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ABSTRACT

Access to safe drinking water is now recognized as a human right by the United Nations. In developed countries like Canada,
access to clean water is generally not a matter of concern. However, one in every five First Nations reserves is under a drinking
water advisory, often due to unacceptable microbiological quality. In this study, we analyzed source and potable water from a
First Nations community for the presence of coliform bacteria as well as various antibiotic resistance genes. Samples, including
those from drinking water sources, were found to be positive for various antibiotic resistance genes, namely, ampC, tet(A), mecA,
3-lactamase genes (SHV-type, TEM-type, CTX-M-type, OXA-1, and CMY-2-type), and carbapenemase genes (KPC, IMP, VIM,
NDM, GES, and OXA-48 genes). Not surprisingly, substantial numbers of total coliforms, including Escherichia coli, were recov-
ered from these samples, and this result was also confirmed using Illumina sequencing of the 16S rRNA gene. These findings de-
serve further attention, as the presence of coliforms and antibiotic resistance genes potentially puts the health of the community

members at risk.

IMPORTANCE

In this study, we highlight the poor microbiological quality of drinking water in a First Nations community in Canada. We ex-
amined the coliform load as well as the presence of antibiotic resistance genes in these samples. This study examined the pres-
ence of antibiotic-resistant genes in drinking water samples from a First Nations Community in Canada. We believe that our
findings are of considerable significance, since the issue of poor water quality in First Nations communities in Canada is often
ignored, and our findings will help shed some light on this important issue.

Antibiotic resistance in bacteria has been recognized as one of
the greatest threats to human health by the World Health
Organization (1). Overuse and misuse of antibiotics contribute to
the buildup of selective pressure aiding the proliferation of anti-
biotic-resistant bacteria (2, 3). While hospital environments are
notorious for selecting for antibiotic-resistant bacteria, it is now
becoming increasingly evident that overuse and misuse of antibi-
otics are also creating a selective pressure outside hospital settings.
Studies over the last few years have shown the presence of antibi-
otics and of antibiotic-resistant bacteria in the broader environ-
ment, including water supplies and soil samples (4). This is indeed
alarming as the high number of antibiotic-resistant bacteria in
communities makes the treatment of community-acquired infec-
tions increasingly challenging (5, 6).

Not surprisingly, water samples from communities that lack
access to clean water contain high numbers of bacteria (7-9).
While a high bacterial count in the water supply itself poses an
increased health risk (10), the presence of antibiotic-resistant bac-
teria makes this risk even more serious. Lack of access to clean and
safe water is a problem that is generally associated with developing
countries; however, this is a reality as well for many First Nations
communities in Canada. For example, it has been reported that
between December 2015 and February 2016, there were 157
drinking water advisories in effect in 110 First Nations communi-
ties in Canada (11), which amounts to about 20% of all First
Nations reserves in Canada. A national analysis has cited “unac-
ceptable microbiological quality” as the reason in 43% of these
advisories (12).

In this study, we examined the bacterial load and diversity as
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well as the presence of various antibiotic resistance genes in water
samples from a northern Manitoba First Nations community.
Our work shows high prevalences of Escherichia coli and coliform
bacteria and also of antibiotic resistance genes in these water sam-
ples. This study reports the presence of antibiotic resistance genes
in drinking water in a First Nations community in Canada.

MATERIALS AND METHODS

Community profile. Water samples were collected from a First Nations
community in the Island Lake Region of Manitoba, which is located about
500 km from Winnipeg, Manitoba, Canada. The community has an on-
reserve population of approximately 4,000 and a total registered popula-
tion of about 4,500, with a median age of ~20 years. This is a fly-in
community, which is accessible from Winnipeg by two flights per day
during summer (with no road access during summer) and by ice road
during winter. The community has a water treatment plant, and just over
300 homes in the community are served by piped tap water. The majority
of the houses that do not have piped tap water from the water treatment
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TABLE 1 Description of water samples used in the study

Sample

designation Description

T Tap water samples from homes with running water. T1, T2, T3,
and T4 represent samples from four different households.

C Water samples from underground cisterns. C3 was filled 7 days

prior to the sampling day, while C4 was filled 1 day prior to
the sampling day. The last fill day for C1 and C2 was not

known.

P Water samples from the tap in the water treatment plant. P1
and P2 represent samples collected on two different days.

B Water samples from plastic storage containers at home. Bl is a

sample taken from an open plastic bucket that was sitting on
the floor in a kitchen. Water in Bl is from a community
fountain. B2 is a sample taken from a plastic container that
had a lid that was filled with water obtained from the truck.
B3 was taken from a relatively large white plastic storage
container that had a small tap. B4 was a sample taken from
an open bucket that had a garbage bag in it.

BS BS1 and BS2 are samples taken from the community fountain.

LBS LBS1 is a lake sample used as drinking water.

LPS These represent plant source water (from the lake). LPS1, LPS2,
LPS3 and LPS4 are samples collected on different days.

LBC LBCl1, LBC2, and LBC3 are from the lake at a location where
kids frequently swim.

RBC RBC1 is rainwater collected from a large drum; the rainwater is
used to clean the house.

FBO Control samples. Two controls were collected on each day, one

consisted of a bottle with ultrapure wate, and this bottle was
kept closed during the day. The second control also consisted
of ultrapure water, but the cap was opened for 10 s and
hence the water was exposed to air.

RR Red River water samples from Winnipeg used for comparative
analysis.
WPg TW  Tap water collected from Winnipeg used as a control.

plant get their water delivered by a water truck, which fills up at the water
treatment plant. During the time of sample collection for this study, there
was only one operational water truck for the community. Water is stored
in cisterns (water storage tanks used in approximately 150 homes) with
most cisterns located underground. Families in homes without running
water use small plastic buckets to obtain their drinking water from a
community standpipe after which the water is stored (often in open buck-
ets lined with a garbage bag) in the home. It is also quite common to use
the lake water for washing and cleaning purposes. In addition, families
sometimes utilize lake water as drinking water or collect rain water for
general washing and cleaning purposes.

Sample collection and bacteriological and chlorine analysis. Water
samples were collected between 21 and 24 July 2014 from various sites
within the community (Table 1) using standard methods (SM) (13): SM
9060A (sample bottle pretreatment) and SM 9060B (preservation and
storage). The samples were collected over a period of only 3 days due to
the challenges associated with the access to the community; however, we
tried to overcome this limitation by collecting samples from multiple
households and sources. During water collection, the Hach Chlorine
Pocket Colorimeter IT (VWR, Mississauga, ON, Canada) was used to de-
termine free residual and total residual chlorine following the adapted
U.S. EPA DPD Method 8021 (14). For all other analyses, samples were
transported in coolers to Winnipeg by air on the same day of collection
when possible or on the next morning after being stored overnight in a
refrigerator. In addition, water collected from a tap located on the Uni-
versity of Manitoba grounds and a sample collected from the Red River
flowing through the University of Manitoba grounds were used as control
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samples. Total coliform and E. coli counts were immediately processed
upon receipt of the samples in our laboratories in Winnipeg using the
“Standard Methods for the Examination of Water and Wastewater” of the
American Public Health Association/American Water Works Associa-
tion/Water Environment Federation as outlined in SM 9222 (13). Briefly,
100 ml of water sample was filtered through a sterile polyethersulfone
membrane (0.22-pm pore size, 47-nm diameter; Mo Bio Laboratories,
Carlsbad, CA, USA), and the filter paper was placed on agar plates con-
taining Brilliance E. coli and coliform medium (Fisher Scientific, Ottawa,
ON, Canada) and incubated at 35°C for 24 h. Some samples required
dilution as the bacterial counts were too high. All samples were plated
within 24 h of collection, and a control sample was included every time
samples were plated. Bacterial counts in water samples were calculated as
follows: E. coli CFU/milliliter = number of purple colonies/volume of
filtered sample (100 ml) X dilution factor; total coliform bacteria CFU/
milliliter = number of purple + pink colonies/volume of filtered sample
(100 ml) X dilution factor. We were unable to plate biological replicates
for the samples due to the limited number of samples we were able to
collect and bring to our laboratories in Winnipeg in a timely fashion.

Extraction of DNA. DNA was extracted from water samples immedi-
ately upon arrival in our laboratories in Winnipeg by filtering 100 ml of
water samples (R. Li, H. M. Tun, M. Jahan, A. Farenhorst, A. Kumar,
W. G. D. Fernando, and E. Khafipour, submitted for publication) through
sterile polyethersulfone membranes (0.22-pm pore size; Mo Bio Labora-
tories, Carlsbad, CA, USA). Filters were subjected to DNA extraction us-
ing the PowerWater DNA isolation kit (Mo Bio Laboratories), following
the manufacturer’s instructions. The DNA concentration was quantified
using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wal-
tham, MA, USA). The DNA samples were normalized, and quality was
verified by PCR amplification of the 16S rRNA gene using universal prim-
ers (Table 2) as described previously (15). Amplicons were verified by
agarose gel electrophoresis. DNA samples were stored at —80°C until
further analyses. Sterile water was used as an extraction control. The yield
of DNA by this method ranged from 5 ng/pl to 275 ng/l (100 pwlin total),
which was sufficient for the library construction as well as the quantitative
PCR (qPCR) analysis described below.

Library construction and Illumina sequencing. The microbial com-
positions of the water samples were determined by PCR amplification of
the V4 region of the 16S rRNA gene using modified F515/R806 primers
(16) as described before (17). For each sample, the PCR was performed in
duplicate and contained 1.0 pl of prenormalized DNA, 1.0 ul of each
forward and reverse primer (10 pM), 12 pl of high-performance liquid
chromatography (HPLC)-grade water (Fisher Scientific, Ottawa, ON,
Canada), and 10 pl of 5 Prime HotMasterMix (5 Prime, Inc., Gaithers-
burg, MD, USA). Reactions consisted of an initial denaturing step at 94°C
for 3 min, followed by 35 amplification cycles at 94°C for 45 s, 50°C for 60
s, and 72°C for 90 s, with a final extension step at 72°C for 10 min in an
Eppendorf Mastercycler pro (Eppendorf, Hamburg, Germany). PCR
products were purified using a ZR-96 DNA cleanup kit (Zymo Research,
Irvine, CA, USA) to remove primers, deoxynucleoside triphosphates
(dNTPs), and reaction components. The V4 library was then generated by
pooling 200 ng of each sample, quantified by PicoGreen double-stranded
DNA (dsDNA) (Invitrogen, Burlington, ON, Canada). This was followed
by multiple dilution steps using prechilled hybridization buffer (HT1;
Mlumina, San Diego, CA, USA) to bring the pooled amplicons to a final
concentration of 5 pM, as determined with a Qubit 2.0 Fluorometer (Life
Technologies, Burlington, ON, Canada). Finally, 15% of the PhiX control
library was spiked into the amplicon pool to improve the unbalanced and
biased base composition, a common characteristic of low-diversity 16S
rRNA libraries. Customized sequencing primers for readl (5'-TATGGT
AATTGTGTGCCAGCMGCCGCGGTAA-3"), read2 (5'-AGTCAGTCA
GCCGGACTACHVGGGTWTCTAAT-3'), and the index read (5'-ATTA
GAWACCCBDGTAGTCCGGCTGACTGACT-3") were synthesized and
purified by polyacrylamide gel electrophoresis (Integrated DNA Technol-
ogies, Coralville, IA, USA) and added to the MiSeq reagent kit v2 (300-
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TABLE 2 List of primers used in this study

Antibiotic Resistance Genes in Drinking Water

Target gene Reference or
Primer name Sequence (amplicon size, bp) source
27F GAAGAGTTTGATCATGGCTCAG 16S rRNA universal 15

(variable)

342R CTGCTGCCTCCCGTAG
ampC_F1 TGAGTTAGGTTCGGTCAGCA ampC (98) This study
ampC_R1 AGTATTTTGTTGCGGGATCG
vanA_F1 AtAAAGCGCTCGGCTGTAGA vanA (98) This study
vanA_R1 GAAACCGGGCAGAGTATTGA
tetA_F1 AGGTGGATGAGGAACGTCAG tet(A) (96) This study
tetA_R1 AGATCGCCGTGAAGAGGCG
mecA_F1 CTGATGGTATGCAACAAGTCG mecA (97) This study
mecA_R1 TGAGTTCTGCAGTACCGGATT
SHV-UP CGCCGGGTTATTCTTATTTGTCGC blag;yy, (1,016) 54
SHV-LO TCTTTCCGATGCCGCCGCCAGTCA
TEM-G TTGCTCACCCAGAAACGCTGGTG blagy (708) 54
TEM-H TACGATACGGGAGGGCTTACC
CTX-Ul ATGTGCAGYACCAGTAARGTKATGGC blacrxa (593) 54
CTX-U2 TGGGTRAARTARGTSACCAGAAYCAGCGG
OXAL-F CGCAAATGGCACCAGATTCAAC blagys., (464) 54
OXAl1-R TCCTGCACCAGTTTTCCCATACAG
CMY2-A TGATGCAGGAGCAGGCTATTCC blacyy- (323) 54
CMY2-B CTAACGTCATCGGGGATCTGC
KPC-1 ATGTCACTGTATCGCCGTC blaypc (863) 54
KPC-2 AATCCCTCGAGCGCGAGT
IMP1 CCWGATTTAAAAATYGARAAGCTTG blayyp (522) 54
IMP2 TGGCCAHGCTTCWAHATTTGCRTC
VIM1 GTTTGGTCGCATATCGCAAC blay;y (382) 54
VIM2 AATGCGCAGCACCAGGATAGAA
NDM-F GGTGCATGCCCGGTGAAATC blaypn (660) 54
NDM-R ATGCTGGCCTTGGGGAACG
GES-2 ATCAGCCACCTCTCAATGG blaggs (302) 50
GES-3 TAGCATCGGGACACATGAC
OXA-48A TTGGTGGCATCGATTATCGG blagya.as (744) 55
OXA-48B GAGCACTTCTTTTGTGATGGC

cycle; Illumina). The 150 paired-end sequencing reaction was performed
on a MiSeq Illumina platform at the Gut Microbiome Laboratory (De-
partment of Animal Science, University of Manitoba, Winnipeg, MB,
Canada).

Bioinformatic analysis. The FLASH assembler (18) was used to merge
overlapping paired-end Illumina fastq files, and all sequences with mis-
matches in the overlapping region were discarded. The output of the fastq
file was then analyzed by downstream computational QIIME pipelines
(19). Assembled reads were demultiplexed according to the barcode se-
quences and exposed to additional quality filters so that reads with am-
biguous calls and those with Phred quality scores (Q scores) of <20 were
discarded. Chimeric reads were filtered using UCHIME (20), and se-
quences were assigned to operational taxonomic units (OTU) using the
QIIME implementation of UCLUST (21) at a 97% pairwise identity
threshold. Taxonomies were classified to the representative sequence of
each OTU using the Ribosomal Database Project (RDP) classifier (22) and
aligned with the Greengenes Core reference database (23) using PyNAST
algorithms (24).

qPCR. Absolute quantification of resistance genes in water samples
was carried out for four different genes, namely, ampC, vanA, tet(A), and
mecA, using the StepOnePlus real-time PCR system (Life Technologies
Inc., Burlington, ON, Canada), following a previously described method
with slight modifications (25). DNA samples were diluted to a concentra-
tion 0of 0.724 ng/p.l, and 2.68 .l of the diluted DNA (to a total of 1.94 ng of
DNA per reaction) was used in a total reaction volume of 8 pl which
contained 9 wM respective primers and 2X SsoFast EvaGreen Supermix
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(Bio-Rad Canada, Mississauga, ON, Canada). Primers used in the study
are listed in Table 2. Reactions were carried out in triplicate. The copy
number of each gene per nanogram of DNA was calculated by creating a
standard curve for each gene. Briefly, DNA was isolated from bacterial
cells that contained the target genes using the DNA extraction kit (Bioba-
sic, Markham, ON, Canada). The bacterial strains used were clinical iso-
lates E. coli 99270 and E. coli ER2925 for ampC and tet(A), respectively, a
methicillin-resistant Staphylococcus aureus clinical isolate HA-MRSA
100697 for mecA, and Enterococcus faecium ATCC 13048 for vanA. For the
creation of the standard curve, we first calculated the copy number of
each gene per nanogram of DNA in bacterial strains used as positive
controls with the following formula (http://www6.appliedbiosystems
.com/support/tutorials/pdf/quant_pcr.pdf): m = n/1.069 X 1072
(g/bp), where 1 is genome size in base pairs and m is mass in grams.
Genome sizes used for each of the strains are as follows: 4,640,000 bp
for E. coli; 2,839,469 bp for methicillin-resistant S. aureus; and 3,218,031
bp for E. faecium. The sizes of the genomes represent published sequences
of these organisms, and while they may not represent the exact sizes of the
genomes of the clinical isolates used in our study, we suspect that the sizes
are fairly comparable to those used in our calculations. The standard
curve was created by using a 10-fold dilution series for the target gene copy
number starting with 200,000 copies to 20 copies. The copy number per
nanogram of DNA for each sample was then calculated using the slope of
the standard curve. Although there are other known methods that either
calculate the relative quantification of the 16S rRNA gene copy number or
absolute quantification of the target gene per volume of the water sample
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(26-28), we used calibration curves derived from different antibiotic re-
sistance reference bacteria for absolute quantification. We prefer this
method, which has been used previously (25), because our samples were
likely to contain uncharacterized bacteria and also contain bacteria with
different genetic backgrounds (e.g., multicopy plasmids), and, therefore,
we believe our method of quantifying resistance genes normalizing
against the amount of DNA circumvents the possible problems associated
with mismatches in the 16S qPCR primers.

Multiplex PCR detection of B-lactamase and carbapenemase genes.
A multiplex PCR was carried out for the detection of five different B-lac-
tamase genes, namely, SHV-type, TEM-type, CTX-M-type, OXA-1, and
CMY-2-type. A list of primers used in the study is provided in Table 2.
PCR was performed with Q5 high-fidelity DNA polymerase (New Eng-
land BioLabs, Whitby, ON, Canada) using the amplification cycle that
consisted of the following steps: 1 cycle at 95°C (15 min); 30 cycles at 94°C
for 30 s, 63.5°C for 90 s, and 72°C for 90 s; and a final extension step at
72°C for 7 min. Final concentrations of the primers used were as follows:
SHV and CMY-2, 0.3 uM each; TEM, 0.1 pM; CTX, 0.4 wM; and OXA-1,
0.2 WM. PCRs were validated using the following strains as positive con-
trols: Klebsiella pneumoniae N09-00080 for SHV, TEM, CTX, OXA-1, and
CMY-2; K. pneumoniae N09-0431 for KPC-2; E. coli 12-123T for OXA-48;
E. coli A44413 for GES-5; E. coli 10469T for NDM; Pseudomonas aerugi-
nosa C-10 for VIM-2; and A. baumannii C-3 for IMP-4.

Detection of six different carbapenemase-encoding genes, namely,
KPC, IMP, VIM, NDM, GES-5, and OXA-48, was carried out using sep-
arate PCRs. All genes, except IMP, were detected using a multiplex reac-
tion, while IMP detection was carried out in a separate reaction. Primers
for this reaction are listed in Table 2. Final concentrations of the primers
used in the reaction were 0.2 wM for each except for OXA-48 (0.1 wM).
The PCR consisted for the following steps: 1 amplification cycle at 95°C
(15 min); 30 cycles at 94°C for 30 s, 60°C for 90 s, and 72°C for 60 s; and a
final extension step at 72°C for 7 min. PCR products were resolved on a
1.3% agarose gel.

Accession number(s). The sequencing data were deposited into the
Sequence Read Archive (SRA) of NCBI (http://www.ncbi.nlm.nih.gov
/sra) and can be accessed via accession number SRR3189861.

RESULTS

Bacteriological and chlorine analysis. The results are summa-
rized in Table 3. While we did not find any coliforms (including E.
coli) in samples collected from the water treatment plant, we de-
tected both total coliforms and E. coli from all other samples with
the exception of one tap water sample (T3). Health Canada’s
“Guidelines for Canadian Drinking Water Quality” require a
total coliform and E. coli count of 0/100 ml for treated water
to be deemed safe for drinking (www.healthcanada.gc.ca
/waterquality). Substantial counts (150 to ~700 CFU/ml) were
observed for various samples collected from the lake, including
the area near the inlet of the water treatment plant (LBS, LPS, and
LBC). We also found high numbers of total coliforms (420 to
5,000 CFU/ml) and E. coli (390 to 2,000 CFU/ml) in samples from
the community fountain. Water samples collected from various
sources within houses (tap, cisterns, and buckets) also showed the
presence of both total coliforms and E. coli. Two of the bucket
samples collected from homes without running water, B1 and B2,
showed extremely high numbers of total coliforms (14,600 and
1,100 CFU/ml, respectively) and E. coli (2,300 and 1,090 CFU/ml,
respectively), and piped water samples from households showed
the presence of 1 to 2 CFU/ml bacteria. Field blanks did not show
the presence of any bacteria.

None of the water samples from the community had more than
0.2 ppm of residual free chlorine (minimum concentration rec-
ommended by the World Health Organization) except for the
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TABLE 3 Total coliform and E. coli counts and total chlorine residual
and free chlorine residual in various water samples

Total chlorine Free chlorine

Total coliforms E. coli (CFU/  residual residual
Sample (CFU/100 ml) 100 ml) (ppm) (ppm)
P1 0 0 0.94 0.67
P2 0 0 0.94 0.67
T1 2 1 0.16 0.04
T2 2 1 0.16 0.07
T3 0 0 0.15 0.04
T4 1 1 0.14 0.03
Cl1 11 5 0.03 0.03
C2 3 3 0.12 0.03
C3 220 20 0.02 0
C4 180 10 0.11 0.04
Bl 14,600 1,100 0.04 0.01
B2 2,300 1,090 0.23 0.05
B3 20 20 0.21 0.18
B4 50 40 0.29 0.16
BS1 420 390 0.25 0.07
BS2 5,000 2,000 0.25 0.07
LBS1 150 100 0.13 0.12
LPS1 230 180 0.18 0.1
LPS2 90 60 0.18 0.1
LPS3 170 120 0.18 0.1
LPS4 110 80 0.18 0.1
LBC1 690 0 0.12 0.08
LBC2 230 110 0.12 0.08
LBC3 450 330 0.12 0.08
Wpg TW1 0 0 0.93 0.72

posttreatment water directly collected in the treatment plant (P1
and P2) (Table 3). Similarly, total chlorine levels were the highest
in the samples collected from the plant.

Determination of microbial diversity. Taxonomic classifica-
tion of clustered OTU revealed the presence of 46 bacterial phyla.
Abundant phyla (>1% of the population) included Proteobacte-
ria, Bacteroidetes, Actinobacteria, Cyanobacteria, Planctomycetes,
Firmicutes, Verrucomicrobia, and Acidobacteria, whereas Armati-
monadetes, TM6, Chlorobi, Chloroflexi, Chlamydiae, and Gemma-
timonadetes were in medium abundance (between 0.1 and 1% of
the population), and the remaining 32 phyla were in low abun-
dance (<0.1% of the population) (Fig. 1). The results for the
community analysis showed that samples from the lake, irrespec-
tive of the location they were collected from, had a very similar
community profile. The same was true for the two posttreatment
samples from the treatment plant. Water samples collected from
households or from fountains showed a profile that was distinct
from that for the posttreatment samples from the treatment plant.
Interestingly, we observed a significantly large proportion of Pro-
teobacteria in household/fountain samples compared to that in
the samples from the treatment plant (Fig. 1).

Detection of antibiotic resistance genes. Results for the pres-
ence of antibiotic resistance genes detected using qPCR are shown
in Fig. 2. ampC was detected in one tap water sample (T4), three
cisterns (C1, C2, and C4), two bucket samples (B1 and B4), one
community fountain sample (BS2), and all lake samples except
LPS2 (Fig. 2A). The most abundant resistance gene in water sam-
ples was fet(A), which was present in all samples, including the tap
water samples, except for the posttreatment samples collected
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FIG 1 Microbial community composition in water samples determined by amplification of V4 region of 16S rRNA and MiSeq Illumina sequencing. Sample

descriptions are provided in Table 1.

from the water treatment plant (Fig. 2B). mecA was detected in six
different lake water samples (LBS1, LPS2, LPS3, LPS4, LBC2, and
LBC3), two bucket samples (B3 and B4), and one cistern sample
(C3) (Fig. 2C). We did not detect vanA in any of our samples.

Results for the detection of B-lactamase and carbapenemase
genes using PCR are shown in Table 4. Among the 3-lactamase
genes, we detected the presence of TEM in most of the samples
except T2 and T3 (tap water), C3 and C4 (cisterns), B1 and B2
(buckets), and LPS1 and LPS2 (plant source lake water). The SHV
gene was found only in RBC1, and CTX-M was found only in two
bucket samples (B3 and B4). We did not detect the OXA-1 or
CMY-2 genes. As for the carbapenemase genes, we found the
VIM-like carbapenemase gene in 9 out of 25 water samples tested
from the community, including all eight lake water samples tested:
OXA-48 and GES were found in four water samples each (OXA-48
in C1,C2,LBC3,and RBC1 and GESin C1, B2, B4, and LBC3) and
NDM in two (B2 and B4) water samples. It is worth mentioning
that in this study, we detected the presence of antibiotic resistance
genes and not their expression.

DISCUSSION

Access to clean running drinking water is among the most impor-
tant socioeconomic determinants of health in a community and is
considered one of the defining features of a developed country
(10). However, it has been recognized that First Nations commu-
nities on reserves in Canada do not have the same security of
access to safe drinking water sources as do most other Canadians
(30). There are approximately 600 First Nations reserves in Can-
ada, and in the past decade, the number of communities under
drinking water advisories show an increase, from about 100 com-
munities in 2003 (12) to 127 in 2015 (11). Consumption of unsafe
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water has a negative impact on the health of a community. There-
fore, it is not surprising that due to a lack of access to safe water,
there is a high prevalence of infections like bacterial gastroenteritis
and impetigo in First Nations communities (31, 32).

In this study, we were interested in investigating the prevalence
of antibiotic resistance genes in water samples from one such First
Nations community. To this end, we first carried out analysis for
total coliforms and E. coli and found substantial numbers of these
organisms in all samples collected from homes or from lakes (Ta-
ble 3). This was done by using Brilliance agar, which distinguishes
E. coli from other coliforms on the basis of B-D-glucuronidase
production by E. coli. Even though this medium is unable to iden-
tify hemorrhagic E. coli that do not produce the enzyme or strains
of E. coli that produce small amounts of the enzyme (33), it is
widely used for the detection of coliforms and E. coli. In accor-
dance with the presence of coliforms and E. coli in our samples, we
found significantly lower-than-recommended concentrations of
chlorine (0.2 ppm) (34) in samples from homes. This indicates a
problem with the water distribution and storage systems, includ-
ing dissipation of chlorine in the water pipes that are connected to
the home or community fountain and in the water tanker that
delivers water to the cisterns where the water is stored. Therefore,
it is not surprising that samples from households that collect their
water from the community fountain and then store it in buckets
have high numbers of coliforms and E. coli. As listed in Table 1, the
practices for cleaning buckets and changing water can vary a lot
from household to household.

We carried out microbial community analysis of our samples
in order to get a better sense of how different samples compared
with each other with respect to the diversity of bacteria (Fig. 1).
Our results show that all the lake water samples, regardless of the
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FIG 2 Quantification of ampC (A), tet(A) (B), and mecA (C) genes in water samples. Copy number/ng of total DNA was determined using qPCR and calculated
using a standard curve created using control bacterial strains. Sample description is provided in Table 1.

site of sampling, have very similar microbial community struc-
ture. The interesting pattern we observed was the difference in the
microbial community profiles of posttreatment water samples
from the water treatment plant and samples collected from house-
holds. Specifically, we found a higher proportion of Proteobacteria
in the various household samples than in the treated water sam-
pled in the water treatment plant (Fig. 1). The higher proportion
of Proteobacteria in water samples from buckets indicates contam-
ination from human sources (Fig. 1). The higher proportions of
Proteobacteria in the tap or cistern water samples also suggest that
once water leaves the treatment plant, there is likely to be intro-
duction of Proteobacteria at different sources, which correlates
well with our data on total coliforms and E. coli in these samples.
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Although the sources of contamination were not investigated,
they may include (i) leaks in water pipes, allowing surface and
subsurface water contaminated with animal fecal matter to seep
into pipes, (ii) risk of the water truck hose becoming contami-
nated with animal fecal matter when it is unintentionally exposed
to land surfaces during the process of water delivery to cisterns,
and (iii) unlocked cistern lids, increasing the potential for con-
tamination.

In the absence of access to any data on the type or rate of
antibiotic prescription in the community, we decided to look for a
subset of genes that have previously been shown to be commonly
found in various aquatic environments (35, 36). A two-pronged
approach to detect various antibiotic resistance genes, a qQPCR
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TABLE 4 Detection of B-lactamase and carbapenemase genes in various water samples

-Lactamase genes

Carbapenemase genes

Sample SHV TEM CTX-M CMY-2

KPC OXA-48

P1 -
P2 -
T1 =
T2 - - - - -
T3 - - - - -
T4 =
Cl -
C2 -
C3 =
C4 - - - - -
Bl - - - - -
B2 = - - - =
B3 -
B4 -
BS1 =
BS2 -
LBS1 -
LPS1 =
LPS2 -
LPS3 -
LPS4 =
LBCl1 -
LBC2 -
LBC3 =
RBCl1 +
RR1 -
RR2 =

+ +
[
[
[

+ + +
\
\
\

+ o+ o+
[
[
[

e
[ \
[ \
[ \

[
[
[

+ 4+t
[
[

method and a multiplex PCR method, was used. qPCR was used to
detect ampC (B-lactam resistance), fet(A) (tetracycline resis-
tance), mecA (methicillin resistance), and vanA (vancomycin re-
sistance). B-Lactams are common antibiotics used to treat infec-
tions in both humans and animals, and their use has resulted in
the emergence of resistance by B-lactamases like AmpC (37).
ampC-encoded B-lactamases have been detected in wastewater as
well as drinking water (38), and we also detected ampC in most of
the lake water samples and in some of the samples from different
households (Fig. 2A). Tetracycline-resistant bacteria are common
in the environment, particularly due to the subtherapeutic use of
this antibiotic in livestock (39), and tet(A) (a tetracycline efflux
protein-encoding gene) has previously been shown to be present
in both the hospitals and aquatic environments (40, 41). Tet genes
have been associated with anthropogenic impacts, and a number
of these genes have been found in various pollution sources (42).
While tet(A) was the most common resistance gene in our sam-
ples, as it was found in all but two posttreatment samples collected
from the treatment plant (Fig. 2B), at present it is not clear to us
what constitutes the selection pressure for tetracycline resistance
in these samples. Determining the selection pressure will be our
goal in future studies.

We also found the mecA gene in some of the samples (Fig. 2C).
The presence of mecA is indicative of methicillin-resistant Staph-
ylococcus aureus (MRSA), which has been shown to be present in
various aquatic environments (25, 41), although it has also been
shown to be present in nonstaphylococcal pathogens (43). mecA
was primarily detected in the lake water and bucket samples and in
one cistern sample. One possible explanation for finding mecA in
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bucket samples is the practice of individuals dipping their hands in
these buckets for various purposes. Also, some of the lake sites are
frequented largely by children for play/recreational activities on a
daily basis in the summertime, which could lead to an increased
risk of exposure to methicillin-resistant pathogens (44). To what
extent, if any, the high numbers of resistant organisms in the water
environment pose a health risk to the community members re-
mains to be quantified.

In addition to the above genes, we investigated the presence of
five different B-lactamase and six different carbapenemase genes
(Table 4). Some recent studies have reported the presence of car-
bapenemase genes in wastewater; for example VIM-2 has been
isolated from hospital wastewater (45), OXA-type from sewage
(46), and NDM-1 from patients’ feces (which can make its way
into the water supply) (47). These genes are responsible for resis-
tance to carbapenems, which are often used as the antibiotics of
last resort for treating antibiotic-resistant infections. Thus, infec-
tions associated with carbapenem-resistant bacteria are associated
with high mortality (48). All of the genes tested except OXA-1 and
CMY-2 3-lactamase and IPM carbapenemase genes were detected
in at least one of the samples (Table 4). Of interest is the detection
of blaypy, in two of the bucket samples. NDM-1 is a fairly recently
discovered carbapenemase that has disseminated quite rapidly
from its origin in India to the rest of the world (47, 49). While
NDM has been detected in Canada (50), we are not aware of any
NDM-positive cases from First Nations reserves in Canada, and,
therefore, detection of NDM in the samples we tested is a matter of
concern. Furthermore, the fact the most of the resistance genes
detected in this study are found on plasmids (51, 52) is an addi-
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tional cause for worry because these resistance determinants can
potentially be passed to other susceptible organisms. Overall, we
did not observe a clear correlation between high coliform num-
bers and the presence of antibiotic resistance genes. For example,
sample C2 was positive for TEM, OXA-48, VIM (Table 4), ampC,
and tet(A) (Fig. 2A and B) but had a coliform count of 3 (Table 3);
conversely, sample BS2 had a coliform count of 5,000, but the
amounts of ampCand tef(A) in this sample were no higher than those
in the other positive samples. These data suggest a possible role of
noncoliform organisms in housing a number of resistance genes.
However, as stated earlier, in the absence of data on the usage of these
antibiotics in the community, it is not clear what may be contributing
to the selection pressure for these genes in the organisms.

This study investigated the prevalence of antibiotic-resistant
genes in water samples from a First Nations community in Can-
ada. This work also highlights the critical nature of the poor water
quality in the First Nations community in our study even when the
community members, albeit not all, have access to running tap
water. However, it is important to reiterate that our data show that
the water from the water treatment plant is safe to drink, and
microorganisms appear to get introduced during the process of
distribution and storage. The presence of such a large number of
bacteria along with antibiotic resistance genes puts the health
of community members at a risk. Coincidently, a recent report by
Statistics Canada points out that First Nations adults are more
likely to die from infectious diseases than the rest of Canadians
(53), although the importance of the role of drinking water in this
remains to be investigated. Therefore, despite some limitations in
our study, such as sampling at one time point (due to the isolated
nature of this fly-in community, which also hampered our ability
to collect biological replicates) and lack of access to the antibiotic
prescription data for the community, it highlights certain critical
problems associated with water safety in some communities in
Canada.
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