
water

Article

Quantification and Characterization of Antimicrobial
Resistance in Greywater Discharged to
the Environment

Seema Porob 1, Hillary A. Craddock 2, Yair Motro 2 , Orly Sagi 3, Michael Gdalevich 4,
Zubaida Ezery 5, Nadav Davidovitch 5, Zeev Ronen 1 and Jacob Moran-Gilad 2,3,*

1 Department of Environmental Hydrology and Microbiology, Zuckerberg Institute for Water Research,
Ben-Gurion University of the Negev, Midreshet Ben Gurion 84990, Israel; simporob@gmail.com (S.P.);
Zeevrone@bgu.ac.il (Z.R.)

2 MAGICAL Group, Department of Health Systems Management, School of Public Health,
Faculty of Health Sciences, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel;
HCraddock5@gmail.com (H.A.C.); motroy@post.bgu.ac.il (Y.M.)

3 Clinical Microbiology Laboratory, Soroka University Medical Center, Beer-Sheva 84105, Israel;
Orlisa@clalit.org.il

4 South District Health Office, Ministry of Health, Beer-Sheva 84105, Israel;
Michael.gdalevich@bsh.health.gov.il

5 Department of Health Systems Management, School of Public Health, Faculty of Health Sciences, Ben-Gurion
University of the Negev, Beer-Sheva 84105, Israel; ezobida@gmail.com (Z.E.); Nadavd@bgu.ac.il (N.D.)

* Correspondence: giladko@post.bgu.ac.il

Received: 22 April 2020; Accepted: 18 May 2020; Published: 20 May 2020
����������
�������

Abstract: In disenfranchised communities, untreated greywater (wastewater without sewage) is often
environmentally discharged, resulting in potential human exposure to antimicrobial-resistant bacteria
(ARB), including extended-spectrum beta-lactamase (ESBL) producers. We sought to examine the
abundance of ARB, specifically ESBLs, and antimicrobial resistance genes (ARGs) in greywater from
off-grid, pastoral Bedouin villages in Southern Israel. Greywater samples (n = 21) collected from
five villages were analyzed to enumerate fecal coliforms and Escherichia coli. ESBL producers were
recovered on CHROMagar ESBL and confirmed by VITEK®2 (bioMerieux, Marcy l’Etoile, France)
for identification and antimicrobial susceptibility testing. Total genomic DNA was extracted from
greywater samples and quantitative PCR (qPCR) was used to determine relative abundance (gene
copies/16S rRNA gene) of class 1 integron-integrase intI1, blaTEM, blaCTX-M-32, sul1, and qnrS. The mean
count of presumptive ESBL-producing isolates was 4.5 × 106 CFU/100 mL. Of 81 presumptive isolates,
15 ESBL producers were recovered. Phenotypically, 86.7% of ESBL producers were multi-drug
resistant. Results from qPCR revealed a high abundance of intI1 (1.4 × 10−1 gene copies/16S rRNA),
sul1 (5.2 × 10−2 gene copies/16S rRNA), and qnrS (1.7 × 10−2 gene copies/16S rRNA) followed by
blaTEM (3.5 × 10−3 gene copies/16S rRNA) and blaCTX-M-32 (2.2 × 10−5 gene copies/16S rRNA). Results
from our study indicate that greywater can be a source of ARB, including ESBL producers, in settings
characterized by low sanitary conditions and inadequate wastewater management.

Keywords: greywater; antimicrobial-resistant bacteria (ARB); ESBL; antimicrobial resistance genes
(ARG); multidrug-resistant

1. Introduction

Increase in levels of antimicrobial-resistant bacteria (ARB) [1] and antimicrobial resistance genes
(ARGs) in the environment due to the discharge of wastewater is a recent human health concern.
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Untreated greywater (GW, wastewater from all household sources other than sewage) is known
to harbor pathogens including but not limited to Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Legionella sp. [2–4]. Occurrence of both pathogenic bacteria and antimicrobials in household
GW has been identified as a potential factor responsible for proliferation of resistant bacteria [5–7].
Furthermore, factors such as crowding, poor sanitation, and antimicrobial misuse are known drivers of
antimicrobial resistance (AMR) among low socioeconomic status populations [8]. Despite these known
concerns, the risks of potential human exposure to AMR in the case of disenfranchised communities
where domestic GW is often environmentally discharged without treatment is understudied.

In Israel, the Bedouin are an indigenous ethnic group of low socioeconomic status (Israel Central
Bureau of Statistics, 2010). Unrecognized Bedouin villages (as per their legal status defined by the
State of Israel) are frequently not connected to centralized sewage and waste removal systems [9],
and black water (wastewater containing sewage) is discharged to cesspits while domestic GW is
discharged to the environment with little to no treatment. Additionally, GW is frequently reused
for irrigation without treatment [10]. These practices could be drivers behind the observed spread
of AMR within this population and pose a significant threat to the human communities, animals,
and the environment. Antimicrobial resistance in respiratory, gastrointestinal, and pneumococcal
infections have been reported among the Bedouin pediatric population [11,12]. Higher prevalence
of methicillin-resistant Staphylococcus aureus (MRSA) nasal carriage in healthy Bedouin infants has
also been reported [13]. Currently there is an overall increase in resistance patterns of hospitalized
community-acquired urinary tract infections in the residents of the southern region of Israel according
to a study by Elnasasra et al. [14]. Moreover, this study, which identified antimicrobial resistance
patterns of urinary tract infections, has reported an increased prevalence of community acquired
extended-spectrum beta-lactamase (ESBL)-producing pathogens in recent years (4.5% in 2000 to 25.5%
in 2017) in the Bedouin population from the Negev regions. This study also reported that the majority
of Enterobacteriaceae pathogens strains identified were E. coli (70%) and Klebsiella (13%). In this context,
the prevalence and spread of AMR through discharge of untreated GW in Bedouin communities,
in particular, ESBL-producing Enterobacterales, is an important yet neglected aspect of health and
environment risk assessment.

Data regarding AMR in GW is limited and somewhat contradictory. One Israeli study found
that irrigation of soil with treated GW did not affect the antimicrobial resistance levels in the soil
microbiome [15], however a recent study carried out in Israel by Troiano et al. (2018) observed ARB,
specifically tetracycline-resistant and multidrug-resistant (MDR) bacteria, in treated GW [16]. There is
a dearth of studies assessing ARB and ARGs in untreated GW, as well as a lack of understanding of
resistance patterns of pathogens associated with untreated GW. To our knowledge, this is one the first
studies that has specifically targeted assessment of domestic untreated GW for detection of ARB and
quantification of clinically relevant ARGs and potential mobile genetic elements (MGEs). The objective
of this study is to investigate the prevalence of ARB and ARGs in domestic untreated GW and examine
its role in the spread of AMR. We present here results of identification and characterization of ARB
from GW samples collected from different Bedouin community villages in the Negev region of Israel.
In addition, we present results of qPCR-based quantification of clinically relevant ARGs in order to
assess the load of contaminating ARGs in domestic GW samples.

2. Material and Methods

2.1. Study Setting and Sample Collection

GW samples were collected from 21 households in five different Bedouin villages in the southern
region of Israel. Villages were defined as either recognized or unrecognized based on their legal status
according to the State of Israel. Two recognized villages of Qasir al-Sir and Um Batin (populations
1574 and 3274, respectively), and three unrecognized villages Wadi al-Na’am, Al-Fura, and Tel Arad
(populations 13,000, 5000, and 1700, respectively) [10] were selected for collecting the samples. These
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villages differ in the level of development, population sizes, and their proximity to a health clinic.
The rationale for selection was based on the absence of basic infrastructure for wastewater and sewage
management, village accessibility, and cooperation of villagers. [10]. The rational for studying AMR
in these villages was based on factors such as poor sanitation; close-knit and densely-populated
community dwellings; lack of proper wastewater management; direct disposal of GW into the
surrounding environment; and the presence of livestock in proximity to the human dwellings. Such
factors are the major drivers for the spread and dissemination of AMR in a given area. Samples were
collected between March and November 2018 and included effluents from kitchen sinks, laundry
machines, showers, and wash basins (Table S1). Samples from a minimum of four households in each
village were collected and transported to the laboratory on ice within 4 h and physiochemical tests and
plating for bacterial counts were carried out on the same day.

2.2. Physiochemical Parameters

Physiochemical and microbiological analysis for all GW samples (n = 21) was conducted on the
same day of collection. In situ measurement of electrical conductivity [17] and pH was carried out
using a CyberScan510 pH meter (Eutech Instruments, Thermo, Waltham, MA, USA). Total organic
carbon (TOC) and total nitrogen (TN) were measured using a Multi N/C® 2100S analyzer (Analytik
Jena AG, Jena, Germany). Total suspended solids (TSS) and five-day biological oxygen demand
(BOD5) were determined according to standard analytical methods for the examination of water and
wastewater [18,19].

2.3. Cultivation and Identification of Antimicrobial-Resistant Bacteria

Enumeration of total fecal coliforms (n = 21), total E. coli (n = 18), and ESBL producers (n = 18)
from untreated GW samples were carried out within 4 h of sample collection. GW samples were
10-fold serially diluted in 9 ml of sterilized 0.01 M phosphate buffered saline (PBS) (pH 7.4) and
0.1 mL was plated on HiCrome™ E. coli Agar (Himedia Lab, Mumbai, India) and CHROMagar™
ESBL plates (Hylabs®, Rehovot, Israel) to enumerate the total E. coli along with other fecal coliform
counts and ESBL producing bacteria, respectively [20]. The HiCrome™ E. coli agar plates (Himedia
Lab, Mumbai, India) were incubated at 44 ◦C for 24 h, blue colonies were counted as presumptive as
E. coli while cream-colored colonies were counted as presumptive fecal (or thermotolerant) coliforms.
CHROMagar™ ESBL plates were incubated at 37 ◦C for 20 h. The targeted bacterial pre-selection was
carried out following manufacturer’s instructions for ESBL media color coding: dark pink colonies
indicated presumptive E. coli; metallic blue with or without reddish halo indicated presumptive
Klebsiella sp., Enterobacter sp., or Citrobacter sp.; a brown halo indicated presumptive Proteus sp.; cream
colonies indicated presumptive Acinetobacter sp.; and translucent cream or green indicated presumptive
Pseudomonas sp.

2.4. Characterization and Antimicrobial Susceptibility Testing of ARB

The bacterial isolates were identified using matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF-MS) using Vitek MS (bioMerieux, Marcy l’Etoile, France) [21]
and antimicrobial susceptibility testing (AST) was carried out on all the isolates using the VITEK
2 system (bioMerieux, Marcy l’Etoile, France) using AST-N270 and AST-N308 cards for measuring
minimum inhibitory concentrations (MICs) of Gram-negative fermenting and non-fermenting isolates.
The antimicrobials used for Gram-negative fermenters were: amikacin, amoxicillin/clavulanic acid,
ampicillin, cefuroxime, ceftazidime ceftriaxone, cefoxitin cephalexin, ciprofloxacin, ertapenem,
fosfomycin, gentamicin, meropenem, nitrofurantoin, trimethoprim/sulfamethoxazole, and those
for Gram-negative non-fermenters were: amikacin, ceftazidime, ciprofloxacin, gentamicin, imipenem,
levofloxacin, meropenem, piperacillin/tazobactam, piperacillin, and tobramycin. MICs were interpreted
according to Clinical and Laboratory Standards Institute standards 2019 [22] and species-specific
corrections with particular antimicrobials were made using VITEK 2 Advanced Expert Systems (AES).
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E. coli ATCC 25,922 and 35,218 was used for quality control [23,24]. Isolates were further classified
based on definitions mentioned in [1] as non-multidrug-resistant (non-MDR), multidrug-resistant
(MDR), extensively drug-resistant (XDR), or pan drug-resistant (PDR).

2.5. DNA Extraction from Untreated GW

Raw GW samples (500 mL) were centrifuged at 8000 rpm for 10 min, and the resulting sludge
pellet was used for total DNA extraction using a DNeasy® PowerMax Soil Kit (QIAGEN®, Carlsbad,
CA, USA) following manufacturer’s instructions with minor modification; to facilitate complete lysis
of bacterial cell wall samples were incubated in a water bath at 70 ◦C for 30 min with intermittent
vortexing. Final DNA was eluted in 25 µL of elution buffer (provided in kit). DNA concentrations and
purity were determined using a Nanodrop 1000 spectrophotometer (Thermo™, Waltham, MA, USA).
DNA was stored at −20 ◦C.

2.6. Quantification of ARGs by Quantitative PCR (qPCR)

Details of specific primers and PCR conditions used for the quantification of class 1 integron
integrase (intI1), the 16S rRNA gene, and the following ARGs targeting different classes of antimicrobials,
including β-lactams (blaCTX-M-32 and blaTEM), sulphonamides (sul1), and quinolones (qnrS), are shown
in Supplementary Table S2 [25]. Total genomic DNA directly extracted from GW was used for qPCR
assays. The samples were run in three technical replicates within the same run with a calibration
curve and a no template control (NTC). Quantitative PCR was carried out in a Rotor Gene TM 6000
Thermocycler (Corbett life science, NSW, Australia). The reaction mixture consisted of 10 µL of SYBR
green (KAPA SYBR® FAST Universal kit, KAPA Biosystems, Woburn, MA, USA) master mix, 0.5 µL
each of forward and reverse gene specific primers (stock concentration 10 µM), 7 µL of nuclease-free
water and 2 µL of diluted template DNA (5 ng/µL.) Thermocycling was performed under the following
conditions: 95 ◦C for 5 min for initial activation of the DNA polymerase followed by 40 cycles of 95 ◦C
for 20 s; 60 ◦C for 30 s for primer annealing and elongation. A melting curve analysis was applied
to all reactions to demonstrate primer specificity and amplification of a single product. Calibration
curves were built using a ten-fold dilution series of synthetic plasmid “pNORM” containing inserts
of six genes, intI1, sul1, qnrS, blaCTX-M-32, blaTEM, and 16s rRNA, embedded in a single plasmid [25].
The values of R2 were greater than 0.99 for all calibration curves while amplification efficiencies ranged
from 98% to 102%. Calculation of the absolute gene copies of target genes were carried out based
on known copies of a standard reference plasmid pNORM. Relative gene abundance was calculated
by normalizing the absolute number of ARG copies to that of 16S rRNA gene copies as described
previously in [26].

2.7. Statistics

Data for relative abundance of ARG copy numbers in different samples was compared using
ANOVA followed by Tukey HSD post-hoc test using SigmaPlot version 12.5 (Systat Software, Inc.,
San Jose, CA, USA). Pearson’s rank correlation test was performed to identify correlations between
levels of physiochemical parameters, bacterial counts, and gene abundances. Principal component
analysis (PCA) was performed on levels of ARGs, physiochemical parameters, and bacterial counts
using FactoMineR package, and plots were generated using ggplot2 package in R Studio version
1.1.463. (RStudio Inc. 2018, Boston, MA, USA)

3. Results

3.1. Physiochemical Parameters and Microbial Counts

Physiochemical parameters of the GW samples, fecal coliform counts, E. coli counts, and ESBL
counts are shown in Table 1. Values for all analyzed physiochemical parameters did not vary
significantly among different villages (Figure S1). Mean values of pH for GW samples ranged from
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4.8 to 7.8 while values of EC obtained for the samples ranged from 0.6 to 3.9 mS/cm. Measured values
of TSS varied greatly among GW samples ranging from 207 to 3487 mg/L. The average BOD5 values in
GW samples ranged from 280 to 570 mg/L, while observed TOC values ranged from 245 to 2645 mg/L.
Mean values of TN ranged from 21.7 to 114.9 mg/L. Mean count of E. coli ranged from 1.2 × 106 to
1.7 × 108 CFU/100 mL, while average fecal coliforms ranged from 1.8 × 107 to 1.1 × 109 CFU/100 mL.
ESBL-producing bacteria were recovered from all Bedouin villages. Average counts of ESBL-producing
bacteria recovered from selective plating on CHROMagar™ ESBL ranged from 1.6 × 106 to 7.3 × 106

CFU/100 mL. A direct positive correlation was observed between total coliform counts and values of
BOD5 (p = 0.03). Moreover, a positive correlation was also observed between average ESBL counts and
fecal coliform counts (p = 0.008). The values of TOC positively correlated with BOD5 values (p = 0.0001)
(Table 2).
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Table 1. Physiochemical parameters of untreated household greywater (GW) samples collected from Bedouin villages.

Parameter
Al-Fura Qasr al-Sir Tel Arad Um Batin Wadi al-Na’am All Villages

Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD

pH 3.80–6.58 4.81 ± 1.22 4.7–7.3 5.6 ± 1.1 5.8–9.5 7.8 ± 1.5 4.9–7.4 6.1 ± 1.25 5.5–6.7 6 ± 0.5 3.80–9.59 6.09 ± 1.46
EC (mS/cm) 1.02–10.17 3.98 ± 4.2 0.4–0.9 0.6 ± 0.1 0.7–4.4 2.3 ± 1.6 1.5–3.7 2.3 ± 1.05 0.7–0.9 0.8 ± 0.1 0.13–10.17 2.04 ± 2.19
TSS (mg/L) 231.6–2853 1156.5 ± 1164 22–575 260 ± 250.1 76–13620 3487.5 ± 6755 76–338 207 ± 185.2 21–493 212.4± 208.6 21–13620 1160 ± 3177

BOD5 (mg/L) 448.25–572.5 492.6 ± 54.8 57.5–503 280.9 ± 185.0 6.7–532.2 312.5 ± 247.6 101.3–881.8 570.2 ± 313.1 287.2–491.7 378.2 ± 85.0 6.75–881.83 414.7± 220.62
TOC (mg/L) 543.14–6047 2645 ± 2460 72.8–407.4 245 ± 137.9 3.3–833 412.1 ± 411.8 48.5–3450 1300 ± 1304 108.5–827 323 ± 338.0 3.34–6047 1000 ± 1460
TN (mg/L) 21.36–142.81 54.52 ± 58.94 15.6–29.1 21.7 ± 5.5 1.3–94.5 32.8 ± 42.9 8.9–424.8 114.9 ± 175.8 1.0–7.7 4.6 ± 3.3 1.05–424.84 49.06 ± 93.16

FC (CFU/100 mL) 1 × 106

–1.26 × 109
3.8 × 108

±

5.94 × 108
4.7 × 106

–1.1 × 108
3.6 × 107

±

4.5 × 107 0–2.2 × 108 5.5 × 107

± 1.1 × 108
1.1 × 106

–6.0 × 107
1.8 × 107

±

2.5 × 107
2.3 × 108

–1.5 × 109
1.1 × 109

± 5.8 × 108 0–1.5 × 109 2.61 × 108
±

4.94 × 108

ESBL (CFU/100 mL) 6.90 × 105

–9× 106
4.87 × 106

±

4 × 106
5.7 × 105

–1.0 × 107
3.7 × 106

±

3.34 × 106
1.0 × 105

–1.0 × 107
4.1 × 106

±

5.7 × 106
4.3 × 105

–2.8 × 106
1.6 × 106

±

1.7 × 106
1.2 × 106

–2.5 × 107
7.3 × 106

±

1.7 × 106
1.05 × 105

–2.56 × 107
4.5 × 106

±

5.89 × 106

E. coli (CFU/100 mL) 0–4 × 106 1.23 × 106
±

1.88 × 106 0 –5.5 × 106 1.3 × 106
±

2.1 × 106 0–1.9 × 108 4.7 × 107
±

9.4 × 107
6 × 106

–9.5× 106
7.7 × 106

±

2.4 × 106
6.5 × 107

–4 × 108
1.7 × 10 8

±

1.5 × 108 0–4 × 108 4.15 × 107
±

9.47 × 107

EC—electrical conductivity, BOD5—biological oxygen demand, TSS—total suspended solids, TOC–total organic carbon, TN—total nitrogen, FC—fecal coliforms, ESBL—extended-spectrum
β-lactamase-producing bacteria, CFU—colony forming unit.

Table 2. Correlation matrix relating antimicrobial resistance gene abundance, total fecal coliforms (CFU/mL), ESBL (CFU/mL), and physiochemical parameters. Values
in bold indicate statistically significant correlations (Pearson) with a p-value < 0.05.

Variables TSS
(mg/L)

BOD5
(mg/L)

TOC
(mg/L)

TN
(mg/L)

FC
(CFU/100 mL)

ESBL
(CFU/100 mL) 16S intI1 sul1 qnrS blaTEM blaCTX-M-32

TSS (mg/L) 1
BOD5 (mg/L) 0.385 1
TOC (mg/L) 0.442 0.870 1
TN (mg/L) 0.356 0.412 0.515 1

FC (CFU/100 mL) 0.108 0.491 0.261 −0.032 1
ESBL (CFU/100 mL) −0.103 0.058 −0.035 −0.099 0.589 1

16S 0.183 0.297 0.350 0.017 0.672 0.359 1
intI1 −0.182 0.056 −0.309 −0.308 0.307 −0.011 −0.206 1
sul1 −0.218 −0.010 −0.327 −0.281 0.436 0.179 0.035 0.911 1
qnrS 0.221 0.183 0.008 0.035 0.192 0.198 −0.102 0.574 0.465 1

blaTEM 0.370 0.210 0.089 0.086 0.375 0.355 0.178 0.389 0.405 0.838 1
blaCTX-M-32 0.427 0.222 0.149 0.049 0.346 0.014 0.384 0.166 0.075 0.437 0.541 1

EC—electrical conductivity, BOD5—biological oxygen demand, TSS—total suspended solids, TOC—total organic carbon, TN—total nitrogen, FC—fecal coliforms, ESBL-extended-spectrum
β-lactamase-producing bacteria, CFU—colony forming unit.
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3.2. Presence of Multidrug-Resistant Isolates in Untreated GW Samples

ARB were pre-selected from all sampling locations. Of 81 isolates characterized, 82% showed
resistance to more than one of the tested antimicrobials (Figure 1), 18% isolates were confirmed
to be ESBL producers (Table 3), and 86.7% of these ESBL producers were MDR (Figure 1).
ESBL-producing isolates expressed resistance to other antimicrobials: 80% of isolates were resistant to
trimethoprim/sulfamethoxazole, 20% were resistant to amoxicillin/clavulanic acid (Figure S2), and 20%
were resistant to gentamicin (Table 4).

Figure 1. Resistance patterns observed in presumptive ESBL isolates (n = 81) obtained from GW
of Bedouin villages against clinically relevant antimicrobials. Data shows percentage susceptible,
intermediate, and resistant to clinically relevant antimicrobials among 81 isolates recovered on
CHROMagar ESBL media.

Table 3. Extended-spectrum β-lactamase (ESBL) producers identified from greywater samples. Data
presented in table shows total numbers of ESBL-producers identified from initial 81 bacterial isolates
obtained by pre-selection on ESBL CHROMagar® plates.

Identity of Bacterial Isolate Source Village No. of Isolates

Enterobacter cloacae Kitchen Al-Fura 2
Klebsiella oxytoca Kitchen Qasr al-Sir 3

Klebsiella pneumoniae Kitchen Tel Arad 2
Klebsiella pneumoniae Mixed GW Tel Arad 2

Escherichia coli Kitchen Um Batin 3
Klebsiella pneumoniae Kitchen Wadi al-Na’am 2

Escherichia coli Kitchen Wadi al-Na’am 1
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Table 4. Minimum inhibitory concentration (MIC) of various clinically relevant antimicrobials tested on ESBL-positive isolates.

Location Organism Amoxicillin/Clavulanic A Ampicillin Ceftazidime Ceftriaxone Cefuroxime Cephalexin

(S/I/) MIC (µg/m) (S/I/) MIC (µg/m) (S/I/) MIC (µg/m) (S/I/) MIC (µg/m) (S/I/R) MIC (µg/m) (S/I/R) MIC (µg/m)

Al-Fura
E. cloacae R ≥32 R ≥32 R ≥64 R 16 R ≥64 R ≥64
E. cloacae R ≥32 R ≥32 R ≥64 R 16 R ≥64 R ≥64

Qasr al -Sir
K. oxytoca S ≤2 R ≥32 R* <=1 R 16 R ≥64 R ≥64
K. oxytoca S ≤2 R ≥32 R* ≤1 R 16 R ≥64 R ≥64
K. oxytoca S ≤2 R ≥32 R* ≤1 R 16 R ≥64 R ≥64

Tel Arad

K. pneumoniae I 16 R ≥32 R 8 R ≥64 R ≥64 R ≥64
K. pneumoniae S 4 R ≥32 R 4 S ≤1.0 R ≥64 R ≥64
K. pneumoniae S 8 R ≥32 R* ≤1 R 4 R 16 R 16
K. pneumoniae I 16 R ≥32 R 8 R ≥64 R ≥64 R ≥64

Um Batin
E. coli S 4 R ≥32 R 4 R ≥64 R ≥64 R ≥64
E. coli S 4 R ≥32 R 16 R ≥64 R ≥64 R ≥64
E. coli S 4 R ≥32 R 16 R ≥64 R ≥64 R ≥64

Wadi aln’am
E. coli S 4 R ≥32 R 16 R ≥64 R 16 R ≥64

K. pneumoniae S 4 R ≥32 R 4 R 16 R ≥64 R ≥64
K. pneumoniae I 16 R ≥32 R 8 R ≥64 R ≥64 R ≥64

S—susceptible; I—intermediate; R—resistant; R*—species-specific corrections with particular antimicrobials made using VITEK 2 Advanced Expert System (AES).
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3.3. Quantification of Antimicrobial Resistance Genes in GW

The results of relative abundance of ARGs analyzed via quantitative PCR are shown in Figure 2.
GW samples from all villages had detectable levels of the relevant ARGs. Among the five genes
monitored in this study, the abundance of intI1 remained highest in all the GW samples analyzed.
The highest average copy numbers were observed for intI1 (1.4 × 10−1 gene copies/16S rRNA), sul1
(5.2 × 10−2 gene copies/16S rRNA), and qnrS (1.7 × 10−2 gene copies/16S rRNA), followed by blaTEM

(3.5 × 10−3 gene copies/16S rRNA) and blaCTX-M-32 (2.2 × 10−5 gene copies/16S rRNA, (Figure 2).
This relative order of the abundance of these genes in GW was observed in most of the GW samples
across all villages.

Analysis of statistical correlations between abundance of different ARGs originating from GW
revealed a positive correlation between copies of the qnrS gene to copies of intI1 and sul1 (p = 0.007
and p = 0.03, respectively) (Table 2). Similarly, relative abundance of the blaTEM gene had a positive
correlation to abundance of blaCTX-M-32 and qnrS genes (p = 0.01 and p = 0.0001, respectively). Moreover,
a strong positive correlation was also observed between intI1 and sul1 (p = 0.0001). Although none
of the physiochemical parameters had a significant correlation with abundance of ARGs, a positive
correlation was observed between average fecal coliform counts and abundance of 16S rRNA gene
copies (Table 2).
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Figure 2. Relative abundance of antimicrobial resistance genes in GW samples collected from five different villages. Data shown as relative gene copies normalized to
the copies of 16S rRNA genes from each sample. Relative abundance of ARGs are shown as box plots (boxes- show interquartile range, mean and median are shown as
small square symbol and horizontal line respectively).
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4. Discussion

4.1. Summary of Findings

This study focused on the relatively unexplored issue of AMR in recognized and unrecognized
Bedouin villages. Our results demonstrate that untreated GW can harbor ARB and ARGs of human
origin, and this is one of the first studies reporting the presence of MDR ESBL-producing bacteria
in untreated GW discharged from household activities. Furthermore, the uncontrolled discharge of
untreated GW into the surrounding environment could lead to dissemination of ARB, ARGs, and MGEs
in the environment and increase the risks of human exposure to AMR.

In this study, physiochemical properties were analyzed for GW samples collected from different
household sources (shower, laundry, and kitchen). The measured characteristics varied among samples
collected from different sources. This is expected as the composition of GW varies widely from
household to household and its characteristics are also shaped by concentration of pollutant load
based on the water origin [27,28]. Division and segregation practices of GW in Bedouin villages are
irregular and diverse and vary greatly among households, contributing to the observed variability in
physiochemical parameters. Typically, GW streams originating from kitchen and laundry have a higher
load of organics and physical pollutants contributing to higher values of TSS and EC as compared to
shower and mixed GW [27,29]. In this study, the measured mean BOD5 value for samples was 414 mg/L
which was similar to values reported earlier in untreated GW [29–31], indicating elevated organic load
and significant pollution potential in these GW samples. Such high levels of BOD5 could be because
of higher loads of organic matter originating mainly from food residuals and dirt from washing of
vegetables [32]. A positive correlation between values of BOD5 and fecal counts and copies of 16S
genes further indicate the high organic load in GW. Mean counts of fecal coliforms in analyzed GW
samples were very high (1.8 × 107

−1.1 × 109 CFU/100 mL), however this is in line with earlier studies
which reported mean total coliforms ranging from 1.4 × 103 to 1.5 × 108 CFU/100 mL in bathroom,
laundry, and mixed GW [27,33].

Generally, GW does not include feces, thus counts of fecal bacteria are usually expected to be lower
than that of blackwater; however, studies have shown association of high loads of fecal pathogens
in GW [34,35]. Significant levels of fecal coliform counts (3 × 105 CFU/100 mL) have been reported
earlier in GW samples obtained from small-scale GW treatment systems in the central Negev region in
Israel [36]. A study by Craddock et al. in the West Bank, Palestinian Territories, reported variable,
frequently high values of E. coli in the range of 0–7.1 × 105 CFUs/100 mL from raw GW samples
including kitchen, laundry, and sink water [37]. In our study, mean counts of bacteria were relatively
higher than these regionally-specific levels for GW, however, 70% of the GW samples taken in this study
contained only kitchen sink water (Supplementary Table S1). Thus, it is plausible that this could be one
of the reasons for the comparatively high bacterial load in our samples, as high nutrient concentrations
(degraded organic material) associated with GW discharged from kitchen sources increase levels of
BOD and favor growth of enteric bacteria [38,39]. In addition, preparing raw meat and chicken can also
contribute to bacteria levels [39,40]. Moreover, a study by Maimon et al. in Israel has also demonstrated
that effluents containing kitchen GW, in particular, have the lowest quality among GW sources with
high levels of E. coli (1.6 × 105 CFU/100 mL) [41]. Similarly high bacterial levels in GW have also
been reported in other studies [42]. For GW sources other than kitchen water, the major contributors
to high bacterial concentrations include activities such as washing laundry contaminated with fecal
matter (i.e., diapers), childcare, and showering [39,41]. The Bedouin households included in this study
have typically large family sizes, often with small children, which potentially contributes to elevated
bacterial concentrations in GW discharged from these houses.

4.2. ARG Occurrence in Untreated GW

ARGs were detected from all GW samples in this study, and may have originated from humans,
livestock (i.e., washing hands after animal care), or food items (which can harbor ARGs from soil
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or irrigation water) [43]. On average, the highest relative abundance was detected for intI1, while
blaCTX-M-32 was the least abundant ARG. This is in agreement with an earlier study which had also
reported a similar trend for these two genes among all the studied ARGs from waste water effluents
and stabilization reservoirs in Israel [43]. A high relative abundance of the intI1 gene in all GW
samples indicated anthropogenic pollution. An earlier study had also detected the intI1 gene from
surfaces of domestic environments such as U-bends of kitchen and bathroom sinks, and significantly
higher occurrences in shower bends [27]. The occurrence of the intI1 gene and its selection has also
been associated with environments polluted with disinfectants/biocides, detergents, and quaternary
ammonium compound (QAC) [5,28]. This explains the occurrence of intI1 in GW samples, as these
ARGs could have originated from animals or humans and their selection and accumulation may
have been aided by routinely used fabric care and body care products (such as shower gel and
toothpastes), which are known to have biocides and detergent-like compounds. Earlier studies have
shown that integrons are frequently associated with members of the Enterobacteriaceae family, and their
abundance is higher in anthropogenically impacted ecosystems [44,45]. Moreover the abundance of
intI1 is known to alter rapidly in natural reservoirs owing to the short generation time of host cells and
gene transfer mechanisms, and thus is a suitable marker of the pollution level in the environment [46].
Our observations are particularly alarming, since the intI1 gene is associated with multiple ARGs
resistant to a broad range of antimicrobial classes and plays an important role as a vector in the
dissemination of antimicrobial resistance to indigenous microbes [27,47].

Additionally, correlation analysis revealed a strong positive correlation of gene copies of inI1
with abundance of both sul1 and qnrS. This is likely since sul1 is typically located in the 3’ conserved
segments of class 1 integron [44]. Moreover, this correlation also indicates the potentially crucial
role of horizontal gene transfer mechanisms in the spread of ARGs such as sul1 and qnrS. In this
study, two key ESBL genes, blaCTX-M-32 and blaTEM, were also detected in GW from Bedouin villages.
Moreover, a positive correlation was also obtained for the abundance of these ARGs in the GW samples.
Earlier studies have reported the presence of blaCTX-M -32 in a wide range of clinical bacteria and
geographic areas compared to the other two ESBL gene families—blaSHV (not studied herein) and
blaTEM [48]. The blaCTX-M-32 and blaTEM genes are common ESBL genes found predominantly in clinical
Enterobacterales isolates other than Pseudomonas sp. (i.e., K. pneumoniae and E. coli). This explains their
occurrence in GW as most of the MDR ESBL isolates we identified from our samples belonged to these
two species. Overall, the occurrence of these two ESBL genotypes in GW is a potential health concern
as humans can be exposed when untreated GW is discharged to the environment or used for irrigation.

4.3. Presence of MDR ESBL Isolates in GW

Remarkably, ESBL producers were detected from every village. Phenotypically, 86.7% of these
ESBL-producers were MDR. A high prevalence of MDR isolates of Klebsiella sp. and E. coli, followed by
Enterobacter cloacae, was observed among ESBL isolates identified from the GW samples. Previously,
a high prevalence of ESBL-producing E. coli and Klebsiella sp. was reported in urban wastewater, hospital
waste, and sewage [22,30,31], however, in this study we report their occurrence in untreated GW from
Bedouin villages. The occurrence of these resistant isolates in GW, and its associated environmental
discharge, could potentially contribute to the spread of ESBL-producing E. coli and Klebsiella sp. [29].
E. coli and Klebsiella are the most common ESBL producers among Enterobacterales [48,49] and are often
recognized as opportunistic pathogens associated with urinary tract, bloodstream, and respiratory
infections [6,7]. In this context, infections with ESBL-producing bacteria are also an emerging health
problem among the Bedouin of Israel [14]. As mentioned earlier, these communities are frequently
left unconnected to wastewater grids, leading to higher levels of exposure to sewage. Furthermore,
other reasons for the occurrence of MDR ESBL E. coli and Klebsiella sp. in GW from these villages could
include inappropriate antimicrobial usage and the close proximity of livestock and other domestic
animals, which can serve as a reservoir or source of ARB, including ESBLs [50–52]. Although we
cannot fully ascertain the origin of these ESBL-producing bacteria, it is very well known that ESBL
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genes can be transferred across environmental sources and, specifically, from food-producing animals
to humans via MGEs in interconnected habitats [14,47]. The presence of MDR and ESBL-producing
E. coli and Klebsiella in untreated GW discharged from these Bedouin villages could accelerate transfer
of ESBL genes to animals and humans and thus poses a possible public health threat.

4.4. Limitations

Collection of samples from Bedouin villages present a great challenge since the Bedouins live in
settings which are characterized as pastoral, off-grid, disenfranchised, and under constant conflict.
Hence, the limitations of this study include a small sample size from GW collected within a limited
sampling timeframe. However, our goal was to measure antimicrobial resistance from a wide variety
of GW sources within the Bedouin community, which was accomplished in this study. As the samples
were collected non-longitudinally from a small number of villages, it is possible that variation among
villages or seasonal variation was not observed. Future research should aim to collect more samples,
from a larger number of villages and cities, over a longitudinal sampling timeframe. Another limitation
is the use of qPCR, which can target identification of only previously known resistance genes. Future
research should utilize whole genome sequencing to establish the bacterial community structure of
GW, as well as a more detailed description of ARGs. Despite these limitations, the current findings
from our study indicate that untreated GW can serve as a potential source of ARGs and MDR bacteria
such as Gram-negative ESBL producers.

4.5. Conclusions

Our results indicate that untreated GW in the sampled settlements presents a risk of dissemination
of ARB, including ESBL-producing bacteria, into the surrounding environment. Overall, high levels
of bacteria, phenotypically resistant Gram-negative isolates, and multiple ARGs were observed in
these samples. In every village sampled, this study observed ESBL genes and isolates which were
confirmed to be ESBL producers, suggesting that this may be a widespread problem in GW in Bedouin
villages. Additionally, our study also highlights the importance of sanitation, and the urgent need to
develop and implement effective wastewater management strategies in order to prevent dissemination
of MDR bacteria.
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– each individual biological replicate represented as a colored label corresponding to the type of water sample.
Values indicated on the axis of map correspond to the percentage of total variance explained by each axis (PC1
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Table S1: Details of greywater (GW) sources sampled from different Bedouin Villages. Table S2: Details of primers
and annealing temperature used in real time PCR assay.
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