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Abstract 

Background: Colistin is regarded as a last‑resort antimicrobial against multi‑drug resistant Gram‑negative bacteria 
(GNB), therefore the dissemination of colistin resistance in the environment is of great concern. Horizontal transfer of 
mobile colistin resistance (mcr) genes to potential pathogens poses a serious problem. This study aimed to describe 
the presence of colistin resistant GNB and mcr genes in river and storm water in regions of the Western Cape.

Methods: Water samples were collected from three rivers during May 2019 and January 2020 and two storm water 
samples were collected in November 2019. Colistin resistant GNB were cultured on MacConkey agar containing colis‑
tin and identified by MALDI‑TOF. Colistin resistance was confirmed using broth microdilution (BMD). mcr-1-5 genes 
were detected by PCR performed directly on the water samples and on the colistin resistant isolates. mcr functionality 
was assessed by BMD after cloning the mcr genes into pET‑48b(+) and expression in SHuffle T7 E. coli.

Results: mcr-5.1 and various mcr-3 gene variants were detected in the Plankenburg‑, Eerste‑ and Berg rivers and in 
storm water from Muizenberg, and only mcr-5.1 was detected in storm water from Fish Hoek. Colistin resistant GNB 
were isolated from all of the water sources. Aeromonas spp. were the most common colistin resistant organisms 
detected in the water sources; 25% (6/24) of colistin resistant Aeromonas spp. isolated from the Berg river contained 
novel mcr-3 variants; mcr-3.33 (n = 1), mcr-3.34 (n = 1) mcr-3.35 (n = 1) mcr-3.36 (n = 2) and mcr-3.37 (n = 1), which 
were confirmed to confer colistin resistance.

Conclusions: The mcr-5.1 and mcr-3 colistin resistance gene variants were present in widely dispersed water sources 
in regions of the Western Cape. The mcr genes were only detected in water sampled downstream of and alongside 
communities, suggesting that their presence is driven by human influence/contamination. This is the first documen‑
tation of mcr-3 and mcr-5 gene variants in any setting in South Africa. Spill‑over of these genes to communities could 
result in horizontal gene transfer to pathogenic bacteria, exacerbating the challenge of controlling multidrug resistant 
GNB infections.
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Introduction
The emergence and spread of mobile colistin resist-
ance (mcr) genes threaten the efficacy of colistin, a 
last resort antibiotic for treating infections caused by 
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multidrug-resistant Gram-negative bacteria (GNB). 
Colistin resistance can also arise from chromosomal 
mutations, including those in genes encoding the two-
component systems PmrAB and PhoPQ in Enterobac-
terales. However, in contrast to the mcr genes, these are 
not horizontally transferable.

Ten mcr genes, mcr-1 (30 variants), mcr-2 (7 variants), 
mcr-3 (40 variants), mcr-4 (6 variants), mcr-5 (4 vari-
ants), mcr-6, mcr-7, mcr-8 (3 variants), mcr-9 (3 variants) 
and mcr-10 [1–10], have been described in various GNB, 
including Acinetobacter spp., Aeromonas spp., Citrobac-
ter spp., Enterobacter spp., Escherichia coli, Klebsiella 
spp., Kluyvera spp., Proteus spp., Providencia spp., Pseu-
domonas spp., Raoultella spp., and Salmonella spp., iso-
lates [11]. However, some of these mcr variants do not 
cause colistin resistance [12, 13].

The mcr genes are harboured by different conjuga-
tive and non-conjugative plasmids and have been found 
to be integrated into the chromosome in some isolates 
[14]. In addition to clinical isolates, mcr genes have been 
detected in various isolates from environmental sources 
including water, soil, livestock, vegetables, flies, wildlife, 
companion animals and birds [1, 2, 15–24].

The mcr-1 gene has been identified in clinical isolates 
in multiple hospitals across South Africa, [19, 25, 26] 
however data regarding the distribution of the mcr genes 
in the environment in South Africa is limited. mcr-1 has 
been detected in E. coli isolated from broiler chickens, a 
pig and final effluents from wastewater treatment plants 
in South Africa [27–30]. The presence of mcr genes in the 
environment could be a reservoir for colistin resistance 
in clinical settings.

This study investigated the presence of colistin resistant 
GNB and mcr genes in samples from three surface water 
sources, the Plankenburg-, Eerste- and Berg rivers, as well 
as storm water from Muizenberg and Fish Hoek in the 
Western Cape province, South Africa, and characterised 
the role of the mcr variants in colistin resistance. Infor-
mal housing schemes are situated on the banks of these 
rivers, which are highly polluted by sewage, industrial 
and agricultural run-off [31], while storm water systems 
are often used for the illegal disposal of human waste. As 
such, the presence of colistin resistance mechanisms in 
these water sources provides insight into the dissemina-
tion of colistin resistance in communities and poses a risk 
for further dissemination of resistance genes.

Methods
Isolate collection
The Plankenburg, Eerste and Berg rivers and tributar-
ies were sampled between May 2019 and January 2020 
(Fig.  1). Sample sites P1 in the Plankenburg river and 
E1 in the Eerste river are situated above two separate 

Stellenbosch communities, while sample sites P2 and E2 
are situated below the respective communities. Upstream 
and downstream community samples were sampled on 
the same day, approximately 1 h apart. The samples were 
taken at 30 cm depth, except if the water depth was less 
than 30 cm, the samples were taken at the halfway point 
between the water surface and the bottom of the water 
body. Special care was taken to open the sample bot-
tle only at the correct sample depth to avoid capturing 
floating contamination. Rivers were only sampled once, 
except the Plankenburg river which was sampled twice, 
in May 2019 (P2a) and January 2020 (P2b). No upstream 
sample was obtained in January 2020 as the river was dry 
upstream of the community. We thus also used the 2019 
samples in this study, as they had been collected both 
upstream and downstream. Sampling sites B1, B2 and B3 
in the Berg river are situated in three different commu-
nities: Paarl (Boulevard), Paarl (Mbekweni) and Welling-
ton, respectively. Storm water from Muizenberg (M) and 
Fish Hoek (FH) was sampled in November 2019 (Fig.  1 
and Additional file 1: Table 1). Sampling sites were cho-
sen based on representativity and accessibility. Sampling 
took place during dry weather conditions in order to get 
an accurate representation of the water in an undiluted 
state. The water temperature, turbidity, river flow speed 
and other visible problems were documented in conjunc-
tion with recent weather patterns and are included in 
Additional file  1: Table  1. Water was collected in sterile 
bottles, kept on ice during transport and subsequently 
refrigerated at 4 °C.

Bacterial enumeration and culture‑based screening
E. coli and total coliform counts were performed on the 
water samples using the Colilert-18 water test as per 
manufacturer’s instructions (IDEXX, South Africa). Coli-
lert-18 is a semi-automated quantitative method which 
uses the metabolism of nutrient indicators o-nitrophenyl 
(ONPG) and 4-methyl-umbelliferyl (MUG) to detect 
coliforms and E. coli, respectively, using colorimetric 
changes and fluorescence. The South African national 
guidelines for water quality guidelines for full recrea-
tional contact, indicates a threshold of > 130  cfu/100  ml 
of definite bacterial growth in the water system as a sig-
nificant and increased risk of infectious disease transmis-
sion [32].

Serial dilutions  (10−1–10−6) of each water sample 
were plated out (0.1 ml) in triplicate on MacConkey agar 
(MCC, Sigma-Aldrich, South Africa) and MacConkey 
agar containing 10 mg/L vancomycin and 2 mg/L colis-
tin (Mac-Col2-Van10, Sigma-Aldrich), using the spread 
plate method. Vancomycin was included to eliminate the 
growth of most Gram-positive bacteria and colistin was 
used to select for colistin resistant organisms. Plates were 
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incubated aerobically at 37 °C for 18–22 h. Colonies were 
also enumerated on the MCC plates in order to compare 
the growth on plates with and without antibiotics and to 
determine the proportion of colistin resistant GNB iso-
lates in the water.

Selection of colistin resistant bacteria
Distinct bacterial colonies were selected based on their 
morphological appearance on Mac-Col2-Van10 agar. 
The colonies were inoculated onto UriSelect agar (NHLS 
Media Laboratory, Green Point, South Africa) for prelim-
inary identification after incubation aerobically at 37  °C 
for 18–22 h. Colonies were excluded if they were any col-
our other than pink (indicative of E. coli) or blue (indica-
tive of Klebsiella/Enterobacter/Serratia/Citrobacter spp.) 
on the UriSelect agar plate, e.g. white, cream or brown. 
Matrix assisted laser desorption ionization-time of flight 
(MALDI-TOF, Bruker) was performed to confirm the 
identification of all isolates. Intrinsically colistin resistant 
organisms, specifically Serratia spp. and Providencia rett-
gerii, were excluded from further analysis.

Susceptibility testing
Colistin resistance was confirmed by broth microdilu-
tion (BMD) following the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) guidelines 
and breakpoints version 10 (ISO-standard broth micro-
dilution method 20776-1) [33]. Isolates with a minimum 
inhibitory concentration (MIC) of ≤ 2 mg/L were classi-
fied as colistin susceptible and > 2 mg/L as colistin resist-
ant. E. coli ATCC® 25922 and NCTC® 13846 were used 
as controls.

Molecular detection of the mcr genes
DNA was extracted directly from each water sample 
using the DNeasy PowerWater Kit (Qiagen, South Africa) 
on the day of sampling and from the isolates using a 
crude DNA extraction method (boil-freeze) [34].

Multiplex PCR detection of the mcr-1, -2, -3, -4 and -5 
genes was performed on all isolates, as well as directly 
on the water samples, using previously described proto-
cols and controls [35] (Table  1). Singleplex PCR detec-
tion of the mcr-6, -7 and -8 genes was performed using 

Rivers

Populated areas

Fig. 1 Overview of the sampling region in the Western Cape of South Africa. Sampling sites were situated in the Plankenburg river (P1‑before a 
community and P2‑after a community) and Eerste river (E1‑before a community and E2‑after a community) in Stellenbosch and three sampling 
sites (B1–B3) from three communities from the Berg river in Paarl and Wellington and two storm water sampling sites (M and FH) in Muizenberg and 
Fish Hoek respectively
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previously designed primers (Table  1) and mcr-9 was 
detected using MCR-9YF and MCR-9YR (Table 1), how-
ever no positive controls were available for these genes. 
Sanger sequencing was performed on all mcr amplicons 
to determine the mcr variants present.

The entire mcr-3 and mcr-5 genes were amplified and 
sequenced using primers MCR-3YF and MCR3-YR2, and 
previously described mcr-5 gene primers MCR5_FW and 
MCR5_REV [5], respectively (Table  1). The PCR reac-
tions were performed using the KAPA2G Fast Multiplex 
PCR Kit (Kapa Biosystems) with 0.4 μM of each primer 
in a 25 μL reaction volume, with an annealing tempera-
ture of 60 °C for 30 cycles. Amplicons were separated on 
a 1.5% w/v agarose gel and detected using the Alliance 2.7 
imaging system (UVITec). Additional internal primers 
(MCR-3YF2 and MCR-3YR3, Table  1) were designed to 
complete the sequencing of the mcr-3 gene.

mcr‑3 variant functionality assay
Novel mcr-3 gene variants with unknown colistin sus-
ceptibility functionality were cloned and expressed 

to determine their functionality. The entire 1623  bp 
mcr-3 coding sequence was amplified using prim-
ers MCR-3 YF3 and MCR-3 YR4 (IDT, USA, Table  1) 
using the HIFI HotStart ReadyMixPCR kit (Kapa Bio-
systems, South Africa) with 0.2 μM of each primer and 
an annealing temperature of 60ºC. The mcr-1 gene was 
amplified from NCTC® 13846 as a control using prim-
ers MCR-1YF, MCR-1YR (Table 1) with the same PCR 
conditions and an annealing temperature of 58 °C.

The mcr genes were cloned into the XhoI and NdeI 
restriction sites of the pET-48b(+) expression vector 
via the CloneJET PCR Cloning Kit (Thermo Fisher Sci-
entific, Difco Laboratories, US) [37] and transformed 
into a colistin susceptible SHuffle T7 Competent E. coli 
strain (Inqaba Biotechnical Industries (Pty) Ltd, South 
Africa). Colonies were selected on 15 mg/L kanamycin 
Luria–Bertani (LB) agar plates and the presence of the 
mcr gene was confirmed using PCR. Colistin suscepti-
bility of the recombinant E. coli was determined in trip-
licate, using BMD.

Table 1 Primers used in this study

Target gene Primer name DNA sequence (5′ → 3′) Amplicon size (bp) Reference

mcr-1 CLR5‑F 5′‑CGG TCA GTC CGT TTG TTC ‑3′ 309 [1]

CLR5‑R 5′‑CTT GGT CGG TCT GTA GGG ‑3′

MCR‑1YF 5′‑CAT ATG ATG ATG CAG CAT ACT TCT  GTG TGG TACCG‑3′ 1632 This study

MCR‑1YR 5′‑CTC GAG TCA GCG GAT GAA TGC GGT ‑3′

mcr-2 MCR2‑IF 5′‑TGT TGC TTG TGC CGA TTG GA‑3′ 567 [2]

MCR2‑IR 5′‑AGA TGG TAT TGT TGG TTG CTG‑3′

mcr-3 MCR3‑F 5′‑TTG GCA CTG TAT TTT GCA TTT‑3′ 542 [3]

MCR3‑R 5′‑TTA ACG AAA TTG GCT GGA ACA‑3′

MCR‑3YF 5′‑ATG CCT TCC CTT ATA AAA ATAAA‑3′ 1622 This study

MCR3‑YR2 5′‑TCA ATT ATT CCG ACA TTG CTTA‑3′

MCR‑3YF2 5′‑TGA AAG GGG ATA AGC TGG TT‑3′ Not applicable This study

MCR‑3YR3 5′‑CAT AAT CTT GAT AGT ATA GTG CTG ‑3′

MCR‑3 YF3 5′‑CAT ATG ATG CCT TCC CTT ATA AAA  ATA AAA ATTGT‑3′ 1622 This study

MCR‑3 YR4 5′‑CTC GAG TCA ATT ATT CCG ACA TTG C‑3′

mcr-4 MCR‑4 FW 5′‑ATT GGG ATA GTC GCC TTT TT‑3′ 487 [36]

MCR‑4 RV 5′‑TTA CAG CCA GAA TCA TTA TCA‑3′

mcr-5 MCR5_FW 5′‑ATG CGG TTG TCT GCA TTT ATC‑3′ 1644 [5]

MCR5_REV 5′‑TCA TTG TGG TTG TCC TTT TCTG‑3′

mcr-6 MCR‑6F 5′‑GTC CGG TCA ATC CCT ATC TGT‑3′ 556 [8]

MCR‑6R 5′‑ATC ACG GGA TTG ACA TAG CTAC‑3′

mcr-7 MCR‑7F 5′‑TGC TCA AGC CCT TCT TTT CGT‑3′ 892

MCR‑7R 5′‑TTC ATC TGC GCC ACC TCG T‑3′

mcr-8 MCR‑8F 5′‑AAC CGC CAG AGC ACA GAA TT‑3′ 667

MCR‑8R 5′‑TTC CCC CAG CGA TTC TCC AT‑3′

mcr-9 MCR‑9YF 5′‑ATG CCT GTA CTT TTC AGG GTG AAA G‑3′ 1619 This study

MCR‑9YR 5′‑TTC CGC GAA TGC CGT GGC TAA‑3′
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Results
The river and storm water samples were heavily con-
taminated with bacteria, as they contained an abundance 
of E. coli and coliforms (Additional file  1: Table  2). The 
total E. coli count from all water sources ranged between 
50  cfu/100  mL–450000  cfu/100  mL and the total coli-
form counts ranged between 550  cfu/100  mL–240000
0  cfu/100  mL. These counts considerably exceeded the 
South African guidelines of < 130 cfu/100 ml for full rec-
reational contact. The coliform count was higher in the 
water samples collected downstream as compared to 
samples taken upstream of communities (~ 1000-fold in 
the Plankenburg river, 42-fold in the Eerste river). Water 
samples from the Berg river and storm water samples 
from Muizenberg and Fish Hoek, in which sampling 
sites were situated alongside communities, also con-
tained high coliform counts (2600–2,400,000  cfu/mL, 
45,000  cfu/mL and 12,700  cfu/mL, respectively) (Addi-
tional file  1: Table  2). Two sites closest to the informal 
settlements of Kayamandi in Stellenbosch (Plankenburg 
River, site P2) and Mbekweni in Paarl (Berg river, site B2) 
contained the most coliforms and E. coli, based on the 
Colilert 18® results (Fig. 1 and Additional file 1: Table 2). 
The proportion of colistin resistant colonies based on the 
colony counts on MCC vs. Mac-Col2-Van10 (Additional 
file 1: Table 2), ranged between 5–80% and are given in 
Table 2.

Following exclusion of intrinsically colistin resistant 
bacteria and BMD confirmation of colistin resistance, a 
total of 98 isolates were screened for mcr genes, including 
39 from the Plankenburg river, 14 from the Eerste river, 
30 from the Berg river, 13 from Muizenberg storm water 
and two from Fish Hoek storm water (Table 1 and Addi-
tional file  1: Table  2). Aeromonas spp. (70/98, 71%) was 
the most common colistin resistant GNB isolated from 
the river and storm water samples (Table 2). No colistin 
resistant E. coli isolates were detected and only two colis-
tin resistant Klebsiella oxytoca isolates were isolated from 
river water at the P2a and E2 sites.

mcr-3 was detected in six isolates, including five Aero-
monas jandei isolates (BB, BL, BT, BCC and BMM) and 
one Aeromonas veronii isolate (S2K), all from the Berg 
river samples (Table 2). The Sanger sequences of the mcr-
3 genes were uploaded to GenBank as new allele vari-
ants and allele curation was requested. Five novel mcr-3 
gene variants were detected; mcr-3.33 (BB: MT791039, 
n = 1), mcr-3.34 (BL: MT791040, n = 1), mcr-3.35 (BT: 
MT809044, n = 1), mcr-3.36 (BCC: MT809046 and 
BMM: MT809045, n = 2) and mcr-3.37 (S2K: MT809047, 
n = 1) (Table  2). Recombinant expression of mcr-3.33, 
mcr-3.34, mcr-3.35, mcr-3.36 and mcr-3.37 in E. coli 
showed that all of the variants confer resistance to colis-
tin, resulting in an eightfold increase in colistin MIC 

(Table 3). No mcr genes were detected in the remaining 
colistin resistant isolates.

Based on the DNA extracted directly from the water, 
the mcr-3 and mcr-5.1 genes were detected in the Plank-
enburg river (sites P2a and P2b), the Eerste river (site E2) 
and the Berg river (site B3), while another site in the Berg 
river (site B1) contained only mcr-3. The mcr genes were 
only detected in river water samples taken downstream 
of, or alongside communities, and not upstream of the 
communities. The mcr-5.1 gene was detected in both 
storm water samples from Muizenberg and Fish Hoek 
and the Muizenberg storm water sample also contained 
mcr-3 (Table  2). All of the mcr-5 genes shared 100% 
identity with the mcr-5.1 variant found in Salmonella 
enterica subsp. enterica serovar Paratyphi B (GenBank: 
KY807921).

Discussion
The river and storm water investigated in this study were 
heavily contaminated with faecal bacteria as evidenced 
by elevated E. coli and coliform levels (Additional file 1: 
Table 2). E. coli counts are a definitive indication of faecal 
contamination. High counts pose a public health risk and 
are associated with transmission of infectious diseases. 
Many South African rivers have been found to be unsuit-
able as a raw source for purification for drinking water, 
or for irrigation and other recreational purposes [31] and 
our findings support previous reports on the high level of 
bacterial contamination in water sources [31, 38].

Comparison of the samples collected up- and down-
stream of communities on the Plankenburg and Eerste 
rivers, provides an indication of the contamination intro-
duced by runoff from the communities, and can be used 
as an indication of the carriage of resistance in the com-
munities. The coliform and E. coli enumerations showed 
that there was substantial faecal contamination of the 
water between the two collection sites as well as in the 
Berg river and Fish Hoek and Muizenberg storm water 
systems (Additional file 1: Table 2). These water sources 
are highly polluted with various genera of bacteria, espe-
cially where these water sources are used for irrigational 
and/or recreational purposes (sites P2, E2, B2 and B3). 
This poses a significant public health risk via numerous 
pathways: direct exposure, irrigation of edible food crops, 
livestock watering and exposure to raw water usage by 
industry.

Aeromonas spp. was the most prevalent colistin resist-
ant organism detected in this study. Aeromonas hydroph-
ila plays a key role in degrading carcinogenic, teratogenic 
and mutagenic polycyclic aromatic hydrocarbons (PAHs) 
in water, especially acenaphthene and fluorine which 
are used to bioremediate PAH contaminated river sys-
tems [39]. However, Aeromonas spp. are opportunistic 
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pathogens and have been found to be responsible for 
a variety of infectious complications such as gastroen-
teritis, sepsis, meningitis, respiratory and genitourinary 
infections, wound infections and infections of skin and 
soft tissue [40].

mcr-3 and mcr-5.1 gene variants were found to be 
widely dispersed in water sources in the study area, based 
on direct screening for these genes in the water samples. 
These genes were detected in water which is contami-
nated by communities, and not at upstream sites from 
communities. Although, the prevalence of mcr genes in 
the colistin resistant isolates was low, novel mcr-3 vari-
ants conferring colistin resistance were detected in 6 Aer-
omonas spp. isolates from the Berg river. The mcr-3 gene 
has been previously detected in Aeromonas spp. from fish 
and turkey in 2005, 2006, 2008 and 2012 in Germany [41] 
and from humans, retail meat, and environmental water 
samples in 2016 and 2017 in China [14, 42–44]. Two mcr-
5 positive A. hydrophila were previously isolated from a 
pig faecal sample and hospital sewage in China in 2017 
and 2014, respectively [45, 46]. No mcr-1-5 genes were 
detected in any of the other 92 colistin resistant iso-
lates, suggesting that the mechanism of colistin resist-
ance could be chromosomal in nature or conferred by 
additional recently (mcr-10) or undescribed mcr genes. 
However, there is limited knowledge on the mechanisms 
of colistin resistance in the genera of bacteria isolated in 
this study. The mcr genes could also be present in bacte-
ria that are viable but non culturable (VBNC) or in the 
isolates that were excluded during the selection process 
and therefore can only be found when performing PCR 
screening directly on the water samples. Intrinsically 
colistin resistant organisms have shown to be potential 

traffickers of mcr genes [21, 47]. In our study we excluded 
a Providencia rettgerii (n = 1) and Serratia spp. (n = 8) 
(Additional file  1: Table  2), however these intrinsically 
colistin resistant could be carrying mcr genes and should 
be further investigated in the future.

The mcr-3 and mcr-5 genes described in this study 
have not previously been described in any sample type in 
South Africa, however, this study suggests that the mcr-3 
and mcr-5.1 genes are commonly carried in the environ-
ment. Only mcr-1 genes have been described in clinical 
E. coli and Klebsiella spp isolates [19, 25], in contrast with 
these findings. This suggests that the environment car-
ries different colistin resistance genes to those present 
in hospitalised patients. However, patients could pre-
sent with infections associated with these unique colistin 
resistance genes in the near future. Active surveillance is 
therefore recommended to determine the prevalence of 
mcr genes in clinical isolates.

The plasmid transmissibility of the mcr genes means 
they can be easily transported to a variety of organisms, 
including those that are clinically significant. Although 
none of the E. coli were colistin resistant, they can pos-
sibly become colistin resistant via horizontal gene 
transmission of the mcr genes. The presence of colistin 
resistant isolates and genes conferring this resistance in 
the water may be linked to high-density industrial farm-
ing practises, involving routine use of antibiotics thera-
peutically, prophylactically and for growth promotion.

In many areas of South Africa, and worldwide, informal 
housing schemes are often established along the banks 
of river systems. Due to a lack of adequate sanitation 
and waste removal facilities in the informal settlements, 
as well as poor management and disposal of sewage, the 
storm water drainage pipes leading directly to the rivers 
are often used as a means of disposal of human and ani-
mal waste. Contamination of colistin resistant bacteria in 
river and storm water catchments is a cause of great con-
cern, especially to surrounding communities, farms and 
industries, as in South Africa, river water is used for irri-
gation and domestic purposes, often without treatment. 
Controlling and preventing the spread of antimicrobial 
resistance requires a holistic approach, inclusive of envi-
ronmental reservoirs of resistant organisms.

Conclusions
Several colistin resistant GNB, mainly Aeromonas spp. 
isolates, were isolated from three different rivers and 
two storm water samples in the Western Cape prov-
ince of South Africa, suggesting that environmental 
water sources could serve as a reservoir and/or distri-
bution network for colistin resistance. Mobile colistin 
resistance genes (mcr-3 and mcr-5) in opportunistically 
pathogenic bacteria (e.g. Aeromonas spp.) from these 

Table 3 The effect of recombinant mcr-3 variant expression on 
colistin MIC, based on BMD

MIC ≤ 2 mg/L: susceptible, MIC > 2 mg/L: resistant

Isolates Colistin 
BMD MIC 
(mg/L)

E. coli ATCC 25922 (susceptible control) 0.5

E. coli NCTC® 13846 (mcr-1 control) 4

E. coli SHuffle T7 0.5

E. coli SHuffle T7 transformed with:

pET‑48b(+) 0.5

pET‑48b(+)‑mcr-1 4

pET‑48b(+)‑mcr-3.33 4

pET‑48b(+)‑mcr-3.34 4

pET‑48b(+)‑mcr-3.35 4

pET‑48b(+)‑mcr-3.36 4

pET‑48b(+)‑mcr-3.37 4
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water sources can be horizontally transferred to other 
human pathogens which could present a potential 
human health risk. The high levels of colistin resistance 
in the mcr negative bacterial isolates suggests that there 
are alternative mechanisms of colistin resistance in 
these environmental bacteria. The presence of colistin 
resistance and mobile colistin resistance genes in these 
water sources raises major health concerns as human 
population densities along these water sources are high, 
thus resulting in increased human exposure to these 
organisms which are resistant to a last-resort antibi-
otic. The need to strengthen and monitor water treat-
ment systems, proper sanitation and waste removal in 
order to improve the health of the communities living 
along various water sources is well understood. Our 
findings highlight the potential role of contaminated 
water sources in the transmission of resistant organ-
isms. Improving water quality has the potential to both 
reduce infections in the community as well as to reduce 
the transmission of resistant organisms.
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