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Abstract

Use of antibiotics inevitably leads to antimicrobial resistance. Selection for resistance occurs primarily within
the gut of humans and animals as well as in the environment through natural resistance and residual antibiotics
in streams and soil. We evaluated antimicrobial resistance in Gram negative bacteria from a river system in a
rural community in Bahia, Brazil. Water was collected from the Jiquirica and Brejdes rivers and the piped water
supply. Additionally, stools were collected from a random sample of residents, cows, pigs and horses near the
river. The samples were screened for bacteria resistant to ciprofloxacin, cefotaxime, and meropenem and identified
biochemically at the genus and species levels. Microbial source tracking demonstrated that ruminant and human
fecal contamination increased as the rivers neared the village center and decreased after the last residence. Antibiotic
bacteria were identified from all samples (n = 32). No bacteria were resistant to carbapenems, but the majority
of the enterobacteria were resistant to ciprofloxacin, even though this class of antibiotics is not commonly used
in food animals in this region. Considering these facts, together with the pattern of human fecal contamination,
a human source was considered most likely for these resistant isolates.

Keywords: fecal contamination, Enterobacteriaceae, livestock, sanitation.

Resumo

O uso de antibiéticos inevitavelmente leva a resisténcia antimicrobiana. A selegdo para resisténcia antimicrobiana
ocorre principalmente no intestino de seres humanos e animais, bem como no meio ambiente, através da resisténcia
natural e residuos de antibiéticos nos esgotos e no solo. Avaliamos a resisténcia antimicrobiana em bactérias
Gram-negativas de um sistema fluvial em uma comunidade rural da Bahia, Brasil. A agua foi coletada nos rios
Jiquirica e Brejdes e no abastecimento de agua encanada. Além disso, foram coletadas amostras randomizadas de
fezes de moradores, vacas, porcos e cavalos proximos ao rio. As amostras foram triadas para bactérias resistentes
a ciprofloxacina, cefotaxima e meropenem e identificadas bioquimicamente nos niveis de género e espécie. O
rastreamento de fontes microbianas demonstrou que a contaminacdo fecal de ruminantes e humanos aumentou
a medida que os rios se aproximavam do centro da vila e diminuia apés a Gltima residéncia. Bactérias resistentes
a antibidticos foram identificadas em todas as amostras (n = 32). Nenhuma bactéria demonstrou ser resistente aos
carbapenémicos testados, contudo, foi encontrado enterobactérias resistentes a ciprofloxacina, ainda que essa classe
de antibiéticos ndo seja comumente usada na medicina veterinaria dos animais dessa regido. Considerando esses
fatos, juntamente com o padrdo de contaminacao fecal avaliado, a fonte de contamina¢do humana foi considerada
a mais provavel na interagdo desses isolados resistentes.

Palavras-chave: contaminacao fecal, Enterobacteriaceae, gado, saneamento.

1. Introduction

Bacterial infection is a major cause of disease in  environmental components to antimicrobial resistance that
and out of hospitals, and resistance is growing due to  may be equal to or more important than that generated
increasing use of antibiotics in humans and domestic by use and overuse in hospital settings (Gallini et al.,
animals (Bonelli et al., 2014). There are community and  2010; Meirelles-Pereira et al., 2002). Novel antimicrobial
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resistant bacteria disproportionately originate in lower-
income countries, but eventually extend outside the region
where they arose (Baker, 2015). The mere use of antibiotics,
however, does not align perfectly with the prevalence of
resistance. While the US and Europe have higher levels
of antibiotic use than Brazil (Laxminarayan et al., 2013),
the problem of resistance is similar (Marra et al., 2011).
This paradox may in part be explained by poor sanitation
contributing to fecal bacterial mingling (Bartley et al., 2019)
and transmission of resistance via conjugative plasmids
(Kumarasamy et al., 2010) or the presence of sublethal
concentrations of antibiotics (Berglund, 2015). Cell-cell
contact between bacteria, such as occurs in polluted waters,
is required for R-plasmid transmission. Gene transfers
that occur across species and in hospitals may not even
be the major location for development and transfer of
resistance (Berglund, 2015; Vaidya, 2011). In developing
countries, 80% of antimicrobials are consumed outside of
the hospital setting (Chang et al., 2015).

Human fecal contamination is an additional factor for the
distribution of antibiotic resistance in low or middle-income
countries where sanitation is inadequate (Newton et al.,
2015; Liang et al., 2020). In rural areas, human bacteria
mix with bacteria from our commercial domestic animals
(Berglund, 2015). Antibiotic administration is important
in both populations and both can be a source of antibiotic
resistance. Horizontal gene exchanges among bacteria are
common even between species (Brown-Jaque et al., 2015).
One of the most efficient forms of exchange is by means
of conjugative plasmids that require cell-cell contact for
transmission (Berglund, 2015).

In a rural community in Brazil, we compared a spectrum
of antibiotic resistance for Enterobacteriaceae from the
principal human water contact points along two main
rivers, the piped water supply and fecal samples from
the human and domestic animal populations. In order
to further gauge the contribution of human and animal
sources of contamination, the water samples were also
assayed for human or ruminant fecal concentration and
common antibiotic resistance genes.

2. Material and Methods

2.1. Study area

The rural community of Jenipapo (13°15'04”S,
39°42'58'W) is administrated by Ubaira county, located
270 km southwest of Salvador, the capital of Bahia. Jenipapo
does not have an estimated human development index
(HDI). However, Ubaira has an HDI of 0.582, which is slightly
below the average for the state of Bahia (0.660). According
to the National Agency of Waters (Agéncia Nacional das
Aguas), 70% of Ubaira’s population have basic sanitation
coverage, while the state of Bahia has only 50% (ANA, 2017).
The community (population 619 in 2015) is divided north
and south by the Jiquirica River and bordered on the west
by the Brejoes River at the point where it flows into the
Jiquirica (see Figure 1). The main livelihood is small-scale
cultivation of bananas, cassava, cacao and large and small
livestock. Along both rivers, 89% of the area is pastureland
and 3% used for agriculture (Fernandes et al., 2010). In
a previous study we described in this community that
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Figure 1. Study area, rivers and water collection sites. The collection points on the Jiquiri¢a River are P1-5; collection points on the
Brejoes P6-8. P3 is at the junction of the 2 rivers, and P9 and P10 are from the water treatment plant and an outside faucet, respectively.
Left inset - Location of Bahia state, Salvador and Jenipapo within Brazil based on Wikimedia Commons (2011). Right inset - relationship
of P12 and P13 to Jenipapo. These 2 points represent the source of piped water for the community and the furthest point upstream for
collection on the Brejdes River, respectively. Inset modified from Wikimedia Commons (2011).
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while >90% of homes have a flush toilet, less than 50%
report that their toilets discharge to septic tanks and
the remainder to the rivers (Barbosa et al., 2013). To our
knowledge, there are no official records of antibiotic use
for livestock or humans in this village, however this is a
common scenario in Brazilian’s rural communities. Drinking
water is supplied from a small reservoir 8 km north of the
village on the Brejoes watershed (see Figure 1, Point 10)
and piped to a water treatment plant in the village (see
Figure 1, Point 11), where it is filtered and chlorinated. We
also collected drinking water from a public source (Point 12)
that is located after the water treatment plant. All water
collection points and households were georeferenced using
a Nomad GPS unit Model 65220-11 (Trimble Navigation
Ltd., Sunnyvale, CA).

2.2. Water collection

Water samples were collected in July 2015 at 10 sites
along the Jiquirica and Brejodes Rivers and two sites from
the community’s piped water system (Figure 1). At each
site, water was collected in midstream between 8 AM and
12 PM in clean 500 mL bottles for filtration and in sterile
50 mL conical tubes for culture. For the piped system,
water was allowed to run full open for 30 seconds prior to
collection. Water temperature, pH and dissolved solids were
monitored with a Hanna Instruments HI 98129 handheld
unit (Hanna Instruments, Woonsocket, RI) and dissolved
oxygen measured with a Milwaukee MW600 LED Portable
Dissolved Oxygen Meter (Milwaukee Instruments, Rocky
Mount, NC). Local temperature and rain measurements were
obtained via a data logging Davis Vantage Pro2 weather
station (Davis Instruments, Vernon Hills, IL).

2.3. Microbial source tracking

From each collection site, 500 mL of water was filtered
through a 47 mm diameter mixed cellulose filter with
0.22 pum pore size (EMD Millipore Corporation, Billerica,
MA) using a Nalgene filter funnel unit (Thermo Scientific,
Waltham, MA). The filters were thoroughly dried and then
stored at -20 °C until used. DNA was extracted by a phenol-
choloroform procedure (Blanton et al., 2011). This was
followed by treatment with hexadecyltrimethyl ammonium
bromide (CTAB) to remove PCR inhibitors (Ausubel et al.,
2004). The final volume of DNA was brought to 200 pL.

The concentration of feces-associated bacteria was
measured by quantitative PCR (qPCR) using unlabeled
primer sets based on the 16S rRNA gene for ruminant-
indicative Bacteroidales (Bernhard and Field, 2000)
(Bac32F: 5’AACGCTAGCTACAGGCTT 3’; Bac708R: 5’
CAATCGGAGTTCTTCGTG 3') and human-indicative
Bacteroidales (HF183F 5’ ATCATGAGTTCACATGTCCG 3;
Bac708R: 5 CAATCGGAGTTCTTCGTG 3'). PCR amplification
was performed in 15 pl reaction mixtures composed of
0.3 pM of each primer, 7.5 pL FastStart Universal SYBR
Green Master Mix (Roche Diagnostics Corporation,
Indianapolis, IN) and 2 pL DNA. The cycling program was
95 °C for 10 mins, then 40 cycles of 95 °C (15 sec), 53 °C
(30 sec), 72 °C (30 sec), and a final combined annealing-
elongation step consisting of 95 °C (15 sec), 60 °C (15 sec)
and 72 °C (1 min). Standard curves were generated during
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each run and consisted of an amplicon generated from
either a plasmid containing the target. Standard curves
were run with DNA serially diluted from 1.5 x 106 to
1.5 x 10" copies. Each assay was performed in duplicate
and the results averaged.

2.4. Stool collection

Animal feces were collected in clean 50 mL conical tubes
from areas not in contact with the ground or surrounding
vegetation soon after being produced from cows, horses
and pigs. Feces were also collected from 50 residents
selected at random. For randomization, all residents
were included in a database, assigned numbers and 50
were selected by a random number generator. Donors
were informed about the use of their stools, and only sex
and age were associated with the samples. None of the
selected individuals refused to participate. The human
samples were collected as discarded human waste under
IRB approval from University Hospitals of Cleveland, the
Oswaldo Cruz Foundation Bahia and the National Council
for Ethics in Research of Brazil.

2.5. Water samples: Coliscan

One mL samples were removed from water collected
at each point, mixed with Coliscan Easygel media
(Micrology Laboratories, Goshen, IN), and plated. After
incubation 24-48 at 25-30 °C, colonies were counted
manually up to 1,000 CFU/mL. E. coli was differentiated
from thermotolerant coliforms by their blue or pink color,
respectively.

2.6. Antibiotic resistance screening

For antibiotic screening of water, 10 mL of the collected
samples were centrifuged at 5,000 X g for 5 min. The pellet
was re-suspended in tryptic soy broth (TSB, Becton-Dixon,
Franklin Lakes, New Jersey, USA) and incubated for 24 hours
at 36 °C. The TSB culture was spread to form a lawn on
MacConkey agar (Oxoid, Basingstoke Hampshire, UK), and
antimicrobial discs for ciprofloxacin (5 pg), cefotaxime
(30 pg) and meropenem (10 pg) (Laborclin, Pinhais, Parana,
Brazil) were place on the plate for 18 to 24 hours at 36 °C.
All colonies growing within the inhibition zone of a disc
and with distinct morphology were isolated and identified.

2.7. Species identification

Genus and species of the isolates were identified by
Enterokit B (Probac do Brasil, Sdo Paulo). The kits were read
after inoculation from isolated colonies and incubation
for 18 to 24 hours at 36 °C. For lactose non-fermenters,
genus and species were identified using an NF Il kit (Probac
do Brasil, Sdo Paulo) for 48 to 72 hours at 36 + 2 °C and
subsequently read.

2.8. Coliform antibiotic resistance confirmatory assay

Antibiotic resistance was confirmed using the qualitative
disc diffusion method (Kirby-Bauer) following standardized
criteria of the Clinical Institute and Laboratory Standards
(CLSI) (CLSI, 2015). Thus, after species identification, a
0.9% saline solution was inoculated with coliform isolates
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to a MacFarland standard turbidity (McFarland, 1907) of
0.5. This was spread to form a lawn on Mueller-Hinton
Agar (BD, USA) and discs placed for ciprofloxacin (CIP
5 ng), ceftazidime (CAZ 30 ng), cefepime (FEP 30 pg),
cefotaxime (CTX 30 pg), amoxicillin clavulanic acid (AMC
30 pg), and aztreonam (ATM 30 pg) (Laborclin, Pinhais,
Parand, Brazil). The disk diffusion method was also used
for phenotypic assessment of extended spectrum beta-
lactamase (ESBL) production (CLSI, 2015). The plates were
subsequently incubated for 16 to 24 hours at 36 °C in 5%
CO,. The diameters of the halos of growth inhibition around
each disc were measured in millimeters and compared
to the size of inhibition zones published in CLSI 2015,
classifying them as sensitive, intermediate or resistant.
The clinical laboratory of the Bahiana School of Medicine
and Public Health where the isolations, identifications and
antimicrobial susceptibility were evaluated is certified by
ISO 9001: 2008 and follows all monthly quality control
measures required by CLSI guidelines. Reference strain
ATCC 25922 E. coli and ATCC700603 Klebsiella pneumoniae
were used for quality control.

2.9. Fecal samples

For fecal samples, individual stools were homogenized
using a clean cotton swab, which was placed in 1 mL of
Cary-Blair medium for transport at 25-27 °C for 24 hs.
Bacteria were plated using the swab tip on 2 plates of
MacConkey agar, both containing CAZ (2 pg/mL) and
one with and one without CIP (10 pg/mL) for 24 hours at
36 °C+ 2 °C.Each lactose-fermenting colony with distinct
morphology on MacConkey plates was isolated and frozen
in Tryptic Soy Broth with 30% glycerol for further studies.
Species identification was performed using the MALDI-
TOF® automated method, and antimicrobial resistance
profiles including ESBL phenotype were performed with
VITEK©O-2 (bioMérieux, Marcy I'Etoile, FRA) following the
standardization criteria of the Clinical and Laboratory
Standards Institute (CLSI, 2015). These studies were carried
out at the Laboratory of Clinical Analysis of Hospital Sao
Rafael, Salvador, Bahia.

2.10. PCR identification of quinolones, cephalosporinases
and carbapenamases

Published primers for PCR were used to detect 3
common resistance genes for quinolones (qnrA, qnrS, aac6’)
(Guillard et al., 2010; Yu et al., 2015), for the cephalosporins
CTX-M (Jemima and Verghese, 2008) (Pagani et al., 2003),
and 6 common carbapenamase genes (blaKPC, blaIMP,
blaVIM, blaNDM, blaSPM, blaOxa-48-like) (Doyle et al.,
2012) in water filtrates and plasmids from a resistant
isolate. Multiplex runs for carbapenemases produced
inconsistent results for complex mixtures of DNA from
the filtrates in preliminary studies. Therefore, all samples
were amplified with primer pairs for individual targets.

3. Results

3.1. Water quality

Physical characteristics of the Jiquiricd and Brejoes
Rivers were recorded in July 2015 and monthly over the
succeeding 12 months (as show in Table 1). The flow in
both rivers varies with the season, and in some years, flow
entering the community is absent for the Jiquirica for 2-3
months characterizing it as an intermittent river. In general,
70% of the flow at the confluence is from the Brejoes at
1.13 m?/sec. The mean river temperature between 10 am
and 2 pm is 22.5 °C and is 2 °C cooler than the average
ambient temperature. The highest pH was located at the
junction of the two rivers (Point 3) and the lowest where
the Brejoes overflowed into a pasture (Point 6). While
the source for piped water registered pH 7.5, pH rose to
8.4 after the treatment station, possibly because of the
chlorination process. The lowest oxygenation for the river
system was also found at the Point 3 and highest at the
source of drinking water (Point 12). The concentration
of dissolved solids in the Brejdoes was 1/5th that in the
Jiquiriga. The dilution of dissolved solids in the Jiquiri¢a
by the Brejdes confirms the calculation of 4 fold higher
discharge from the Brejdes.

Table 1. Physico-chemical properties of water samples and coliform cultures count from evaluated points in Jenipapo-Bahia.

Jiquirica River Brejoes River Tap Water

1 2 3 4 5 6 7 8 9 10 11 12
Discharge (L/sec)* - 4302 15603  1,435.7 - - - - - - - -
Temperature (°C) 22.8 23.0 22.6 225 226 232 226 222 221 221 231 239
pH 7.7 79 8.1 8.0 7.6 7.5 7.4 6.6 74 7.9 8.4 8.3
Dissolved O, (mg/L) 6.8 53 5.0 6.0 6.5 7.3 6.0 6.6 6.1 5.6 7.5 7.5
Conductivity (pS/cm) 2,651 2,852 896 935 933 89 574 511 498 497 72 64
Dissolved Solids (ppm) 1,326 1,426 563 468 466 32 287 254 245 246 35 32
Total coliforms 172 148 224 284 296 224 136 220 232 242 148 136
(colonies/mL)
E. coli (colonies/mL) 49 23 24 27 46 2 4 10 6 8 2 4

*The discharge was measured on the Jiquiri¢a River prior (point 2) and after joining the Brejoes (points 3 and 4). The Brejdes River discharge rate

is the difference between point 2 and the average of 3 and 4.

4/9

Brazilian Journal of Biology, 2022, vol. 82, e231838



3.2. E. coli and total coliforms

Coliforms were identified by Coliscan culture along both
rivers in July 2015 (see Figure 2). The distribution of E. coli
showed highest concentration at both the upstream and
downstream margins of the community on the Jiquirica
River (see Figure 2). Total coliforms were most intense near
the population center of the community and downstream
as the rivers passed through the remaining section of the
community. The surface water concentrations of E. coli
and total coliforms was lowest at the source of the piped
water supply and were further reduced by half after water
treatment, but were never zero. E. coli was present at
2-4 CFU/mL in samples of piped water (Points 11 and 12),
and the concentrations of other coliforms were at 148 and
136 CFU/mL, respectively. Therefore, according to Brazilian
Federal Environmental Council - CONAMA standards of
human drinking water (zero E. coli CFU/mL), the evaluated
water is not appropriate for use.

Environmental antibiotic resistance in Bahia

3.3. Microbial source tracking

Human fecal contamination in both rivers showed
increasing concentration as the rivers passed the more
densely populated parts of the community, but the
concentration was generally 3-4-fold higher in the Jiquirica
than the Brejoes (see Figure 3). This pattern differed from
drier months in that peak human fecal contamination, and
E. coli concentration was consistently highest at Point 8 on
the Brejoes from the end of 2014 through mid-2015 (not
shown), and the point of maximal concentration moved
downstream to point 4 after June 2015. Surface water
collected from the source of Jenipapo’s piped water showed
the lowest concentration of both cultured E. coli and human
Bacteroides. There was only weak correlation between the
concentration of E. coli and human indicative Bacteroides
(r2=0.40 following log transformation for normality). The
distribution and intensity of ruminant fecal contamination
by MST was similar for both rivers (see Figure 3).
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Figure 2. Locations and concentrations of coliforms and E. coli at water collection points. A volume of water (100 pl - 1 ml) collected
mid-stream was plated using the Coliscan culture system. Colonies were identified and counted at 48h. The size of the indicated
shapes in the figure is proportional to the number of colonies/ml cultured as indicated in the legend. Inset shows points 12 and 13 at

the same scale as the main figure.
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3.4. Antimicrobial resistance

Water samples: Bacteria resistant to at least one
of 3 screening antibiotics (CIP, CTX or MPM) were
isolated at every water contact site sampled for a
total of 32 isolates. Most resistant isolates tested
(88%) were non-lactose fermenters that belonged to
genera important in healthcare associated infections:
Stenotrophomonas sp., Burkholderia sp., Acinetobacter
sp., and Pseudomonas sp. (as show in Table 2). However,
only 4 isolates (3 identified as E. coli and 1 identified
as Citrobacter freundii) were Enterobacteriaceae. In
screening, most isolates appeared to be resistant
to multiple drugs. Confirmatory Kirby-Bauer disk
susceptibility testing was performed for these antibiotic
resistant Enterobacteriaceae (as show in Table 3). CTX

resistance was not confirmed for two E. coli isolates,
CIP resistance in another. The C. freudii isolate was
resistant to CPM, but was sensitive to carbapenems
by VITEK®-2 system analysis at the Cleveland Veteran’s
Administration Hospital’s microbiology laboratory.

3.5. Fecal samples

All bacterial isolates collected in screening of stool were
resistant to 10 mg/mL of ciprofloxacin and a further set were
doubly resistant to ciprofloxacin and cefotaxime (as shown
inTable 4). These were differentiated on screening only as
lactose positive or negative. Confirmatory identification
and antibiotic resistance profile were performed only on
the lactose fermenters by VITEKO-2.

Table 2. Bacterial identification and initial screening culture of antibiotic sensitivity of surface water samples from the Jiquirica and

Brejoes Rivers.

Collection

Number of

Points Isolates and Idenfication” isolates cp** CTX**
Non-glucose fermenters 28 19 27
1,2,3,9,10 Stenotrophomonas maltophilia or Burkholderia spp 6 2 6
2,5 Achromobacter denitrificans or Delftia acidovorans or 2 2 2
Oligella urethralis
2,4,8,11 Acinetobacter spp 7 6 7
2,4, 11 Pseudomonas spp. 5 5 5
9 Chromobacterium violaceum 1 1 1
1,6,7,8,12 Unidentified 7 3 6
Glucose fermenters 4 3 1
1,4,511 E. coli 4 3 1

*Genus and species of glucose fermenters and non-glucose fermenters, were identified using biochemical tests by Enterokit B and NF II kit (Probac
do Brasil, Sdo Paulo), respectively; **Resistance (CIP: ciprofloxacin; CTX: cefotaxime).

Table 3. Confirmatory antimicrobial resistance profile of E. coli ESBL-producer from different sources.

ISOLATE SAM TZP CXM FEP CAZ CRO IPM CIP GEN AMK
*Water4 S S R R R R S S S S
**Cow2 I S R R R R S R S S
**Hum12 [ S R R R R S R S S
Hum13 I S R R R R S R S S
Hum15 R S R R R R S R S S
Hum18 I S R R R R S R S S
Hum21 I S R R R R S R S S
Hum28 R S R R R R S R S S
Hum30 I S R R R R S R S S
Hum35 R S R R R R S R S S
Hum36 R S R R R R S R S S
Hum40 I S R R R R S R S S
Hum50 R R R R R R S S S S

*Water samples; **Cow stool sample; ***Human stool sample. The confirmatory antimicrobial profile was performed in E. coli ESBL-producer collected
from stool and water samples. ESBL: extended spectrum beta lactamase producer; SAM: ampicillin/sulbactam acid; TZP: piperacillin/tazobactam;
CXM: cefuroxime; FEP: cefepime; CAZ: ceftazidime; CRO: ceftriaxone; IPM: imipenem; CIP: ciprofloxacin; GEN: gentamicin; AMK: amikacin.
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Table 4. Initial screening of cephalosporin and fluoroquinolone resistance profiles in all gram-negative bacteria of water and stool
samples in Jenipapo-Bahia.

CIP 10 p/mL CIP 10 p/mL CTX 2 pg/mL CTX 2 pg/mL
enterobacteria non-enterobacteria enterobacteria non-enterobacteria

Piped water (n=2) 50% (1) 100% (2) 0% (0) 100% (2)
Rivers (n=10) 30%(3) 100% (10) 10% (1) 100% (10)
Humans (n=50) 42%(21) 10% (5) 22%(11) 30% (15)

Pigs (n=4) 100% (4) 50% (2) 0 50% (2)
Horses (n=2) 0 0 0 0

Cow (n=7) 0 0 14% (1) 43% (3)

CIP: ciprofloxacin; CTX: cefotaxime, n: number of sites or individuals; 50 Humans 8.4% of the population; 4 pigs 8.8% of the population.

3.6. PCR for environmental antibiotic resistance genes

There was no amplification of genes from any class of
antibiotic resistance tested, although all DNA amplified
with human- and ruminant-indicative Bacteroides sp.
primer and for positive controls.

4. Discussion

The confluence of two rivers in the small community
of Jenipapo results in 3 segments with differing physical
characteristics. These segments are the upper Jiquirica,
the Brejoes and the combined flow of both rivers. These
differed mainly in the concentration of dissolved solids and
the amount of flow. In a previous cross-sectional study we
found that the segment downstream of the confluence of
the 2 rivers and immediately downstream of the densest
human habitation (Points 3 and 4) had the highest
concentration of human and ruminant fecal contamination
(Ponce-Terashima et al., 2014). This was confirmed here
to be a typical pattern. Ruminant fecal contamination of
the river systems in Jenipapo is evident from the run-off
of fields that line the river even inside the community.
Pasture represents 80% of the land usage along this river
system (Fernandes et al., 2010), and MST analysis was also
consistent with ruminant fecal contamination. Less obvious
is the degree of human contamination, but from interviews
of the whole population, at least half of the homes send
their human waste directly to the river. Schistosomiasis,
a condition dependent on human fecal contamination of
surface waters, has been prevalent and correlates with this
source of contamination (Ponce-Terashima et al., 2014).
MST shows an increasing concentration of human fecal
contamination from upstream, continuing through the
population center of the community and falling off after the
last home. This was mirrored by the total coliform count.
The E. coli counts, by contrast did not reflect well the river
flow or the known concentration of human habitation. This
may reflect the multiple sources for E. coli and its ability
to survive and multiply in the environment compared to
the strains of Bacteroides used as fecal markers.

In this part of rural Bahia state, Brazil, we particularly
wished to determine the prevalence of antibiotic resistant
Enterobacteriaceae. The Enterobacteriaceae are the gram-
negative bacteria most responsible for human disease
(Cherkaoui et al., 2014) and they are just as important in
nosocomial and outpatient infections in Brazil (Marra et al.,
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2011). As a class, they are becoming resistant to nearly
all available antibiotics. In Jenipapo, bacteria resistant
to one or more antibiotics were found at all sites, but
only 4 of 32 were Enterobacteriaceae; 3 were E. coli
and 1 Citrobacter freundii. C. freundii is often multidrug
resistant due to plasmid-encoded resistance genes, and
this isolate was resistant to all agents tested, except MEM
upon confirmatory testing.

Ciprofloxacin was the drug to which most of the
Enterobacteriaceae were resistant, yet quinolones in
particular are not commonly used by farmers and ranchers
in the region (Bokma-Bakker et al., 2014) (and personal
communication, Dr. Fred da Silva Julido). Government
surveillance for quinolone residues indicate broad
compliance in Brazil (Gouvéa et al.,, 2015). Together with the
high prevalence of human fecal markers, this suggests that
human fecal contamination was the likely source. In China
(Ma et al., 2009) and Poland (Lenart-Boron et al., 2016),
non-therapeutic uses of fluoroquinolones in poultry are
still permitted. In these countries, a wide range of plasmids
with genes responsible for fluoroquinolone resistance are
prevalent in food animals and surface waters near farms.
By contrast, in Jenipapo, we were unable to demonstrate
the presence of any plasmid-mediated resistance genes
as reservoirs in any of the waters despite both human and
animal fecal contamination. This contrast may be due in
part to the absence of industrial farming operations and
feedlots in the area. Also, Brazil banned the addition of
all but two antibiotics to feed for prophylaxis and growth
promotion in 2009 and has greatly restricted the classes
of antibiotic permitted in therapeutic use (Maron et al.,
2013). This is not to say that the law may not be flaunted
(Regitano and Leal, 2010), but these compounds are not in
widespread use outside of large poultry mills in the south
of the country (Bokma-Bakker et al., 2014).

In our screening cultures, most resistant gram-negative
isolates did not ferment lactose, and none of these were
Enterobacteriaceae. In rural areas of Brazil as well as the
rest of the world, there is often close contact between
bacteria of human and animal origin. Antibiotic use in
animals and in humans appears to be lower in Brazil than
in the US (Laxminarayan et al., 2013; Van Boeckel et al.,
2015), yet antibiotic resistance is no less of a problem in
Brazilian hospitals (Marra et al., 2011). One major difference
between the US and Brazil is the degree of human sanitation
(Bartley et al., 2019). The mixing of fecal waste from any
source increases the potential for horizontal transmission
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of resistance elements among bacteria. In Jenipapo, ~50%
of human waste goes directly into the rivers that serve
as source of drinking water, recreation, and also used by
the population to sanitize and cook food, especially fruits
and vegetables. In addition, casual contact with the river
is common for children crossing to go to school or adults
going back and forth to access the highway. A large amount
of waste from livestock also goes directly into the river,
especially during periods of rain.

One of the limitations of this study is that it does not
represent an unbiased survey. Colonies were selected
initially on subjective criteria and there is no true
denominator (total number of bacteria cultured) for the
numbers of resistant isolates. The number of resistant
genes assayed is a small number of some of the most
important species. In particular, there are at least a dozen
plasmid-encoded genes that contribute to fluoroquinolone
resistance, and we tested three of these. The study is cross-
sectional and represents what was identified on one day
in one season. Other seasons and other years might alter
some conclusions.

To summarize: in July of 2015, in 10 points along
the Jiquirica and BrejGes Rivers the average of fecal
contamination was 219 CFU/mL/point total coliforms and
20E. coli CFU/mL/point. Coliforms, but not E. coli were also
identified in the drinking water system. Bacteria resistant
to at least one major class of antibiotic were isolated from
each point tested including the drinking water supply.
In comparison to sites in countries with less restrictive
use of antibiotics in livestock, there was less evidence
of antimicrobial phenotypic and genotypic resistance in
this rural area despite ample human and ruminant fecal
contamination.
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