship between
the surface water and animal source of E. coli based on the
presentence or absence of ARGs. However, most of these
ARGs could not represent strains from surface water or animal
source samples because of low detection frequency. There-
fore, six sets of ARGs and class I integrons were used. Results
from MCA showed that total variance has no statistical inter-
pretation within the framework of MCA and first two eigen-
values were selected to make the map of MCA (Fig. 3). River,
lake, chicken, swine, and human sources were clustered into
the same group. Furthermore, using the percentage values of
24 ARGs in their corresponding antibiotic-resistant isolates
from these sources, the correlation coefficients (p<0.01; n=
24) between surface water and swine, chicken, and human
sources were 0.65, 0.83, and 0.77, respectively.

Discussion

Aquatic ecosystems are constantly subjected to anthropogenic
activities such as pollution from urban, agricultural, and in-
dustrial sources, and therefore, they may provide an ideal
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setting for the acquisition and spread of antibiotic-resistant
bacteria (Baquero et al. 2008; Sidrach-Cardona et al. 2014).
The rates of drug resistance in bacterial strains from the sur-
face water of Taihu Lake basin were somewhat lower than that
from a lake in India (Abhirosh et al. 2011). In total, 212 anti-
biotic resistance phenotypes were detected in 650 E. coli
strains in surface water samples. E. coli showing resistance
to several antibiotics (such as sulfonamides, tetracycline, am-
picillin, and streptomycin) have been detected in the surface
water of other geographic regions in China and other countries
(Abhirosh et al. 2011; Hu et al. 2008; Olaniran et al. 2009;
Sayah et al. 2005). Results from χ2 test and MAR indexes
showed that the distribution of antibiotic-resistant E. coli var-
ied more among samples from the river than other sources
(Table S3). Taken together, these data demonstrated that abun-
dant E. coli isolates were associated with different sources
(such as humans and poultry sources) (Abhirosh et al. 2011;
Martinez 2008; Olaniran et al. 2009).

The presence of ARBs (including pathogens) in aquatic
ecosystems may be harmful not only to public health but also
to wildlife, which do not expose to antibiotics directly. Mean
MAR index and resistance rate of E. coli from E. garzetta
were obviously lower than that from surface water, chicken,
swine, and human sources (Table 1). Kozak et al. (2009) also
found that E. coli isolates from wild small mammals living on
farms have higher rates of resistance and are more frequently
multi-resistant than E. coli isolates from non-farm

environments. Recent reports showed that wild animals could
acquire antimicrobial agent-resistant bacteria through contact
with humans and domestic animals (Kozak et al. 2009; Zhang
et al. 2009d). However, E. garzetta is a type of waterfowl and
mainly eats fish, insects, amphibians, crustaceans, and
reptiles, indicating that waterfowl may be exposed to E. coli
from the natural environment since they were not exposed to
antibiotics directly. Alali et al. (2008) found that the prevalent
MAR E. coli isolates from human and swine sources showed
no significant temporal trends although a high variability was
observed among seasonal samples over the 3-year period.

Among the seven TET resistance genes, tet (A), tet (B), and
tet (E) were detected at high frequencies, which is consistent
with the findings of previous studies on TET-resistant E. coli
isolates from other parts of China (Hu et al. 2008; Wang et al.
2013) and on isolates from human and animal sources (Soufi
et al. 2009; Zhang et al. 2014). The tet (E) originally gene,
isolated from E. coli, was detected in this study, but not in the
isolates fromWenyu River basin (Hu et al. 2008). tet (J) found
in the chromosome of Proteus mirabilis (Magalhaes et al.
1998) was detected in E. coli isolates from all the surface
water, swine, and chicken sources (Table 1). Similar to our
results, 90.6 % (77/85) of the E. coli isolates encoded two or
more tet genes (Zhang et al. 2014).

Genes in the sulfonamide-resistance classes, such as sul
(A), sul (I), sul (II), and sul (III), encoding dihydropteroate
synthase confer resistance to SFT. The four sul class genes can

Fig. 2 Percentages of ARGs in drug-resistant E. coli isolated from surface water and swine, chicken, and human source
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explain about 91 % (136/150), 95 % (19/20), 100 % (21/21),
and 96 % (21/22) of ST-resistant E. coli isolates from the
surface water, chicken, swine, and human sources (Table 1).
This is in agreement with previous reports (Hu et al. 2008;
Wang et al. 2013). Among the four sul genes, sul (I) occurred
at the highest frequency (Fig. 2b), while sul (II) dominated in
the SFT-resistant E. coli isolates from Dongjiang River, South
China (Su et al. 2012). Additionally, the frequency of sul (A)
and sul (II) was lower in Taihu basin than in Jinsha Lake
(Wang et al. 2013). Among the two-sul combination, sul (I+
II) was detected at the highest frequency, and all the two-sul
combinations from the surface water, chicken, swine, and hu-
man sources were also found in the other surface waters, in-
dicating that the source of E. coli is a highly mixed watershed
(Ibekwe et al. 2011). The frequencies of three-sul combina-
tions were lower in these samples than the samples from
Jinsha Lake, China (Wang et al. 2013) and from clinical iso-
lates from patients exposed to ST (Koljalg et al. 2009).

Quinolone resistance is always associated with the accu-
mulation of mutations in the fluoroquinolone resistance genes.
These mutant-encoded proteins can block the action of cipro-
floxacin and is associated with the protection of DNA gyrase
and topoisomerase IV from quinolone inhibition (Manuel
Rodriguez-Martinez et al. 2011; Robicsek et al. 2006). In
agreement with the report about quinolone resistance genes
in E. coli isolated from companion and food-producing ani-
mals (Ma et al. 2009), qnrB, qnrS, and aac (6′)-Ib were also
detected in quinolone-resistant (LE and/or NA) isolates from
the surface water, chicken, swine, and human sources except
that qnr (A) was not detected (Fig. 2b). The transfer of STR
resistance was closely related to multiple plasmids (Zhang
et al. 2014). Only one quinolone resistance gene was detected
in most of the quinolone-resistant isolates, which can be ex-
plained by the fact that qnr was always carried by different
plasmids that cannot coexist in the same cell (Manuel
Rodriguez-Martinez et al. 2011; Wang et al. 2013). Several
new variants of qnr (B) were obtained (Fig. S2). qnr (B) is a
plasmid-mediated quinolone resistance gene, and the number
of qnr (B) variants is greater than for qnr (A) and qnr (S)
(Manuel Rodriguez-Martinez et al. 2011). Reports from a pre-
vious study (Manuel Rodriguez-Martinez et al. 2011) have
shown that mutations on quinolone resistance occurred se-
quentially rather than simultaneously, and the appearance
rates of high-level quinolone resistance in bacteria exposed
to low level of quinolone were higher than those exposed to
therapeutic level of quinolone. Taken together, these data in-
dicated that quinolone resistance could be ascribed to the mu-
tations and the transmission of qnr among bacteria via

Fig. 3 Map of multiple
correspondence analyses of
E. coli isolates clustered
according to ARGs and sample
origin

Table 2 Representative gene cassettes harbored by type I integrons in
E. coli isolates

Gene cassettes Elements Length (kb)

A 5′CS-dfrA17-3′CS ~0.75

B 5′CS-dfrA14-3′CS ~0.75

C 5′CS-dfrA21-3′CS ~1.00

D 5′CS-aadA1-3′CS ~1.00

E 5′CS-aadA2-3′CS ~1.70

F 5′CS-dfrA17-aadA5-3′CS ~1.90
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movable elements plasmids (Manuel Rodriguez-Martinez
et al. 2011).

Fiveβ-lactamase genes were detected in randomly selected
AM- and/or CF-resistant strains. TEM occurred at the highest
frequency in AM- and/or CF-resistant isolates (Fig. 2c and
Table 1), which is similar to reports of Henriques et al.
(2006) and Wang et al. (2013). β-Lactamase is mainly the
derivatives of TEM or SHV β-lactamases enzymes and con-
fers resistance to ampicillin, penicillin, monobactams, and
cephalosporins (Chen et al. 2010; Sharma et al. 2010; Wang
and Schaffner 2011). Fourteen genotypes of AM and/or CF
resistance were detected and nine of them consisted of at least
two β-lactamase genes. The three β-lactamase gene combina-
tions were detected in the isolates from the surface water and
chicken sources, while combinations with three to five genes
had been detected in E. coli isolates obtained from patients
(Kiiru et al. 2012). In general, the frequency of strA was
higher than that of strB in streptomycin-resistant isolates
(Table 1). The frequencies of str (A+B) were lower in Taihu
Lake basin than other parts of China (Wang and Schaffner
2011). The combination of str (A) and str (B) is probably
involved in conferring high-level resistance to streptomycin
(Sunde and Norstrom 2005). The transmission of str (A+B)
was associated with many plasmids such as plasmid R2418S
and RSF1010 (Ben-Mahrez and Sioud 2010).

At least 57–86 % of class I integrons were detected in
antibiotic-resistant E. coli isolates from several sources
(Tables S5 and S6), and the frequency of class I integrons
was higher in MAR E. coli from the swine and chicken
sources than those from human and E. garzetta sources. Re-
cent reports showed that class I integrons was detected in
65.2 % of coliforms isolated from the Yangtze River basin in
Chongqing, China (Chen et al. 2010). Integrase genes were
detected in 58.7 % (101/172), 60.4 % (64/106), and 26.1 %
(6/23) of E. coli isolates from swine, chickens, and farm
workers, respectively (Zhang et al. 2009c). Similar to our
results, dfrA17-aadA5 was found the most prevalent in
antibiotic-resistant E. coli isolates from farm workers, swine,
and chickens (Zhang et al. 2009c). In fact, class I integrons not
only contain drfA and aadA but also carry many other ARGs
like sul, aac (6′)-Ib, and chloramphenicol resistance gene,
cmlA1 (Hussein et al. 2009; Ma et al. 2009). Reports from
Chen et al. (2011) showed that class I integrons positive iso-
lates had a significantly higher probability of resistance to
several antibiotics than isolates with no class I integrons. Hor-
izontal transfer of class I integrons has been reported between
the E. coli isolates from farm workers and animals (Zhang
et al. 2009c) and among the isolates from storm water and
bovine feces (Nagachinta and Chen 2008). Consequently,
the horizontal transfer of integrons might contribute to the
wide dissemination of antimicrobial resistance in E. coli iso-
lates from human and animal sources (Zhang et al. 2009c).
The spread of integron elements may have contributed to the

spread of resistance among bacteria since the ARGs could
persist in the environments even in the absence of selection
pressure (Tamminen et al. 2011).

Alien bacteria like E. coli possessing ARGs can be spread
to surface waters not only via point sources (e.g., wastewater
treatment plants and animal feeding operations) but also from
nonpoint sources, including runoff from manure or bio-solids
applied agricultural fields (Allen et al. 2011; Storteboom et al.
2010). Normally, it is difficult to track the contaminated
source in a big basin, especially when data are limited and
the resistance phenotypes and genotype of E. coli vary signif-
icantly among the surface water samples (Table S3). The
MCA is a multivariate technique used to examine, describe,
and summarize the geometric relations of qualitative variables
(Kich et al. 2011). Though data about ARGs in antibiotic-
resistant E. coli were limited, the results from MCA analysis
indicated that the ARBs in surface water were mainly origi-
nated from humans, swine, and chickens. This was further
supported by the fact that the percentage values of 24 ARGs
in the corresponding antibiotic-resistant isolates from surface
water were positively (p<0.01) correlated with that from
swine, chicken, and human sources except for E. garzetta
sources. Moreover, most of the ARGs detected in E. coli iso-
lates were prevalent in the isolates from surface water
samples.

In conclusion, 212 antibiotic resistance phenotypes were
detected in 650 isolates from the surface water samples of
17 tributary rivers and Taihu Lake, and the distribution of
antibiotic-resistant E. coli had more variation among the sam-
ples from rivers, as compared to the lake. Mean MAR index
and the frequency of antibiotic resistance in E. coli from
E. garzetta sources were obviously lower than that from the
surface water, chicken, swine, and human sources. Twenty-
four ARGs and class I integrons could explain most of the
corresponding antibiotic resistance of E. coli and indicated
that both horizontal gene transfer and gene mutations contrib-
ute to the prevalence of ARGs among E. coli. The presence of
E. coli in surface water samples of Taihu Lake could be as-
cribed to the rivers, which carried the E. coli from the human,
swine, and chicken sources. The data on fecal contamination
indicator E. coli indicates that the prevalence of ARBs in the
surface water is potentially a public health threat and may
negatively affect the wildlife in this region.
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