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Abstract: Extended-spectrum beta-lactamase (ESBL)-producing bacteria are a major problem for
public health worldwide because of limited treatment options. Currently, only limited information
is available on ESBL-producing Shiga toxin-producing Escherichia coli (STEC) in cattle farms and
the surrounding aquatic environment. This study sought to track and characterise ESBL-producing
STEC disseminating from a cattle farm into the water environment. Animal husbandry soil (HS),
animal manure (AM), animal drinking water (ADW), and nearby river water (NRW) samples were
collected from the cattle farm. Presumptive ESBL-producing STEC were isolated and identified using
chromogenic media and mass spectrophotometry methods (MALDI-TOF-MS), respectively. The
isolates were subjected to molecular analysis, and all confirmed ESBL-producing STEC isolates were
serotyped for their O serogroups and assessed for antibiotic resistance genes (ARGs) and for the
presence of selected virulence factors (VFs). A phylogenetic tree based on the multilocus sequences
was constructed to determine the relatedness among isolates of ESBL-producing STEC. The highest
prevalence of ESBL-producing STEC of 83.33% was observed in HS, followed by ADW with 75%,
NRW with 68.75%, and the lowest was observed in AM with 64.58%. Out of 40 randomly selected
isolates, 88% (n = 35) belonged to the serogroup O45 and 13% (n = 5) to the serogroup O145. The
multilocus sequence typing (MLST) analysis revealed four different sequence types (STs), namely
ST10, ST23, ST165, and ST117, and the predominant ST was found to be ST10. All 40 isolates carried
sul1 (100%), while blaOXA, blaCTX-M, sul2, blaTEM, and qnrS genes were found in 98%, 93%, 90%, 83%,
and 23% of the 40 isolates, respectively. For VFs, only stx2 was detected in ESBL-producing STEC
isolates. The results of the present study indicated that a cattle environment is a potential reservoir of
ESBL-producing STEC, which may disseminate into the aquatic environment through agricultural
runoff, thus polluting water sources. Therefore, continual surveillance of ESBL-producing STEC
non-O157 would be beneficial for controlling and preventing STEC-related illnesses originating from
livestock environments.

Keywords: extended-spectrum β-lactamases; Shiga toxin-producing Escherichia coli; husbandry soil;
manure; water; livestock

1. Introduction

The availability of freshwater is a challenge worldwide [1,2]. In developing countries,
including South Africa, the majority of people living in non-metropolitan areas still use
and depend on untreated surface water sources such as rivers, dams, and lakes and are
at risk of waterborne diseases as there is limited access to treated water [3–5]. It has been
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estimated that 3.8 million people, especially inhabitants of informal settlements in South
Africa, depend on polluted untreated water or groundwater due to the lack of access to
communal improved water sources [4]. However, the aquatic environments are known to
harbour and disseminate antibiotic resistance (AR), and human health is at risk when they
are exposed to antibiotic-resistant bacteria (ARB) [6]. The death toll of infections caused by
AR is at least 33,000 each year, in Europe alone [7].

In South Africa, approximately 70% of the agricultural land is used for livestock
farming [8]. Antibiotics in livestock farms are mainly used for treatment, prevention of
diseases, and as growth promoters to address the demand for food [9]. Inappropriate use
of antibiotics in livestock has resulted in the development of AR worldwide [10]. In food
animals such as cattle, chicken, and pigs, the use of antibiotics is expected to rise by 67% in
BRICS countries (Brazil, Russia, India, China, and South Africa) by 2030 [9,11]. About 20%
to 80% of the antibiotics ingested by livestock are excreted into the environment and persist
there [12]. Excessive use of antibiotics in livestock has also led to the emergence of ARB and
ARGs [8]. Humans can be exposed to ARB and ARGs through contaminated food, direct
contact with infected animals, and by exposure to the contaminated environment [13].

Several environmental ARBs and ARGs resistomes are considered as the hotspots
for AR. These environments include manure; soils; and aquatic environments such as
rivers, lakes, and streams [14]. Hence, water pollution is a major challenge worldwide,
and agriculture is one of the main contributors [15]. There is evidence that antibiotics have
emerged as agricultural pollutants originating from veterinary medicines disseminating
from farms into water sources [15]. Consequently, it is imperative to investigate the
presence of ARB and its associated ARGs in livestock farms disseminating into the nearby
water sources.

The World Health Organization (WHO) published for the very first time a list of
antibiotic-resistant priority pathogens that pose the greatest threat to human health [16].
Among the reported threats, Enterobacteriaceae, which include E. coli, were listed as one
of the most critical groups of multidrug-resistant bacteria posing treatment failures and
threats in hospitals. The ESBL-producing Enterobacteriaceae cause considerable morbidity
in the community [16]. E. coli is known to cause infections in humans and is commonly
used as an indicator of faecal contamination in the environments, especially in aquatic
systems [17,18]. Certain strains of E. coli are responsible for diarrhoea in humans; these
include verocytotoxigenic E. coli (VTEC) strains, which have been recognised as the cause
of mild to severe diarrhoea in humans, haemorrhagic colitis, and haemolytic uremic
syndrome [19]. Shiga toxin-producing E. coli (STEC) may also be referred to as VTEC [20].
They are an emerging zoonotic foodborne and waterborne pathogen that causes serious
health complications in humans and are an important cause of foodborne outbreaks [21,22].

Humans can acquire STEC through consumption of contaminated food or water,
contact with infected animals, and exposure to a contaminated environment [23,24]. Over
600 serogroups of STEC have been identified globally from different foods, humans, other
animals, and the environment [22]. Ruminants, particularly cattle, are considered as the
primary reservoirs of STEC and major reservoirs of O157 and non-O157 STEC [23,25].
These pathogens do not cause disease to the host, but colonise the stomach lining and
are shed through faeces [25]. E. coli O157:H7 is a notable STEC strain that has been
associated with cattle [26]. In South Africa, E. coli O157:H7 and non-O157 have been
previously identified from livestock and humans faecal samples, meat products, and water
samples [27]. However, STEC serogroups have not been identified in cattle environment
matrices (HS, AM, and ADW) that potentially disseminate these pathogens into aquatic
environments.

Per year, it has been estimated that STEC accounts for 2.8 million cases of acute human
diseases worldwide, and causes 3890 cases of the haemolytic uremic syndrome (HUS) and
230 deaths [19,28]. In Africa, 10,200 cases of STEC infection occur each year [19]. The first
case of STEC in South Africa was reported in 1990, and an outbreak in 1992 caused by STEC
was reported after consumption of water contaminated by cattle carcasses [19,24].
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In clinical settings, serogroup O104:H4 E. coli was identified from over 4000 suspected
diarrhoeagenic cases isolated between 2004 and 2011 [29]. Smith et al. [30] reported
STEC serotype O26:H11 from human stools. Shiga toxin-producing E. coli isolates were
implicated in human disease outbreaks between 2006 and 2013, which were fully serotyped
and identified as STEC O26:H11, O111:H8, O157:H7, and O117:H7 serotypes [22].

Multilocus sequence typing (MLST) is used for typing pathogenic E. coli strains to estab-
lish the evolutionary relationship and relatedness between isolates [31]. For environmental
samples, MLST has been previously employed to investigate the circulating sequence in
environmental water sources [32]. For the identified and characterised O157:H7, sequence
types (STs—ST10, ST11, and ST1204) were assigned from rivers and runoff water [32].
ST131 has been described to be caused by ESBL-producing E. coli from the community
in hospitalised patients of South Africa [33] and in ESBL-producing E. coli isolates; ST131
clone was also identified from the community in hospital patients [34]. The predominant
sequence type of ESBL-producing STEC circulating in the cattle environment has not yet
been compared to those present in an adjacent aquatic environment.

Extended-spectrum β-lactamase Enterobacteriaceae are a major public health threat [35].
It has been reported that in developing countries, the spread and burden of ESBL-producing
bacteria is high [36]. E. coli is one of the major pathogens of ESBL that causes com-
plicated urinary tract infections (UTI), and poses significant treatment failure against
cephalosporins [36]. Also, ESBL-producing E. coli is considered as the cause of community-
acquired infection [37]. According to a review by Ekwanzala et al. [14], various multidrug
resistance genes and ESBL resistance genes of E. coli from clinical, environmental, and farm
settings have been identified and detected in cattle manure samples [38]. A few studies
have characterised ARGs of ESBL-producing STEC in cattle manure. However, no study
has focused on the detection of ARGs that are present in the cattle environment. Therefore,
this study sought to investigate the presence of ARGs among ESBL-producing STEC in
cattle-associated environments, including aquatic environments.

In livestock farms, VFs have been previously detected in faecal samples of animal
origin [12,23,27,39,40]. Shiga toxin type 1 (Stx1) and type 2 (Stx2), encoded by stx1 and
stx2 genes, are the major VFs of STEC [41]. Virulence genes belonging to STEC serogroups
have not been assessed in a cattle environment. Although several studies have investi-
gated STEC and ESBL-producing E. coli from cattle manure, there is no information on
extended-spectrum beta-lactamases (ESBLs) among the STEC serogroups, particularly in
a contaminated cattle environment. The current study, therefore, investigated the preva-
lence of and characterised the ESBL-producing STEC in cattle-associated environments by
serotyping the STEC serogroups; typing STs; and detecting selected ARGs and the virulence
genes harboured in HS, AM, ADW, and NRW samples, by using MLST-based phylogenetic
analysis to establish relatedness.

2. Results
2.1. Prevalence of Extended-Spectrum Beta-Lactamase-Producing Shiga Toxin-Producing
Escherichia coli

Using CHROMagar™ STEC media, it was found that 83% (n = 158) of the 192 samples
representing all the matrices carried presumptive STEC colonies. Animal husbandry
soil harboured the highest percentage of STEC at 94% (n = 45/48), followed by ADW at
83% (n = 40/48), NRW at 79% (n = 38/48), and AM at 71% (n = 34/48). In all the matrices,
73.95% (n = 142) of the samples were found to carry presumptive ESBL-producing STEC
colonies using CHROMagar™ STEC supplemented with CHROMagar™ ESBL supplement.
The presumptive prevalence of ESBL-producing STEC was found to be the highest in HS
at 83% (n = 40/48), followed by 75% (n = 36/48) in ADW, 69% (n = 33/48) in NRW, and
the lowest prevalence was found in AM at 65% (n = 31/48). The prevalence of culture-
positive samples for STEC was compared to the positive samples for ESBL-producing STEC
per matrix for a simplified interpretation of the data, as illustrated in Figure 1. All the
presumptive isolates (100 in total and 25 from each matrix) were confirmed as E. coli. Of all
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the 100 confirmed ESBL-producing STEC, 40 isolates were randomly selected (10 from each
matrix) for the MLST phylogenetic analysis, and for the detection of virulence factor genes
and ARGs.
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Figure 1. The prevalence of STEC and ESBL-producing STEC culture-positive samples per
sample matrix.

2.2. Serogroups of ESBL-Producing STEC

The PCR results of the selected isolates revealed two serogroups, namely O45, with
88% (n = 35), and O145, with 13% (n = 5). For the 10 randomly selected isolates from each
matrix (HS, AM, and ADW), 9 isolates from each matrix were identified as O45 and 1 isolate
as O145. In NRW, 8 isolates were identified as O45 and 2 isolates as O145.

2.3. Multilocus Sequence Typing Profiles

A total of 40 isolates were investigated by MLST analysis, which revealed four different
sequence types. The predominant sequence type was ST10, which was represented by
28 isolates. The remaining isolates were assigned to three unique STs, namely ST23,
ST117, and ST165 for eight, two, and two isolates, respectively. The maximum likelihood
approach based on the Tamura–Nei model showed seven (7) concatenated housekeeping
gene sequences (Figure 2). The tree with the highest log likelihood (−5248.14) is shown in
Figure 2. The initial tree for the heuristic search was obtained automatically by applying
the neighbour-joining and BioNJ algorithms to a matrix of pairwise distances estimated
using the Tamura–Nei model, and then selecting the topology with superior log likelihood
value; in total, 3414 positions were in the final dataset. The MLST-based phylogenetic
tree of the concatenated sequences generated using the maximum likelihood method and
Tamura–Nei model revealed three distinct lineages in the ESBL-producing STEC isolate
strains. The majority of typed STs belonged to the clonal complex 10 (CC10), which
showed amalgamated strains from HS, AM, ADW and NRW. The first clade represented
an evolutionary history between two HS isolates assigned to ST117. The second clade,
consisting of a mixture of HS, AM, and ADW, was assigned to ST23. The third clade
represented a mixture of amalgamated strains from all matrices, predominantly assigned
to ST10 and ST165 (Figure 3).
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2.4. Detected ARGs in Isolated ESBL-Producing STEC

For the selected ARGs (sul1, sul2, blaCTXM-M, blaOXA, blaTEM, and qnrS) in 40 randomly
selected isolates, the most frequently detected gene for ESBL-producing STEC was sul1,
which was detected in all 40 isolates (100%), followed by blaOXA at 98% (n = 39), blaCTX-M
at 93% (n = 37), sul2 at 90% (n = 36), blaTEM at 83% (n = 33), and qnrS at 23% (n = 9). For
HS, all 10 randomly selected isolates harboured sul1, sul2, blaCTX-M, and blaOXA; 9 isolates
carried blaTEM and 4 isolates carried qnrS. All 10 isolates from ADW harboured sul1 and
blaOXA, with 9 isolates harbouring blaCTX-M, 8 isolates harbouring the sul2 and blaTEM genes,
and 4 isolates carrying qnrS. In NRW, sul1, sul2, blaCTX-M, and blaOXA were detected in
all 10 randomly selected isolates; 8 isolates carried blaTEM, while the qnrS gene was not
detected in any of the isolates. For AM, sul1 was detected in all 10 isolates; 9 isolates carried
blaOXA; 8 isolates carried sul2, blaCTX-M, and blaTEM; and only 1 isolate carried qnrS. The
distribution of selected ARGs detected in this study is presented in Figure 4.
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2.5. Detected Virulence Genes in Isolated ESBL-Producing STEC

Of all the assessed virulence genes (stx1, stx2, eae, hylA, and ipaH), only the stx2 gene
was detected across all the matrices (HS, AM, ADW, and NRW). In all 10 randomly selected
ESBL-producing STEC isolates from each matrix, 9 (90%) HS isolates carried stx2. For
AM and ADW, 3 isolates carried stx2 (30%), and 5 (50%) NRW isolates carried stx2. The
distribution of virulence genes in ESBL-producing STEC isolates detected in all the matrices
in this study is illustrated in Figure 5.
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3. Discussion

The presence of ARB and ARGs in the livestock environment poses a threat to human
health through exposure to the contaminated environment [12,42]. Runoff from the live-
stock farms can potentially contaminate the surface water, increasing the risk of foodborne
illness as a result of the ingestion of contaminated water [43]. For this reason, it was
crucial in this study to investigate ESBL-producing genes in STEC strains present in the
livestock environment disseminating into the aquatic environment utilised by humans for
drinking purposes. The current study isolated and characterised the ESBL-producing STEC
in cattle associated environments by serotyping the STEC serogroups; typing STs; and
detecting selected ARGs and the virulence genes harboured in HS, AM, ADW, and NRW
samples, by using MLST-based phylogenetic analysis to establish relatedness. Currently,
there has been little investigation into the prevalence of STEC and ESBL-producing STEC
in cattle-associated environments that are potentially contaminated.

The prevalence of STEC and ESBL-producing STEC in this study has been reported
from HS, AM, ADW, and NRW. Animal husbandry soil was shown to have the highest
prevalence of STEC and ESBL-producing STEC, accounting for 94% and 83%, respectively.
These high percentages might be due to the fact that the soil environment is considered as
the major reservoir of STEC, particularly in agricultural soil; once STEC is in the soils, it can
survive for days and up to months [44]. Furthermore, soil can also be contaminated with
STEC as a result of manure application [44]. For ESBL-producing STEC, a high prevalence
was observed as the soil is known to be a major reservoir of AR [45,46]. Animal manure
can serve as a source of contamination, polluting both the soil and water [47]. In this
present study, the prevalence of STEC in AM was 70.83%; for ESBL-producing STEC, it was
63.26%. The prolonged survival period of STEC and serogroup E. coli O157:H7 in manure
being up to 21 months might clearly explain their prevalence, as also stated by previous
investigators [48]. It is also important to note that manure is one of the matrices that is
considered as a hotspot of many ARB and ARGs [49,50]. As for the ADW, the prevalence of
STEC and ESBL-producing STEC was found to be higher (83.33% and 73.46%, respectively)
compared to that of manure. Antibiotic residues can contaminate the environment, and due
to accidental spillage of water fed to animals, they can contaminate the environment [51].
Furthermore, animal drinking water can influence the initiation and circulation of STEC
within the livestock due to contamination of the animal drinking water troughs through
direct or indirect faeces contamination from bedding material and dust in the troughs [52].

Water that is used by informal settlers and homeless people for basic needs such as
drinking, and bathing was collected from the Bon Accord Dam. There are no reports of
the prevalence of STEC and ESBL-producing STEC in this aquatic environment; thus, the
current study reports for the first time the prevalence of STEC and ESBL-STEC in NRW to
be 79.16% and 71.42%, respectively. Previous investigators have reported that water is also
considered as the major carrier of STEC, which can persist for a long time and spread over
long distances, escalating human exposure through direct contact; furthermore, aquatic
environments are regarded as the main reservoir of AR [6,44,52,53].

Most STEC infections that cause major severe disease and outbreaks in humans belong
to the big seven major serogroups, namely STEC O157, O26, O45, O103, O121, O111,
and O145 [23]. The current study reports STEC serogroups in the livestock environment,
namely in HS, AM, ADW, and NRW. The presence of STEC serogroups might differ
because of regional variations or location [54,55]. Results of the present study agreed with
the statement of these authors, as they demonstrated variations on the prevalence of the
serogroups from aquatic environments surrounding the cattle farm under this investigation.
The predominant serogroups in NRW were O45 at 80%, and 20% of all 10 randomly selected
isolates were identified as O145. These results differ from those of [27], who only isolated
and identified E. coli O157:H7, with a very low prevalence of 2.3% in water used for
domestic purposes by residents of an informal settlement in Koster, a small farming town
in North West Province of South Africa. The identified serogroups in the current study also
differ from the identified serogroups in clinical settings.
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MLST analysis was employed to establish the evolutionary relationship and related-
ness between isolates in the livestock environment and the nearby aquatic environment.
Internal fragments of the seven (7) housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and
recA) were analysed to determine the relatedness of ESBL-producing STEC isolated from
HS, AM, ADW, and NRW. Results of MLST analysis revealed four STs (ST10, ST23, ST165,
and ST117) for the identified O45 and O145 serogroups of STEC belonging to the clonal
complex (CC10), all of which were found to be ESBL-gene carriers. The STs within CC10
were found to have the following alleles: adk (n = 10), fumC (n = 11), gyrB (n = 4), icd (n = 8),
mdh (n = 8), purA (n = 8), and recA (n = 2). An environmental study reported different
STs from environmental water sources for the identified and characterised O157:H7 [32].
Different STs were assigned, namely ST10, ST11, and ST1204, in river water and runoff
in the Gauteng Province [32]. Sequence type 10 in environmental waters was found to
be similar to the dominant ST (ST10) in the current study. This included isolates from
NRW (n = 10), HS (n = 6), ADW (n = 6), and AM (n = 5). The ST165, showing an intermix
of two AM isolates, clustered together with ST10 isolates in the same clade. The second
assigned ST was ST23, occurring in AM (n = 3), ADW (n = 3), and HS (n = 2). The ST23
clone has been previously identified with the ST10 clone from diseased cattle, which was
found to be an ESBL-carrier in humans in France [56]. Moreover, ST117 was identified in
the current study for two HS isolates that had been identified on a cattle farm isolated from
cattle manure harbouring the blaCTX-M-1 gene in the Netherlands [57]. Molecular analysis
revealed that AM, ADW, and NRW isolate sequences clustered together in one clade, sug-
gesting that aquatic environments may be contaminated with ARGs of ESBL-producing
STEC harbouring stx2. This finding might indicate that the dominant ST circulating from
cattle environments to aquatic environments is ST10.

Our study indicated that ST10 was dominant, a sequence type known for its ubiquity
in human faecal samples and in food samples. Moreover, the sequenced isolates in this
study clustered together with the STs from the clinical settings. In the first clade (pink in
Figure 3), isolates of HS belonging to ST117 clustered with STs (ST73, ST95, and ST131)
that have been identified in clinics [33,34,58]. Although isolates had different STs, they
clustered together; this might be due to the fact that they share five of the seven alleles.
Such similarities in the antibiotic-resistant profiles of the isolates from different sources
indicate similarities in antibiotic exposure histories and that all ESBLs are more closely
related to one another [38,59]. The second clade (green in Figure 3) showed an intermix of
isolates assigned to ST23 clustering with the dominant ST410 and ST648 from the clinics.
Isolates of this study in the third clade (blue in Figure 3) also clustered with four of the
STs (ST665, ST617, ST10, and ST744) that are dominant in clinical settings [58]. Despite the
fact that they were not of the same STs, isolates of this study assigned as ST23 shared the
same alleles with STs from clinical settings (adk = 6, fumC = 4, gyrB = 12, icd = 1, mdh = 20,
and recA = 7). In the third clade (blue), our isolates that were identified as ST10 and ST165
(an intermix of HS, AM, ADW, and NRW isolates) clustered with ST 665, ST617, ST10, and
ST744 identified in clinical settings by Mbelle et al. [58]. This occurrence might be due to the
fact that these isolates from the present study shared the same alleles (adk = 10, fumC = 11,
gyrB = 4, icd = 8, mdh = 8, purA = 8, and recA = 2). All the STs that were identified in our
study showed close relatedness to those from the clinical settings.

For the selected ARGs (sul1, sul2, blaCTX-M, blaOXA, blaTEM, and qnrS) in this study and
the 40 randomly selected isolates, the most frequently detected gene for ESBL-producing
STEC was sul1, which occurred in all 40 isolates (100%), followed by blaOXA at 97.5%
(n = 39), blaCTX-M at 92.5% (n = 37), sul2 at 90% (n = 36), blaTEM at 82.5% (n = 33), and qnrS
at 22.5% (n = 9). The sulphonamide ARG sul1 occurred in all isolates (100%) and was the
most frequently detected ARG, whereas sul2 was detected in 90% of all isolates. A high
occurrence of sul1 and sul2 in environmental isolates has been reported widely [60]. The
prevalence of blaCTX-M was also high at 92.5%; CTX-M is known to be the predominant
ESBL type in ARGs, and is most often reported as associated with resistance, and CTX-M
type ESBLs are known to have originated from the environment [61,62]. The prevalence
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of blaTEM was 82.5%; this may be associated with the resistance caused by TEM-type β-
lactamase genes in Gram-negative bacteria [61]. A low prevalence of qnrS (22.5%) might
be attributed to the fact that qnr genes are found on the same plasmids of ESBL and are
reported have low level of resistance to fluoroquinolone in Enterobacteriaceae [63].

For all the matrices in the current study, HS harboured almost all the ESBL genes
compared to other matrices; the distribution of ARGs in HS was as follows: sul1 (100%,
n = 10), followed by sul2 (100%, n = 10), blaCTX-M (100%, n = 10), blaOXA (100%, n = 10),
blaTEM (90%, n = 9), and qnrS (40%, n = 4). The highest prevalence of ARGs was detected
in soil. These findings corroborate those of previous investigators who stated that soil
represents a natural reservoir of ARB, carrying a diverse set of known and unknown
antibiotic resistance determinants [50]. The current study revealed that the ARGs present
in AM isolates were sul1 (100%, n = 10), sul2 (80%, n = 8), blaCTX-M (80%, n = 8), all of
blaOXA (90%, n = 9), blaTEM (80%, n = 8), and qnrS (10%, n = 1). A high prevalence of ARGs
detected in cattle manure might be due to the fact that manure is one of the matrices that is
considered as the hotspot of bacteria carrying ARGs [50].

In ADW isolates, we observed sul1 (100%, n = 10), sul2 (80%, n = 8), blaCTX-M (90%,
n = 9), all of blaOXA (100%, n = 10), blaTEM (80%, n = 9), and qnrS (40%, n = 4). For NRW
isolates, sul1 (100%, n = 10), sul2 (100%, n = 10), blaCTX-M (100%, n = 10), and blaOXA (100%,
n = 10) were found to be the highest compared to blaTEM (80%, n = 9), while qnrS was not
detected. These results confirmed the detection of many ARGs in water as reported by
previous investigators who reported that aquatic environments are known to be major
reservoirs of ARB and ARGs as a result of the absorption of different pollutants [64,65].
The detected ARGs in the current study are similar to some ARGs identified from cattle
manure samples, which are blaCTX-M and blaTEM from faecal samples belonging to the O157
serogroup [66]. Furthermore, blaTEM, blaSHV, and blaCTX-M genes were detected in E. coli
isolates from cattle manure and raw beef samples (Montso et al., 2019a); furthermore, in
the present study, blaTEM and blaCTX-M were also detected. However, sul1 and sul2 were not
targeted in either of the other studies. Most importantly, the target ESBL genes (namely
sul1, sul2, blaCTX-M, blaOXA, blaTEM, and qnrS) detected in the current study are similar to
some of those identified and detected in clinics [33,34,58,67,68]. This might due to the fact
that ARGs present in clinical settings are thought to have originated from environmental
bacteria and have been detected in genomes of environmental ARB [14].

Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2) are the major virulence factors of STEC;
one strain of STEC can produce both toxins or only one of the virulence factors [22,25]. In
the present study, for the identified O45 and O145 serogroups, the virulence gene stx2 was
identified in all the environmental samples. Animal husbandry soil carried 90% of stx2;
in both AM and ADW, 30% of the isolates in each matrix carried stx2; for NRW, 50% of
the isolates carried stx2. The current results contrast with those linked to virulence factors
detected by Ndlovu et al. [69], who reported unspecified stx in 15%, ipaH in 31%, and
eae in 8% of the river water samples collected from the Berg River. It has been suggested
that the production of virulence factors depends on the serotype of STEC [70]. Shiga
toxin 2 is associated with a higher risk of HUS, and it is 1000 times more toxic compared
with stx1 [25,71]. Many countries continue to use antibiotics in livestock for growth
promotion purposes, which can result in the introduction and dissemination of stx2 into
the environment, which can potentially infect other bacteria [72]. Even though 20 isolates
did not harbour Shiga toxin genes, we cannot state that the stx genes of these 20 isolates did
not contain Shiga toxin genes, as they might be lost during isolation. Previous studies have
reported the loss of stx genes upon isolation or subculture among STEC strains belonging
to serogroups O2:H5, O26:H11, O73:H34, and O100:H32 [73].

4. Materials and Methods
4.1. Description of Study Area and Sample Collection

Animal husbandry soil (HS), animal manure (AM), animal drinking water (ADW)
and nearby river water (NRW) were collected at the Tshwane University of Technology
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(TUT) Research Farm located in Honingnestkrans, near Bon Accord, in Pretoria North,
Gauteng Province. A description of the study area and sample collection are detailed
by Ramaite et al. [74]. Livestock-associated environmental samples were collected from
October to December 2018, amounting to a total of 192 samples, including 48 samples from
each source (HS, AM, ADW, and NRW).

4.2. Processing of Samples

Briefly, HS and AM samples were processed using the water-displacement method
as described by Abia et al. [75] with slight modifications. About 300 g of HS or AM
sample was aseptically transferred into a 1 L sterile Durham bottle containing 400 mL of
1× phosphate-buffered saline (PBS), 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and
2 mM KH2 until the 500 mL mark was reached. For both ADW and NRW, 100 mL of each
sample was used directly from collected samples. For a full description of the processing of
samples, refer to that described by Ramaite et al. [74].

4.3. Isolation of ESBL-Producing STEC

To isolate STEC and ESBL-producing STEC, 100 mL of each of the water samples
or extractions (HS, AM, ADW, and NRW) were pre-enriched in 200 mL of tryptone soy
broth (TSB, OXOID) (Thermo Scientific, Johannesburg, South Africa). Enriched broths were
incubated at 42 ◦C for ±18 (Millipore Incubator X6310000, Merck Millipore, Johannesburg,
South Africa), respectively. After incubation, a loopful of broths of the enriched cultures
was spread on the CHROMagar™ STEC for isolation of STEC and on CHROMagar™
STEC supplemented with 0.57 g/L of CHROMagar™ ESBL for isolation of ESBL STEC
(Media Mage (Pty) Ltd., Johannesburg, South Africa). Escherichia coli NCTC® 11954 beta-
lactamase-producing control strain and Staphylococcus aureus subsp. aureus Rosenbach
(ATCC® 43300™) were used as positive and negative quality controls, respectively (Thermo
Scientific, Johannesburg, South Africa). Pure 100 presumptive colonies were randomly
selected and placed separately in 2 mL of sterile TSB in Eppendorf tubes and centrifuged at
4000 rpm for 30 s to form bacterial pellets. Following incubation, the bacterial pellet was
suspended in 20% glycerol and kept at −80 ◦C until further analysis.

For preliminary identification, 100 presumptive colonies were subjected to matrix-
assisted laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF-MS)
analysis at the University of Pretoria, Department of Microbiology and Plant Pathology
(MALDI-TOF Diagnostic Service). The MALDI-TOF-MS procedure was carried out as
described by Ramaite et al. [74].

4.4. Genomic DNA Extraction

Following the results of the MALDI-TOF analysis, confirmed ESBL-producing STEC
isolates were thawed for DNA extraction. DNA was extracted from preserved cultures of
ESBL-producing STEC isolates using InstaGene™ matrix according to the manufacturer’s
instructions (Bio-Rad, Johannesburg, South Africa). The extracted genomic DNA (gDNA)
was checked for quality and concentration using the NanoDrop™ 2000 spectrophotometer
(Thermo Scientific, Johannesburg, South Africa). The extracted gDNA suspension was then
kept at −80 ◦C until further use.

4.5. Molecular Analysis of ESBL-Producing STEC
4.5.1. Identification of Serogroups of ESBL-Producing STEC

To identify the predominant STEC serogroups, all the ESBL-producing STEC isolates
were further serotyped for their O serogroups using the conventional PCR. Each PCR was
set up to detect the eight STEC O-groups, namely O26, O45, O103, O111, O113, O121,
O145, and O157. The PCR amplification was carried out in a MiniAmp Plus thermal cycler
(Thermo Fisher, Johannesburg, South Africa). Each PCR was performed in a total volume of
25 µL, consisting of 5 µL of extracted gDNA template, 0.5 µL of forward primer (10 µM) and
0.5 µL of reverse primer (10 µM), 12.5 µL of Taq 2X master mix, and 6.5 µL of nuclease-free
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water (Inqaba Biotechnical Industries, Pretoria, South Africa). The following conditions
were used for PCR amplification: enzyme activation for 30 s at 95 ◦C, followed by 30 cycles
of denaturation for 30 s at 95 ◦C, annealing at 57 ◦C for 1 min, extension for 1 min at 68 ◦C,
and a final extension for 5 min at 68 ◦C. The expected band sizes of the PCR products were
visualised by electrophoresis on a 1% agarose gel which was prepared in 1× TAE buffer
and stained with 0.5 µL ethidium bromide. The electrophoresis was performed for 1 h at
100 V, and the amplicons in the gel were visualised under ultraviolet light using Syngene
Gel documentation system (Vacutec, Johannesburg, South Africa). The primer pairs for the
identification of O-serogroups are listed in Table 1.

Table 1. Primer pairs for identification of O-serogroups, housekeeping genes, ARGs, and virulence
factor genes used in this study.

Gene
Abbreviations

Prime Sequence (F—Forward,
R—Reverse) from 5’ to 3’

Product
Size (bp)

Annealing
Temperature (◦C) References

O-serogroups

O26 F: CAATGGGCG GAAATTTTAGA
R: ATAATTTTCTCTGCCGTCGC 155 57

[76]

O45 F: TGCAGTAACCTGCACGGGCG
R: AGCAGGCACAACAGCCACTACT 238 57

O103 F: TTGGAGCGTTAACTGGACCT
R: GCTCCCGAGCACGTATAAAG 321 57

O113 F: TGCCATAATTCAGAGGGTGAC
R: AACAAAGCTAA TTGTGGCCG 514 57

O121 F: TCCAACAATTGGTCGTGAAA
R: AGAAAG TGTGAAATGCCCGT 628 57

O145 F: TTCATTGTTTTGCTTGCTCG
R: GGCAAGCTTTGGAAATGAAA 750 57

O157 F: TCGAGGTACCTGAATCTTTCCTTCTGT
R: ACCAGTCTTGGTGCTGCTCTGACA 894 57

Housekeeping genes

adk F: ATTCTGCTTGGCGCTCCGGG
R: CCGTCAACTTTCGCGTATTT 582 54

[77]

fumC F: TCACAGGTCGCCAGCGCTTC
R: GTACGCAGCGAAAAAGATTC 806 54

gyrB F: TCGGCGACACGGATGACGGC
R: ATCAGGCCTTCACGCGCATC 911 60

icd F: ATGGAAAGTAAAGTAGTTGTTCCGGCACA
R: GGACGCAGCAGGATCTGTT 878 54

mdh F: ATGAAAGTCGCAGTCCTCGGCGCTGCTGGCGG
R: TTAACGAACTCCTGCCCCAGAGCGATATCTTTCTT 932 60

purA F: CGCGCTGATGAAAGAGATGA
R: CATACGGTAAGCCACGCAGA 816 54

recA F: CGCATTCGCTTTACCCTGACC
R: TCTCGATCAGCTTCTCTTTT 780 58
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Table 1. Cont.

Gene
Abbreviations

Prime Sequence (F—Forward,
R—Reverse) from 5’ to 3’

Product
Size (bp)

Annealing
Temperature (◦C) References

Antibiotic resistance genes

sul1 F: CGCACCGGAAACATCGCTGCAC
R: TGAAGTTCCGCCGCAAGGCTCG 163 56

[78]
sul2 F:TCCGGTGGAGGCCGGTATCTGG

R: CGGGAATGCCATCTGCCTTGAG 191 60

blaCTX-M
F: CGA TGTGCAGTACCAGTAA

R: TTAGTGACCAGAATCAGCGG 585 60

[79]blaOXA
F: TATCTACAGCAGCGCCAGTG
R: CGCATCAAATGCCATAAGTG 199 53

blaTEM
F: TACGATACGGGAGGGCTTAC
R: TTCCTGTTTTTGCTCACCCA 716 53

qnrS F: GCAAGTTCATTGAACAGGGT
R: TCTAAACCGTCGAGTTCGGCG 428 54 [78]

Virulence genes

stx1 F: CAGTTAATGTGGTGGCGAAGG
R: CACCAGACAATGTAACCGCTG 348 56

[71]stx2 F: ATCCTATTCCCGGGAGTTTACG
R: GCGTCATCGTATACACAGGAGC 584 56

Eae F: ATTACTGAGATTAAGGCTGA
R: ATTTATTTGCAGCCCCCCAT 682 56

hlyA F: GCATCATCAAGCGTACGTTCC
R: AATGAGCCAAGCTGGTTAAGCT 534 65 [80]

ipaH F: CTCGGCACGTTTTAATAGTCTGG
R: GTGGAGAGCTGAAGTTTCTCTGC 933 60 [29]

4.5.2. Molecular Typing of Selected ESBL-Producing E. coli Isolates

For multilocus sequence typing (MLST) of E. coli isolates, internal gene fragments of
seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were sequenced as
described by [77], using primers as listed in Table 1. The amplified PCR products were
purified by mixing 10 µL of PCR reaction for sequencing preparation and 2.5 µL of ExoSAP
Mix, consisting of 50 µL of Exonuclease I (NEB) and 200 µL of shrimp alkaline phosphatase.
The reaction mixture was properly mixed and followed by incubation for 15 min at 37 ◦C.
Following incubation, the mixture was heated for 15 min at 80 ◦C (Inqaba Biotechnical In-
dustries, Johannesburg, South Africa). Purified PCR products were sequenced, as described
by Ramaite et al. [74].

4.6. Multilocus Analysis

In brief, sequences were edited using Molecular Evolutionary Genetics Analysis
(MEGA) software (Edit Menu in Alignment Explorer) and queried using the BLASTn
algorithm (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 13 February 2021). All the
seven housekeeping genes used in the scheme (adk, fumC, gyrB, icd, mdh, purA, and recA)
were concatenated by using MEGA X [81] and aligned by Muscle [82]. The evolutionary
history was inferred by using the Maximum Likelihood method and the Tamura–Nei
model [83]. The tree was drawn to scale, with branch lengths measured in the number
of substitutions per site. The tree for the heuristic search was obtained automatically
by applying neighbour-joining and BioNJ algorithms to a matrix of pairwise distances

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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estimated using the Tamura–Nei model and then selecting the topology with superior
log likelihood value. This analysis involved 40 nucleotide sequences. Codon positions
included were 1st + 2nd + 3rd + Noncoding. There was a total of 3414 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X [81]. The inferred MLST-based
phylogenetic tree was annotated using iTol [84], where STs, VF, and ARGs were allocated
to their respective strains.

To gain insight into the relatedness between the isolates of ESBL-producing STEC
in the present study and the predominant ST from the clinical settings, we inferred a
phylogenetic tree using MLST sequences of our ESBL-producing STEC isolates against
ST sequences retrieved with those published [33,34,58]. The isolates that were sequenced
in the current study and from other published studies were aligned by muscle aligner in
MEGA X [81] and analysed as described in the above section.

4.7. Genetic Detection of Selected ARGs

Selected ARGs, namely sul1, sul2, blaOXA, blaTEM, blaCTXM-M, and qnrS, were assessed.
Amplification conditions for PCR were as described in the above section, and the primer
annealing temperatures for sul1, sul2, blaOXA, blaTEM, blaCTXM-M, and qnrS were 56 ◦C,
60 ◦C, 60 ◦C, 53 ◦C, 53 ◦C, and 54 ◦C, respectively. The PCR products were visualised for
expected band sizes, as stated above in the identification of STEC serogroups, using the
primer pairs shown in Table 1.

4.8. Detection of Virulence Factors in ESBL-Producing STEC

Multiplex-PCR was used to screen samples for the presence of virulence genes (stx1,
stx2, eae, hylA, and ipaH); the primer pairs are listed in Table 1. The amplification conditions
for the PCR assay and for DNA amplification were as described in the above section for
identification of STEC serogroups, with primer annealing for 1 min at 56 ◦C for stx1, stx2,
and eae and for 1 min at 65 ◦C and 60 ◦C for hylA and ipaH, respectively.

4.9. Statistical Analysis

The prevalence of both STEC and ESBL-producing STEC was determined, STEC
serotypes were identified, and the presence and distribution of VFs and ARGs genes were
plotted using Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA). The
prevalence of positive samples for each matrix was expressed as the percentage of positive
samples from the total number of samples tested. Fischer’s exact test using formula in
Microsoft Excel PowerPoint® 2016 (Microsoft Corporation, Redmond, WA, USA) was used
to evaluate the difference in the prevalence of ESBL-producing STEC between the four
matrixes. Analysis was performed at the 95% (α = 0.05) confidence limit.

5. Conclusions

The present study investigated genetic characteristics of ESBL-producing STEC in
cattle farm environments to track their dissemination from the livestock environment into
the NRW. A considerable number of STEC non-O157 strains were isolated, and virulence
genes and ARGs were observed in STEC non-O157 strains. The ST10 (n = 28) was more
prevalent compared to other STs belonging to CC10, showing intermixed clades of ESBL-
producing STEC isolated from different environments. The genetic profiles of isolates
identified in livestock and aquatic environments were similar to those of clinical isolates.
Cattle environments can be regarded as a reservoir of ESBL-producing bacteria that may
spread to nearby aquatic environments. Therefore, continual surveillance of non-O157 and
effective water quality control measures would be beneficial for controlling and preventing
STEC diseases in communities that regularly make use of river water.
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Abbreviations and Acronyms

STEC Shiga toxin-producing Escherichia coli
ESBL-STEC Extended beta-lactamase- and Shiga toxin-producing Escherichia coli
HS Husbandry soil
AM Animal manure
ADW Animal drinking water
NRW Nearby river water
ARG Antibiotic resistance gene
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