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Abstract. Surface waters are an unappreciated reservoir of antimicrobial resistance (AMR). Poor sanitation brings
different species of environmental bacteria into contact, facilitating horizontal gene transfer. To investigate the role of
surface waters as potential reservoirs of AMR, we studied the point prevalence of fecal contamination, AMR genes, and
Enterobacteriaceae in an urban lake and rural river system inNortheast Brazil in comparisonwith a lake and sewer system
in Northeast Ohio in the United States. Surfacewater samples were examined for evidence of human fecal contamination
using microbial source tracking and screened for plasmid-mediated fluoroquinolone resistance and carbapenemase
genes. Enterobacteriaceae were detected using selective agar followed by antimicrobial susceptibility testing and de-
tection of AMR genes by microarray, and classified by repetitive sequence–based polymerase chain reaction and mul-
tilocus sequence typing. Concentrations of human fecal bacteria in theBrazilian urban lake and sewage inNortheastOhio
were similarly high. Filtered water samples from the Brazilian urban lake, however, showed the presence of blaOXA-48,
blaKPC,blaVIM-2,qnrS, and aac(69)-lb-cr, whereasonlyblaVIM-2was identified in rawsewage fromNortheastOhio. From the
Brazilian urban lake, 85% of the Enterobacteriaceae (n = 40) cultured were resistant to at least one clinically important
antibiotic, including ST131 Escherichia coli harboring the extended-spectrum beta-lactamase CTX-M. Although two
isolates demonstrated polymyxin resistance, mcr-1/2 was not detected. Our findings indicate that surface waters in an
urban Brazilian site can serve as an environmental reservoir of AMR and that improving wastewater treatment and
sanitation generally may ameliorate AMR dissemination.

INTRODUCTION

The emergence of antimicrobial resistance (AMR) in the
environment is the result of a complex interaction between
biology, human behavior, and geography that is often im-
pacted by selective pressure from the use of antibiotics.1

Surface water, conventionally defined as water on the surface
of the planet, such as in a river, lake,wetland, or ocean, is likely
an important reservoir for the maintenance and transmission
of antibiotic-resistant coliform and non-coliform bacteria.2

Similarly, the presence of AMR genes and microbial contam-
inants has been documented in groundwater.3 Although AMR
determinants can occur naturally and various species of
bacteria have intrinsic resistance to different antibiotics,
contamination of the environment with human and animal
feces likely contributes to the dissemination of AMR.4–6

The prevalence of AMR in the natural environment may not
precisely correlate with antibiotic use in humans, but rather is
influenced by other social, economic, and sanitation factors.1

The prevalence of infections and the use of antibiotics follows
the distribution of people and animals so that migration7–10

and dense urban environments provide conditions that may
promote AMR transmission.11 In low- and middle-income
countries, rapid urbanization has led to crowding and poor

sanitation in affecting aquatic environments that bring human,
animal, and environmental bacteria into direct contact, facili-
tating horizontal gene transfer of AMR genes.12,13

The WHO has identified Enterobacteriaceae resistant to
carbapenems, extended-spectrum cephalosporins, or fluo-
roquinolones as priority pathogens.14,15 These multidrug-
resistant and extensively drug-resistant organisms are major
contributors to human morbidity and mortality and can be dis-
tributed widely, from person-to-person, between animals and
humans, and from both to the environment. Furthermore, few
therapeutic options are available to treat these resistant patho-
gens. Even antibiotics reserved for the treatment of extensively
resistant Gram-negative bacteria are affected: resistance to
polymyxins has been linked to genes contained in a plasmid
from commensal Escherichia coli in food animals, which has
disseminated around theworld in both animals and humans.16

Our aim was to conduct a point prevalence study to in-
vestigate whether surface water sampled from a typical urban
setting in Northeast Brazil is a potential source of AMR. We
used as comparison surface waters from geographic and
socioeconomic communities which differ in land use, climate,
antibiotic consumption, and management of wastewater.
Specific sites included a rural river system in Brazil adjacent to
cattle pastures, as well as an urban lake and a metropolitan
wastewater treatment plant in the United States. Our hy-
pothesis was that differences in fecal contamination de-
termined the presence of AMR genes and bacteria of critical
importance to human health. We quantified the degree of
contamination with human and ruminant feces; screened
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surfacewater samples for AMR genes; detected the presence
of Enterobacteriaceae resistant to carbapenems, extended-
spectrum cephalosporins, fluoroquinolones, and polymyxins;
and identified their genetic determinants of resistance.

MATERIALS AND METHODS

Study sites.The Jiquiriçá andBrejões rivers intersectwithin
the rural village of Jenipapo, located in the Brazilian state of
Bahia. The community consists of 175 households and 617
residents whose primary occupation is small-scale agricul-
ture. The village is 263 km southeast of Salvador, the state
capital. Nearly all households receive piped water treated at a
local plant and have a flush toilet, but only 43%of households
have a septic tank.17 The remaining residents discharge their
wastewater directly into the rivers.
The Brazilian urban lake, Dique do Cabrito, is a small artifi-

cial lake (surface area of approximately 74,000 m2) located
downstream of the Cobre River and adjacent to Bahia de
Todos os Santos in the Atlantic Ocean. Dique do Cabrito is
surroundedby densely populated neighborhoods inSalvador,
a major metropolitan area and Brazil’s 4th most populous city
with 2.9 million residents. It is estimated that 87% of house-
holds have adequate sewage disposal, divided between the
municipal systemandseptic tanks. The remainder of residents
discharge their wastewater into several bodies of fresh water,
including the Dique do Cabrito.18 Dique do Cabrito, however,
does not receive effluent from any hospital.
The urban lake in the United States is Lower Shaker Lake

(surface area of approximately 71,200 m2), an artificial lake
that ispart of theDoanBrookwatershedsystem. It is located in
the city of Shaker Heights, an inner suburb of Cleveland, OH,
with a population of 27,000. This site was selected because it
shares common elements with the Brazilian urban site, such
as its size and beingwithin a residential community. This body
of water does not directly receive wastewater but had a
combined storm water overflow and sanitary sewer system.
Efforts to upgrade this system are underway.
A pretreatment sewage sample was obtained from a water

treatment facility in Northeast Ohio. The facility serves
Cleveland and the surrounding suburbs and processes an
average of 120 million gallons of water per day (www.neorsd.
org/about/southerly/). Cleveland’smetropolitan area contains
a population of approximately 2 million.
Water collection. We obtained water samples from sepa-

rate locations within each site. A total of 10 locations along
the course of the rural river system in Brazil and two locations
from the community’s piped water system were surveyed in
July 2015. The piped water from the rural community is drawn
from a surface collection site and is chlorinated and filtered
before pumping into storage tanks. Samples from the urban
lake in Brazil were obtained from 15 locations around its pe-
rimeter, also in July 2015. Samples from five locations in the
perimeter of the urban lake and untreated sewerwastewater in
NortheastOhiowere collected inOctober 2015. All collections
weremade between 8 AM and 12 PM local time in clean 500-mL
bottles for filtration and sterile 50-mL conical tubes for culture.
The samples were placed in a cooler with ice packs until
processing. Water was processed for coliform quantification
and filtration within 2 hours after collection. Samples for cul-
ture and sensitivity assayswere stored at 4�C for an additional
24 hours before processing.

Coliform counts. Aliquots (1 mL) were removed from water
collected at each site and mixed with Coliscan Easygel media
(Micrology Laboratories, Goshen, IN). After incubation for
24–48 hours at 30�C, colonies were counted manually up to
1,000 CFU/mL. Escherichia coli was differentiated from other
thermotolerant coliforms by their blue/purple or pink color,
respectively.19

Detection of antibiotic resistance genes in water samples.
We screened for the presence of common plasmid-mediated
quinolone resistance (PMQR) (qnrA, qnrS, and aac(69)-lb-cr)
andcarbapenemase (blaNDM,blaSPM,blaIMP,blaOXA-48,blaKPC,
and blaVIM) genes in DNA from water samples using PCR. We
also tested Enterobacteriaceae isolates for the presence of
plasmid-mediated colistin resistance genesmcr-1 andmcr-2.
Primers used for amplification are summarized in Table 1.
Microbial source tracking. From each site, 500 mL of water

was filtered through a 47-mm-diameter mixed cellulose filter
with 0.22-μm sized pores (EMD Millipore Corporation, Bill-
erica, MA) using a Nalgene filter funnel unit (Thermo Scientific,
Waltham, MA). The filters were thoroughly dried and stored
at −20�C until processing. Frozen filters were broken into small
fragments with a sterile metal spatula, DNA was extracted with
phenol–chloroform, and then followed by treatment with hex-
adecyltrimethylammonium bromide to remove PCR inhibitors.
Non-fluorophore–labeled primer sets (Table 1) based on the

16S rRNA gene were used to detect general Bacteroidales
spp., as well as human Bacteroidales and ruminant Bacter-
oidales, which are highly specific for tracking the source of
human and ruminant fecal pollution.20 To measure fecal
contamination based on thesemarkers, quantitative PCRwas
performed using FastStart Universal SYBR Green Master Mix
(Roche Diagnostics Corporation, Indianapolis, IN). Standard
curves were generated during each run and consisted of an
ampliconproduced fromeither a plasmid containing the target
sequence or ruminant fecal samples. Each assay was per-
formed in duplicate and the results were averaged.21

Detection of antibiotic-resistant Enterobacteriaceae. To
screen for Enterobacteriaceae resistant to fluoroquinolones,
extended-spectrum cephalosporins, and carbapenems, we
centrifuged 10 mL of water at 5,000 × g for 5 minutes, resus-
pended the pellet in tryptic soy broth (Becton-Dixon, Franklin
Lakes, NJ), incubated for 24 hours at 36�C, followed by a
culture on a MacConkey agar plate (Oxoid, Basingstoke
Hampshire, United Kingdom) with discs for ciprofloxacin (5
μg/mL), cefotaxime (30 μg/mL), and meropenem (10 μg/mL)
(Laborclin, Pinhais, Brazil). After incubation for 18–24 hours
at 36�C, distinct colonies within the inhibition zone were iso-
lated and further identified.
Once initial biochemical analyses using Enterokit B (Probac

do Brasil, São Paulo, Brazil) were performed, confirmation
of bacterial species, antibiotic susceptibility, and extended-
spectrum β-lactamases (ESBL) phenotypical screening were
performed with VITEK-2 (bioMérieux, Marcy l’Etoile, France)
and MicroScan (Beckman Coulter, Inc., Brea, CA). Results
were interpreted following the 2015 Clinical and Laboratory
Standards Institute (CLSI) guidelines. Minimum inhibitory
concentrations of polymyxin B were determined using the
broth dilution method and interpreted following the CLSI
guidelines.22

To determine the types of beta-lactamase genes present in
ESBL-positive Enterobacteriaceae, we used amicroarray assay
based on match ligation-mediated amplification, hybridization,
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and detection.23 The version we used (CT101XL; Check-Points
B.V., Wageningen, the Netherlands) detected genes for the fol-
lowing beta-lactamase, among others: KPC, NDM, andCTX-M-
1 group (which includes CTX-M-15); CTX-M-2 group; CTX-M-8
and -25 group; andCTX-M-9 group (which includesCTX-M-14).
We also screened with PCR all Enterobacteriaceae isolated in
this study for the presence of the following carbapenemase
genes: blaOXA-48-like, blaVIM, and blaIMP.

22

Genetic typing with repetitive sequence–based PCR and
multilocus sequence typing. Relatedness of E. coli and Kleb-
siella pneumoniae isolates was determined with repetitive
sequence–based PCR (rep-PCR) using a commercial auto-
mated system (DiversiLab; bioMérieux). Isolateswith rep-PCR
similarity ³ 95%were classified as clonally related.24We used
the band pattern generated by DiversiLab to identify E. coli
ST131, as previously described.25

Multilocus sequence typing (MLST) was carried out to de-
termine the sequence types of E. coli and K. pneumoniae
isolates that were clonally related according to rep-PCR.
Escherichia coli isolates were typed using the sequences of
housekeeping genes dinB, icdA, pabB, polB, putP, trpA, trpB,
anduidAandK.pneumoniaebasedon thesequencingofgapA,
infB, mdh, pgi, phoE, rpoB, and tonB, following the schemes
developed at the Institute Pasteur (http://bigsdp.pasteur.fr/).

RESULTS

Coliform counts. Samples from the Brazilian urban lake
averaged 1.3 × 105 coliforms/site (range 1.9 × 104 to > 4 × 105)
and 6.9 × 104E. coli/site (range 4 × 102 to 2 × 105). By contrast,
samples from the Brazilian rural river system ranged between
3×102 to4×103 coliforms/mLand4×101 to1×103E. coli/mL.
Small numbers of coliforms but no E. coli were isolated from
water samples obtained directly from the treatment plant. For
the urban lake in the United States, coliforms were between
1 × 101 to 7 × 103 CFU/mL and none were E. coli. Wastewater
samples from the sewer system contained > 4 × 105 CFU/mL
for total coliforms and > 2 × 105 CFU/mL for E. coli.
Microbial source tracking. In the Brazilian urban lake, the

concentration of human Bacteroidales averaged 4.7 × 109

copies of DNA/100 mL in the 15 collection sites (range 4.8 ×
107 to 1.4 × 1010). The highest concentration of human Bac-
teroidales occurred in the northern half of the lake, as repre-
sented in Figure 1, and was comparable with concentrations

found in the sample of raw sewage from Northeast Ohio (1.3 ×
1010 copies of DNA/100 mL). By contrast, the concentration of
fecal bacteria of human origin in samples from the Brazilian rural
river system averaged 2.1 × 105 copies of DNA/100mL of water
(range 0–7.6 × 105), whereas the urban lake in Northeast Ohio
averaged 5.2 × 104 copies of DNA/100 mL (range 8.7 × 103 to
1.7 × 105) (Figure 2). Only the samples from the Brazilian rural
river system contained ruminant Bacteroidales, with a range
between 0 and 1.2 × 104 copies of DNA/100 mL.
Detection of antibiotic resistant Enterobacteriaceae. In

all, we identified 40 Enterobacteriaceae isolates resistant to
ciprofloxacin, cefotaxime, or meropenem. Using VITEK, the
isolates were further identified as E. coli (28), K. pneumoniae
(10), and Enterobacter cloacae (two). Most (85%) were from
the Brazilian urban lake (23 E. coli, nine K. pneumoniae, and
two E. cloacae). Despite similar concentrations of human fe-
ces, few were found in raw sewage from the United States
(four E. coli and one K. pneumoniae) and even fewer from the
Brazilian rural river system (one E. coli). None were cultured
from the urban lake in the United States.
Enterobacteriaceae resistant to fluoroquinolones, amino-

glycosides, trimethoprim/sulfamethoxazole (TMP/SMX), or
extended-spectrum cephalosporins were identified more
frequently from the urban lake in Brazil than any other location
(Table 2, Figure 3). Of the isolates cultured from the Brazilian
lake, 82.4% were confirmed to be resistant to fluoroquinolones,
73.5% to TMP/SMX, and 29.4% to aminoglycosides. Production
of ESBL occurred in 62.5%. Furthermore, multidrug resistance
occurred in 76.5% of isolates.26 Resistance to polymyxin B
was detected in one isolate of E. coli and E. cloacae each.
Of the E. coli from the raw sewage in the United States, one

isolate demonstrated ESBL production and was resistant to flu-
oroquinolones, aminoglycosides, and TMP/SMX. Another isolate
was resistant to cefepime and TMP/SMX, and twowere resistant
to only TMP/SMX. The K. pneumoniae isolate from raw sewage
was only resistant to ampicillin, and the isolate of E. coli from the
Brazilian rural river systemwas only resistant to fluoroquinolones.
Among 20 ESBL-producing Enterobacteriaceae isolated

from the urban lake in Brazil, blaCTX-M was the gene most
frequently detected (80%), occurring in 92% (11/12) of E. coli
and 63% (5/8) ofK. pneumoniae. We found that CTX-M-9 and
CTX-M-1 were similarly present in E. coli and K. pneumoniae.
By contrast, blaTEM was detected in 33% (4/12) of E. coli and
13% (1/8) ofK. pneumoniae, whereas blaSHV occurred in 25%

TABLE 1
Primers used in this study

Target Sequence (Forward, 59-39) Ref.

Bac32F (Bacteroides spp. and Prevotella spp.) AACGCTAGCTACAGGCTT 52
HF183F (Human (HF8) cluster Bacteroides spp.) ATCATGAGTTCACATGTCCG 53
Lachno2F (Lachnospiraceae spp. Human cluster) TTCGCAAGAATGAAACTCAAAG 21
BacR_f (ruminant Bacteroidetes spp.) GCGTATCCAACCTTCCCG 21
blaKPC (Klebsiella pneumoniae carbapenemase gene) TGTCACTGTATCGCCGTC 53
blaIMP (metallo-beta-lactamase gene) GAAGGCGTTTATGTTCATAC 54
blaVIM (Verona integron–mediated metallo-beta-lactamse gene) GTTTGGTCGCATATCGCAAC 1
blaNDM (New Delhi metallo-beta-lactamase gene) GCAGCTTGTCGGCCATGCGGGC 54
blaOXA-48-like (carbapenemase gene) GCGTGGTTAAGGATGAACAC 54
blaSPM (Sao Paulo metallo-beta-lactamase gene) AAAATCTGGGTACGCAAACG 54
qnrS (fluoroquinolone plasmid-mediated resistance gene) GGAAACCTACAATCATACATA 55
qnrA (fluoroquinolone plasmid-mediated resistance gene) GATAAAGTTTTTCAGCAAGAGG 56
aac(69)-lb-cr (fluoroquinoloneplasmid-mediated resistancegene) TGACCTTGCGATGCTCTATG 57
mcr-1 (colistin/polymyxin B resistance gene) ATGATGGCAGCATACTTCTGTGTGG 22
mcr-2 (colistin/polymyxin B resistance gene) TGTTGCTTGTGCCGATTGGA 19
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(2/8) of K. pneumoniae only. The E. coli isolate from the raw
sewage sample contained blaCTX-M.We did not detect blaKPC,
blaOXA-48, blaNDM, blaIMP, nor blaVIM in any of the Enter-
obacteriaceae isolates from this survey.Only fluoroquinolone-
resistant Enterobacteriaceae isolated from samples from the
urban lake in Brazil contained PMQR genes, including qnrS in
one isolate of E. coli and aac(69)-lb-cr in two isolates of
K. pneumoniae. The mcr-1 or mcr-2 genes, coding for re-
sistance to polymyxins, were not detected in any of the iso-
lates, including the two colistin-resistant isolates.

Genetic typing with repetitive sequence–based PCR
and multilocus sequence typing. Analysis of genetic re-
latedness using rep-PCR revealed that 22 of the 28 E. coli
grouped into seven clusters (containing two to five isolates
each) (Figure 4). According to their rep-PCR pattern, five iso-
lates from the urban lake in Brazil were identified as E. coli
clone ST131 (Achtman scheme).25 Multilocus sequence typ-
ing performed on isolates from this cluster identified ST506 in
the Pasteur scheme (previously linked to ST131 in the Acht-
man scheme27) and ST476 (first identified in this study). Two
isolates from the urban lake in Brazil and one each from the
sewage in the United States and the rural river in Brazil shared
the same rep-PCR pattern, and all belonged to ST2 in the
Pasteur scheme (akin to ST10 in the Achtman scheme), except
one organism which was ST539, not sharing any alleles with
ST2. Another cluster ofE. coli isolateswere identifiedasST340.
Among the 10 K. pneumoniae isolates, rep-PCR identified

one cluster (> 95% similarity) that was defined as ST340 by
MLST (using the Klebsiella typing scheme from the Pasteur
institute).
Detection of AMR genes in water samples. Because

many bacterial species may serve as reservoirs for AMR
genes, total DNA obtained from surface water samples was
studied. We identified the carbapenemase gene blaOXA-48 in
multiple samples of water from the Brazilian urban lake. This
gene was found in eight of eight (100%) collection sites from
the southern shore, and three of seven (43%) sites from the
northern shore. In addition, blaKPC was present in samples
from three sites and blaVIM-2 was discovered in samples from
two sites in the southern shore. Of note, blaVIM-2 was also
detected in the sample of raw sewage from Northeast Ohio.
Plasmid-mediated quinolone resistance genes qnrS and aac
(6’)-lb-cr were detected in water samples from three and four
sites at the Brazilian urban lake, respectively.

DISCUSSION

In this study, we sought to determine the presence of criti-
cally important contributors to AMR in surface waters in Brazil
and their relationship with human fecal contamination. We
found genes encoding clinically relevant carbapenemases

FIGURE 2. Comparisonbetween studysites of humanBacteroidesquantities determinedbymicrobial source tracking. Presents copiesofDNAof
human (HF8) clusterBacteroides spp. identified by quantitative PCR in samples from filtered waters. Only one sample of raw sewagewas obtained
from a sewer system in Northeast Ohio (NEO). A sample from piped water from the Brazilian rural river system did not contain human (HF8) cluster
Bacteroides spp. and is not represented.

FIGURE 1. MapofDiquedoCabrito identifying the numberof copies
of humanBacteroides spp. at each survey site. DCN indicates a site in
the northern half of Dique do Cabrito and DCS indicates a southern
site. This figure appears in color at www.ajtmh.org.
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(OXA-48, KPC, and VIM-2) and PMQR determinants (qnrS
and aac(69)-lb-cr) in water samples from Dique do Cabrito,
a typical urban lake in Salvador, Brazil. Surface waters from
this lake also had a high burden of other AMR phenotypes,
including polymyxin-resistant Enterobacteriaceae, ESBL-
producingK. pneumoniae, and ST131 E. coli associatedwith

fluoroquinolone resistance and harboring CTX-M. Our anal-
yses indicate a high degree of human fecal contamination, in
survey sites with high percentages of resistant bacteria, es-
pecially in the northern half of the Brazilian lake (Figure 1).
Indeed, the concentration of bacteria from human feces in
one site in the urban lake in Brazil was like that of a sample of

TABLE 2
Enterobacteriaceae isolates from the Brazilian urban lake

Escherichia coli, N = 23 Klebsiella pneumoniae, N = 9 Enterobacter cloacae, N = 2

Extended-spectrum β-lactamases
positive*

12 (52%) 8 (89%) N/A

Carbapenem resistant* 0 0 0
Fluoroquinolone resistant* 21 (91%) 7 (78%) 0
Trimethoprim/sulfamethoxazole resistant* 14 (61%) 9 (100%) 2 (100%)
Aminoglycoside resistant* 6 (26%) 2 (22%) 1 (50%)
Polymyxin B resistant† 1 (4%) 0 1 (50%)
MDRk 18 (78%) 8 (89%) 0
blaKPC‡,§ 0 0 0
blaCTX-M‡,§ 12 (52%) 5 (55%) 0
blaTEM‡ 4 (17%) 1 (11%) 0
blaSHV‡ 0 5 (55%) 0
qnrS§ 1 (7%) 0 0
qnrA§ 0 0 0
aac(69)-lb-cr§ 0 2 (22%) 0
mcr-1 or mcr-2§ 0 0 0
* Results obtained by Vitek-2.
† Results obtained by broth macrodilution.
‡ Results obtained by Check-Points.
§ Results obtained by PCR.
k Multidrug resistance (MDR) indicates isolates non-susceptible to ³ 1 agent in > 3 antimicrobial categories, according to definitions by Magiorakos et al.26

FIGURE 3. Resistance phenotypes of Escherichia coli and Klebsiella pneumoniae isolated from Dique do Cabrito. The relative contributions of
each of the four resistance phenotypes listed are represented by a single bar per species and location. DCN indicates a site in the northern half of
Dique do Cabrito and DCS indicates a southern site. ESBL = extended-spectrum beta-lactamase; TMP/SMX = trimethoprim/sulfamethoxazole.
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raw sewage from Northeast Ohio in the United States
(Figure 2).
By contrast, AMR determinants were rare or not found in

the study sites where human fecal bacteria were less fre-
quent, such as a rural river in Brazil and an urban lake in

Northeast Ohio. This was the case even though water sam-
ples from the rural river in Brazil contained ruminant fecal
bacteria. Human fecal contamination, therefore, may con-
tribute to the high burden of AMR determinants in surface
water sampled from the urban lake in Brazil. Swimming and

FIGURE 4. Dendrogram and band pattern generated by DiversiLab rep-PCR of Escherichia coli isolated from the study sites. Similarity ³ 95%
indicates clonally related strains. ESBL+ indicates a positive ESBL test by VITEK. “Sewer” designates isolates from raw sewage in Northeast Ohio,
“DC” isolates from the urban lake in Brazil, and “Jenipapo” isolates from the rural river in Brazil. ESBL = extended-spectrum β-lactamases.
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bathing occur at this site, with the ensuing risk of acquisition
of AMR bacteria.
The presence of carbapenemase genes in samples from

Dique do Cabrito is especially concerning, given the tremen-
dous clinical import of carbapenem-resistant Gram-negative
bacteria. Our screening, restricted to Enterobacteriaceae, did
not isolate carbapenem-resistant bacteria in cultures from
those same samples. This discrepancy may be explained by
low sensitivity of phenotypic testing or poor genetic expres-
sion.28 Alternatively, carbapenemase genes in environmental
samples may originate from other bacterial species. Although
Enterobacteriaceae are the usual hosts of blaOXA-48 in clinical
samples,29 the progenitor of blaOXA-48 in this instance may
have been Shewanella spp., an environmental Gram-negative
facultative aerobe that grows in fresh and salt water.30 The
presence of blaVIM-2 in sewage from Northeast Ohio is also
intriguingbecausebacteria harboring this carbapenemaseare
especially rare in the United States. One of the few reports of
VIM-2–producing Pseudomonas aeruginosa in this country
also originates from Northeast Ohio, and genetic analysis of
that organism revealed that blaVIM-2 was contained in amobile
genetic element similar to those present in Salmonella.31 In-
terestingly, a cluster of blaVIM-2-containing P. aeruginosa of the
same ST type (ST 233) was also found among residents of a
skilled nursing facility in Chicago and previously in a hospital in
the same city.32 Outside of themidwesternUnited States, VIM-
producingP. aeruginosawas reported inOrlando, FL, aswell.33

The detection of Enterobacteriaceae isolated from envi-
ronmental water samples obtained from a lake surrounded by
a presumably healthy community provides a wide-ranging
sample of the “resistome” present in the fecal contents of
thousands of residents. Therefore, our findings likely reflect
the widespread presence of ESBL-producing Enter-
obacteriaceae in a Brazilian urban population. Reports origi-
nating from Brazil indicate high rates of ESBL production
among clinical isolates of Enterobacteriaceae since the
2000s, up to 50% for K. pneumoniae and 17% for E. coli.34

The recovery of ST131 E. coli harboring blaCTX-M is also
noteworthy because this is a successful global strain char-
acterized by resistance to fluoroquinolones and cephalospo-
rins with potentially increased virulence and deleterious
clinical outcome.35 CTX-M is the dominant type of ESBL as-
sociatedwith fecal carriage in communities around theglobe,4

and there is high carriage of ESBL-producing bacteria, often
CTX-M–producing ST131 E. coli, in the intestinal tract of
outpatients from high-, low-, andmiddle-income countries.36–38

The epidemiological success of this strain is likely due to anti-
biotic selection in humans and animals, compounded by human
travel andwildlifemigration, illustrating the “OneHealth”concept
that links animal andhumanhealth.Of note, ST2E. coli, reported
in both nosocomial and agricultural CTX-M–possessing iso-
lates, occurred in water samples from both locations in Brazil
as well as the sewage sample from the United States.
Most ominous is the presence in the Brazilian lake of

Enterobacteriaceae resistant to polymyxins. This class of
antibiotics is reserved for the treatment of serious infections
caused by extensively resistant Gram-negative bacteria in
hospitalized patients. In Brazil, polymyxin resistance medi-
ated by mcr-1 and mcr-2 has been reported in Enter-
obacteriaceae from environmental, animal, and human
origin.39–41 Although these genes were not detected in iso-
lates from this study, work is in progress to determine the

genetic basis of this phenotype, including whole-genome
sequencing of the isolates.
The dissemination of antibiotic-resistant bacteria in the en-

vironment including surface waters may explain the following
paradox: by most measures, human consumption of antibi-
otics in Brazil is not significantly higher than in the United
States,42 and yet, the rates of AMR are higher in Brazil.33 For in-
stance, according to the Center for Disease Dynamics and Eco-
nomic Policy (https://resistancemap.cddep.org/AntibioticUse.
php), human consumption of fluoroquinolones in Brazil was
1,069 daily in defined doses (DDD)/1,000 population in 2015,
which is similar to that of the United States (1,002 DDD/1,000
population). On the other hand, Brazil is the country with the
third largest antimicrobial use in agriculture in the world (9%),
but it is difficult to obtain data about the use of specific classes
of antibiotics in animals.43 However, interest in complying with
European market standards has led to raising antibiotic-free
poultry in Brazil. In rural areas in the State of Bahia, we have
solicited and not observed use in growth promotion, and cattle
are primarily grass fed. In addition, non-prescription antibiotic
use in both agriculture and medicine in Brazil was restricted in
2011.44 Although clandestine use is possible, evidence that
non-prescription antimicrobial use is significantly different be-
tween the two countries is not available.45

This study is limitedby the number of samples collected and
by the cross-sectional rather than longitudinal nature of the
collections. Also, the collection in Ohio was made in the fall,
which is not the peak season for fecal contamination. Never-
theless, the magnitude of the differences observed between
the Brazilian urban site and the rural site as well as Cleveland
sewage sample indicate that qualitative differences are likely
to remain. Our study only focused on determining contami-
nationwith human and ruminant feces; however, several other
animals may serve as reservoirs of AMR such as migratory
birds and companion animals, but their contributionswere not
studied. In addition, of the several genes that contribute to
quinolone resistance, we focused on three common genes in
Brazil and elsewhere, representing two mechanisms. For in-
stance, the efflux pumps qepA and oqxAB were not queried;
oqxAB has been linked with the use of the olaquindox and
quinolones use as growth promoter, whereasqepA is an efflux
pump with quinolones as substrate but of less clear epide-
miologic importance in clinical isolates from Brazil.46 Neither
did we query for qnrB, frequently detected among Enter-
obacteriaceae from poultry in the state of Sao Paulo in Brazil
(> 20% of isolates). By contrast, the aac(69)lb-cr gene is rare
(< 1%) in poultry isolates but occurs in up to 40% of cases of
nosocomial andcommunity-acquiredurinary tract infection.47,48

Because chromosomal mutations in the quinolone resistance
determining region (QRDR) are necessary to obtain a fully
quinolone-resistant phenotype, they are likely to be present
alongwithPMQR inquinolone-resistant isolates from this study.
Because QRDRmutations are not a transferable mechanism of
resistance, our surveydid not include them. Interestingly, PMQR
genes qnrA, qnrB, and qnrS have been found in the chromo-
some of quinolone-resistant marine bacteria in aquaculture
areas with heavy fluoroquinolone usage. Furthermore, there is
commonality of quinolone resistance genes and class 1 inte-
gronsbetweenmarinebacteriaandE.coli, suggestinghorizontal
gene transfer.49

Taken together, our observations suggest that surface
waters contaminated because of poor sanitation may be a
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component of the “resistome.” This has been observed in
high-income countries50 but may be especially important in
low- and middle-income countries.51 Poor sanitation may
promote the emergence, dissemination, and persistence of
AMR even where selective pressure from human antibiotic
consumption is not intense.6 The public health advantages of
proper sanitation are well established. The relationships be-
tween surface water, sanitation, antibiotic exposure, bacterial
gene transfer, and human colonization underscore the im-
portance of determining effective “One Health” strategies to
protect water resources and mitigate the global AMR crisis in
human health.
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