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The World Health Organization in 2017 listed vancomycin-resistant enterococci (VRE)
among those with high priority for research. This study determined the efficiency of two
wastewater treatment plants (WWTPs) in removing both vancomycin-resistant
enterococci (VRE) and vancomycin-sensitive enterococci (VSE) from wastewater and
the effect of their effluents on the receiving water bodies being reused. VRE and total
enterococci (TE) respectively were isolated using Slanetz and Bartley agar with and without
vancomycin from wastewater and river samples. Isolate speciation was confirmed by PCR
and Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) mass
spectrometry (MS). Molecular methods were used for confirmation of presumptive VRE
and for detection of van genes. Resistance to antibiotics was determined by the disk
diffusion method. The TE and VRE counts of the two WWTPs influents ranged from 6.1 to
7.2 log10 CFU/100ml and 4.3 to 6.7 log10 CFU/100ml respectively while the effluent
counts ranged from 0 to 4.4 log10 CFU/100ml and 0 to 3.4 log10 CFU/100ml for the
chlorinated effluents. The TE and VRE counts of the recipient river samples were higher
than the effluents. Exactly 186 (80.1%) isolates tallied with PCR as Enterococcus while 22
(9.5%) were positive by PCR but negative with MALDI-TOF. Enterococcus faecium and E.
faecalis were the most abundant species. The isolates showed 34–100% resistance to
quinopristin-dalfopristin, streptomycin, doxycycline, tetracycline, ciprofloxacin and
cefixime. VanA (73.8%) were dominant among the isolates. The two WWTPs were
efficient in reducing the VRE counts. Thus, the VRE in the river is most likely due to
contamination from other sources and it may result in threat to human health when reused.

Keywords: vancomycin, wastewater reuse, enterococci, river water, antibiogram, van genes

Edited by:
Khalid Muzamil Gani,

National Institute of Technology, India

Reviewed by:
Aalaa Samir Saad,

Animal Health Research Institute,
Egypt

M. Jahangir Alam,
University of Houston, United States

*Correspondence:
Anthony A. Adegoke

anthonyadegoke@uniuyo.edu.ng
aayodegoke@gmail.com

Specialty section:
This article was submitted to

“Water and Wastewater
Management”,

a section of the journal
Frontiers in Environmental Science

Received: 19 October 2021
Accepted: 08 December 2021
Published: 24 January 2022

Citation:
Adegoke AA, Madu CE, Reddy P,
Stenström TA and Okoh AI (2022)

Prevalence of Vancomycin Resistant
Enterococcus in Wastewater

Treatment Plants and Their Recipients
for Reuse Using PCR and MALDI-

ToF MS.
Front. Environ. Sci. 9:797992.

doi: 10.3389/fenvs.2021.797992
Abbreviations: mS&B, membrane-Enterococcus Slanetz and Bartley; TE, Total Enterococci; WWTP, Wastewater
treatment plant.

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 7979921

ORIGINAL RESEARCH
published: 24 January 2022

doi: 10.3389/fenvs.2021.797992

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.797992&domain=pdf&date_stamp=2022-01-24
https://www.frontiersin.org/articles/10.3389/fenvs.2021.797992/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.797992/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.797992/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.797992/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.797992/full
http://creativecommons.org/licenses/by/4.0/
mailto:anthonyadegoke@uniuyo.edu.ng
mailto:aayodegoke@gmail.com
https://doi.org/10.3389/fenvs.2021.797992
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.797992


INTRODUCTION

Enterococci are Gram-positive coccoidal bacteria that mainly
occur in pairs or short chains, and share some phenotypic
attributes with streptococci (Vu and Carvalho, 2011). They
consist of several species. Among these, E faecalis and E
faecium are normal commensals of the gastrointestinal tract of
humans and some other animals with typical concentration in
human stool of 104–107 CFU per Gram (Fisher and Phillips, 2009;
Boehm and Sassoubre, 2014; Puchter et al., 2018). Enterococci
can be recovered from human infection, vegetations and surface
water, the latter two partly due to contamination by animal
excreta, untreated sewage and poorly treated wastewater (Jett
et al., 1994; Hammerum, 2012; Sanderson et al., 2020; Ping et al.,
2020). Several species such as E hirae, E faecalis, E casseliflavus, E
faecium, E mundtii and E sulfureus have been shown to be
associated with vegetations such as forage crops (Cai, 1999;
Muller et al., 2001).

Being part of the normal flora of the gastrointestinal tract,
Enterococcus species are faecal indicator used in water quality
control EU, 2006; USEPA, 2006; and WHO, 2006; Boehm and
Sassoubre, 2014. Enterococci can tolerate environmental stressors
such as temperature (5–50°C), variable pH (4.5–9.9), 40% bile
salts and 6.5% NaCl, desiccation, and oxidative stress (Bradley
and Fraise, 1996; Fisher and Phillips, 2009; Arias and Murray,
2012). The resilient ability of enterococci may help them
withstand some less stringent WWTP processes. This is
evident from the detection of enterococci from chlorinated
effluent samples tested by Rosenberg-Goldstein et al. (2014),
though the concentration of chlorine was not stated.

Many species of Enterococci are opportunistic pathogens and
cause some life-threatening infections such as nosocomial
bacteremia, urinary tract infection and wound infection etc.
Mortality associated with antibiotic resistant enterococcal
bacteremia is several times higher than when associated with
susceptible enterococcal bacteremia (Puchter et al., 2018; Athan
et al., 2019). Athan et al. (2019) described enterococcal
bacteremia as silent but deadly and therefore recommended
that the patients with enterococcal bacteraemia should be
assessed for colorectal neoplasia. According to European
Centre for Disease Prevention and Control, (ECDC, 2012), the
prevalence of vancomycin resistance between 2005 and 2010 was
much more frequently associated with E. faecium (20.6%
United Kingdom, 26.4% Portugal, 32.3% Greece, 35.2%
Ireland) than with E. faecalis (2.1% United Kingdom, 4.0%
Portugal, 5.3% Greece, 2.1% Ireland). In a study to
characterize presumptive vancomycin-resistant enterococci
recovered during infection control surveillance in Dallas,
Texas, United States, using Spectra VRE agar containing 6 μg/
ml vancomycin, robust identification of E. faecium was made by
Ping et al. (2020). This shows that the bacteria still have a public
health significance worthy of consideration for surveillance.

Vancomycin, is an important glycopeptide antibiotic and the
drug of choice against enterococcal infection due to resistance to
other antibiotics (Varela et al., 2013). Emergence and spread of
vancomycin-resistant enterococci (VRE) are a public health
concern and a threat to antibiotic therapy and can pose

serious threat if contained in wastewater for reuse. In the US,
the prevalence of VRE in health care units in 2003 was 28.5%
(Varela et al., 2013) noted, this continues to be significant (Ping
et al., 2020). VRE in poorly treated wastewater recycle back
directly or indirectly to humans (Rizzo et al., 2013) and so
constitute a serious threat to public health. Transmission may
be through food crops irrigated with reclaimed water and
effluents from WWTPs or discharged directly into streams
and thereafter used as irrigation water.

Several studies on the occurrence of antibiotic resistant
bacteria in WWTPs and effluents detected VRE at different
stages of the wastewater treatment processes and even in the
final effluents (Kotzamanidis et al., 2009; Nagulapally et al., 2009;
Araújo et al., 2010; Luczkiewicz et al., 2010; Morris et al., 2012;
Sanderson et al., 2020). Sadowy and Luczkiewicz (2014) showed
that WWTPs constitute an important source of enterococcal
strains carrying antimicrobial resistance determinants (ARDs).
The ARDs are often associated with the presence of mobile
genetic elements (MGE), thus increasing a pool of such genes
for potential transfer to other organisms in the environment.
Sanderson et al. (2020) reported the detection of VRE isolates,
containing E. faecalis, E. faecium, E. casseliflavus and E.
gallinarum from the WWTP AMR phenotype.

Managing and minimizing the level of VRE in the effluents
from wastewater treatment is an important aspect in reducing
infection risk among the exposed individuals when the water is
reused. It will also reduce the risk of acquiring antimicrobial
resistance by other bacterial species through genetic
recombination in the environment. It is therefore important to
assess the efficiency ofWWTPs in removing VRE and subsequent
measures to be taken to curb dissemination of these high-risk
bacteria in South Africa because of the immense human health
risks such pathogenic bacteria may have via exposure (World
Health Organization, 2017; Adegoke et al., 2020; Nzima et al.,
2020).

Vancomycin affects the cell wall synthesis by targeting the
D-Alanyl-D-Alanine terminus. Thus, resistance by enterococci
involves two component systems where the cell wall composition
is altered from the peptidoglycan precursor D-Ala-D-Ala
(vancomycin-susceptible) to D-Ala-D-lactate (D-Lac) or
D-Ala-D-Serine (D-Ser). The D-Ala-D-lactate (D-Lac) and
D-Ala-D-Serine (D-Ser) have many times less affinity for
vancomycin, thus the susceptible target is removed (Fisher and
Philips, 2009). There are six types of resistance to vancomycin
which are van A, B, C, D, E, and G. The differences between these
phenotypes are based on the composition of their peptidoglycan
precursors in response to vancomycin, their inducibility, and in
the level of resistance conferred.VanA, VanB- andVanD-types of
resistance result from the preferential incorporation of D-alanyl –
D-lactate precursors in peptidoglycan (Bugg et al., 1991; Evers
et al., 1994; Depardieu et al., 2004), while VanC, VanE and VanG
(Arias et al., 2000; Abadia et al., 2002; Depardieu et al., 2003),
relate to the ligase that produces D-alanyl – D-serine rather than
D-alanyl – D-lactate (Reynolds et al., 1994).

The first outbreak of VRE in a haematology unit in Durban,
South Africa was reported in 2016 (Mahabeer et al., 2016). This
has raised the need for increased surveillance in clinical settings
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and the environment. Determination of the prevalence of VRE
from the WWTPs and their receiving water bodies will help to
reinforce control measures to avoid subsequent outbreaks when
treated wastewater is reused along with the recipient surface
water. Thus, this paper evaluated the prevalence of VRE in
WWTPs and their receiving water bodies, the antibiotic
resistant pattern and the putative resistance genes present in
these isolates. This will reveal the potential human health risks
associated with the reuse for agriculture and domestic purposes.

MATERIALS AND METHODS

Sample Collection and Brief Description of
the Sampling Sites
The sampling sites were two WWTPs collecting municipal
wastewater from Durban metropolis and the water bodies
receiving their effluents. The choice of the WWTP sites was
based on the size, plant configuration and the sources of their
wastewater. Plant I has a design capacity of 18.80 ML/d and serves
about 30,000 people (working capacity � 10.98 ML/d) while Plant
II is slightly bigger; 25 ML/d serving approximately 70,000 people
(working capacity � 22.0 ML/d). Plant I is based totally on
Trickling Filters with four primary settling tanks, six trickling
filters, six secondary settling tanks and three anaerobic digesters
(unheated and unmixed). Plant II uses the Activated Sludge
System composed of two primary settling tanks, activated
sludge reactor, three clarifiers, and three anaerobic digesters
(heated and mixed). Both plants have a post-chlorination step
where the effluent is disinfected before it is discharged to the
respective recipient river.

Samples collected include wastewater (influent, biofilter/
clarifier, and the final effluent at the point of discharge to the
receiving water body) and the receiving water body samples from
both upstream (1 km before) and downstream (1 km after) the
discharge point. Samples were collected in parallel. There were
nine sampling events spread across a year from July 2016 to May
2017. All samples were collected and transported in appropriate
bottles in a cold chain analysed within 12 h.

Isolation and Enumeration of Enterococci
from Samples
Standard membrane filtration (EPA, 2002) and spread plate
methods were used depending on the expected concentration
ranges to quantify total enterococci (TE) and VRE from the
samples collected. A modified procedure as used by Rosenberg-
Goldstein et al. (2014) for culturing and enumeration of TE and
VRE were employed. Ten-fold serial dilutions in the range
between 1 and 0.001 ml of the influent and the biofilter/
clarifier samples were prepared using sterilized phosphate
buffered saline (PBS) due to their expected high microbial
counts. Then, 100 µL of each dilution was inoculated onto the
medium by the spread plate method in duplicate on membrane-
Enterococcus Slanetz and Bartley (mS&B) agar to isolate total
enterococci, and mS&B agar modified with 6 μg/ml of
vancomycin added to isolate VRE (Anderson et al., 2013;

CLSI, 2020; Gazel et al., 2021). For the effluent and river
samples 10 ml or 100 ml duplicate aliquots were filtered
through 0.45 µm, 47 mm membrane filters (Millipore, Billerica,
MA). Filters were placed on the media as above. Plates were
incubated at 35°C for 4 h and then at 44°C for 44 h. Colonies with
pink to maroon red colours were considered presumptive TE and
VRE respectively. Distinct colonies with various colours (pink to
maroon red) were selected. Depending on the count, one out of
every five colonies were chosen with at least two isolates from
each plate. These colonies were purified on Brain Heart Infusion
(BHI) agar.

For preliminary identification, purified colonies were tested
for Gram reaction, catalase and pyrrolidonyl peptidase (Pyrase
test) and growth on bile aesculine agar. All Gram-positive cocci in
pairs or short chains, catalase negative, pyrrolidonyl peptidase
positive which produced dark colouration on bile aesculin agar
were considered to be presumptive Enterococcus and thus stored
in BHI broth with 25% glycerol at −80°C for further studies.

DNA Isolation
DNA extraction was carried out using the boiling method as
described byMicallef et al. (2013). The glycerol stock isolates were
streaked on Brain Heart Infusion Agar. A loopful of 24 h
respective isolate cultures were transferred to 2 ml Eppendorf
tubes with 500 µL of sterile distilled water. These were heated, in a
heat block (Benchmark Digital heat block) at 100°C for 10 min
and then centrifuged at 14,000rpm for 15 min. Then 300 µL of the
supernatant, which contained the DNA, was carefully taken and
stored in −20°C. This served as DNA template for all the PCR
based reactions.

Generic and Species-Specific Identification
of the Isolate by Polymerase Chain Reaction
Both the genus and species primers were synthesized by Inqaba
Biotech., South Africa. For genus identification, Enterococcus
primer, El (5′ TCA ACC GGG GAG GGT 3′) and E2 (5′
ATT ACT AGC GAT TCC GG 3′) and PCR condition
developed by Deasy et al. (2000) was used. Briefly, the DNA
amplification was carried out in a final volume of 20 µL
containing 10 µL of Hotstart green mastermix (Thermofisher),
20 µM each of the forward and reverse primers, water and 5 µL of
DNA template. The cycling condition in a thermocycler (Biorad,
South Africa) consisted of an initial denaturation step of 95°C for
5 min, 25 cycles in a denaturation at 94°C for 1 min, annealing at
60°C for 1 min, followed by polymerization at 72°C for 1 min. Five
microlitres of the PCR product was electrophoresed on a 2% (w/
v) agarose gel using Ix TAE buffer (40 mM Tris acetate, 1 mM
EDTA, pH 8) stained with gel red and a 100-bp ladder was used as
a marker. This was run at 100 V for 60 min and visualized with
UV transilluminator (BIORAD, South Africa) and photographed.

A multiplex convectional PCR as adapted from Jackson et al.
(2004) was used to identify the species of the confirmed
Enterococcus isolates. This was modified by using DNA
template instead of the whole cell suspension. The twenty-
three Enterococcus species and the multiplex groups as
adapted from Jackson et al. (2004) were used (Table 1). PCR
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was carried out in a 25 µL reaction volume consisting of; 12.5 µL
PCR mastermix (DreamTag MM Thermofisher), 0.2 µL each of
the forward and reverse primers for genus and species; nuclease
free water; and 5 µL of DNA template. The primers for the
reaction are listed in Table 1. The thermocycling conditions
were as follows; initial denaturation at 95°C for 4 min, products
were amplified by 30 cycles of denaturation at 95°C for 30 s,
annealing at 55°C (groups 1, 2, 5, and 6) or 60°C (groups 3, 4, and
7) for 1 min, and elongation at 72°C for 1 min. This was followed
by a final extension at 72°C for 7 min. Five microliters of product
was electrophoresed on a 2% 1 × Tris-acetate-EDTA agarose gel
containing gel red stain. DNA molecular weight marker (100 bp;

Roche) was used as the standard. The gel was run for 1 h at 100 V,
the expected band size being 733 bp.

Further Confirmatory Identification by
Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight Mass
Spectrometry
Selected isolates were sent to Department of Infectious Diseases,
University of Gothenburg, Sweden for further confirmatory
identification using Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS).

TABLE 1 | Primers for species-specific identification of Enterococcus.

Species Primer Sequence (59-39) Product size (bp) Multiplex grp

E. asini AS1 GCATCATGACAAGCATCACGC 365 7
AS2 GGCTTTTTGCCTTCAGATAAA

E. avium AV1 GCTGCGATTGAAAAATATCCG 368 5
AV2 AAGCCAATGATCGGTGTTTTT

E. casseliflavus CA1 TCCTGAATTAGGTGAAAAAAC 288 2
CA2 GCTAGTTTACCGTCTTTAACG

E. cecorum CE1 AAACATCATAAAACCTATTTA 371 6
CE2 AATGGTGAATCTTGGTTCGCA

E. columbae CO1 GAATTTGGTACCAAGACAGTT 284 5
CO2 GCTAATTTACCGTTATCGACT

E. dispar DI1 GAACTAGCAGAAAAAAGTGTG 284 3
DI2 GATAATTTACCGTTATTTACC

E. durans DU1 CCTACTGATATTAAGACAGCG 295 1
DU2 TAATCCTAAGATAGGTGTTTG

E. faecalis FL1 ACTTATGTGACTAACTTAACC 360 1
FL2 TAATGGTGAATCTTGGTTTGG

E. faecium FM1 GAAAAAACAATAGAAGAATTAT 215 1
FM2 TGCTTTTTTGAATTCTTCTTTA

E. flavescens FV1 GAATTAGGTGAAAAAAAAGTT 284 4
FV2 GCTAGTTTACCGTCTTTAACG

E. gallinarum GA1 TTACTTGCTGATTTTGATTCG 173 2
GA2 TGAATTCTTCTTTGAAATCAG

E. gilvus GI1 CTGGCTGGGCTTGGCTAGTGA 98 7
GI2 ATAATCGGTGTTTTACCGTCT

E. hirae HI1 CTTTCTGATATGGATGCTGTC 187 6
HI2 TAAATTCTTCCTTAAATGTTG

E. malodoratus MA1 GTAACGAACTTGAATGAAGTG 134 1
MA2 TTGATCGCACCTGTTGGTTTT

E. mundtii MU1 CAGACATGGATGCTATTCCATCT 98 4
MU2 GCCATGATTTTCCAGAAGAAT

E. pallens PA1 TGGCACCAAATGCTGGCGGAA 160 7
PA2 TGGTGTAGAAGTAATTTCAAG

E. porcinus/villorum PO1 TGGTTTCTGATATGGATGCGA 280 7
PO2 GTAATCGCTAATTTCTCTCCA

E. pseudoavium PV1 TCTGTTGAGGATTTAGTTGCA 173 3
PV2 CCGAAAGCTTCGTCAATGGCG

E. raffinosus RF1 GTCACGAACTTGAATGAAGTT 287 6
RF2 AATGGGCTATCTTGATTCGCG

E. saccharolyticus SA1 AAACACCATAACACTTATGTG 371 3
SA2 GTAGAAGTCACTTCTAATAAC

E. seriolicida SE2 ACACAATGTTCTGGGAATGGC 100 5
SE2 AAGTCGTCAAATGAACCAAAA

E. solitarius SO1 AAACACCATAACACTTATGTGACG 371 2
SO2 AATGGAGAATCTTGGTTTGGCGTC

E. sulfureus SU1 TCAGTGGAAGACTTAATCGCA 173 4
SU2 CCAAATGTATCTTCGATCGCT
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Antibiotic Susceptibility Testing
Inoculum for AST was standardized to 0.5 McFarland standards
by the methods of Komolafe and Adegoke (2008). Four pure
colonies of each isolate from a 24 h Brain Heart Infusion plate
culture were inoculated into 2 ml sterile peptone water broth.
This was incubated at 37°C for 6 h and the turbidity adjusted
by diluting with PBS (pH 7.2) to 0.5 McFarlands (105 CFU/ml).
Hundred microliter (100 µL) of this culture dilution
was used to inoculate Muller-Hinton agar (MHA) plates
using sterile swab stick to obtain a uniform spread.
Antibiotic discs were aseptically placed on the inoculated
MHA plate and were cultures read after 24 h incubation at
37°C. The following antibiotics were used: Azithromycin
(15 µg), Vancomycin (30 µg), Imipenem (10 µg), Teicoplanin
(30 µg), Tetracycline (30 µg), Doxycline (30 µg), Amoxyl-clav
(30 µg), Gentamicin (10 µg), Streptomycin (10 µg),
Ciprofloxacin (5 µg), Cefixime (5 µg), and Quinupristin-
dalfopristin (15 µg). The choice of these antibiotics is
based on their reported activity against gram-positive
bacteria as well as being on the list of WHO first line of
antibiotics (WHO, 2015). Since vancomycin used in the
primary isolation medium was 6 μg/ml, a higher dose was
used during susceptibility testing to evaluate if a higher dose
could inhibit growth. The zone of inhibition was measured and
then interpreted using CLSI (2016) and BSAC (2015)
standards.

The antibiogram was presented to depict the spread of
resistance across the various sampling points.

Multiple Antibiotic Resistance Index
The multiple antibiotic resistance index (MARI) was determined
following the methods of Krumperman (1983) and Adegoke and
Okoh (2014). This was calculated as the ratio of the number of the
antibiotics to which resistance occurred by the isolates (A) to the
total number of antibiotics to which the isolates were tested (B).

MARIndex � A/B

All the antibiotics except vancomycin and teicoplanin used in
the AST were also considered for MARI determinations as
organisms’ exhibit unequal profile to antibiotics within the
same class. Teicoplanin is a glycopeptide as vancomycin and
vancomycin was excluded in the MARI determination,
because it was the original supplement in the isolation
medium.

Detection of Van A, B, C1 and C2/3 genes.
Multiplex PCR as adapted fromNam et al. (2013) was used for the
detection of Van A, B, C1 and C2/3 genes. The reaction mix was
composed of 12.5 µL PCR mastermix (DreamTag MM
Thermofisher), 20 µM of each forward and reverse primers,
water, 5 µL of the DNA template in a final reaction volume of
25 µL. The cycling condition involves the initial denaturation at
94°C for 5 mins, 35 cycles consisting of 45 s at 94°C, 60 s at 54°C,
and 90 s at 72°C, with final extension for 15 min at 72°C. Products
were resolved by electrophoresis in 2% agarose gel using 110 V for
45 min. Results were determined using the expected band size on
100 bp ladder. The list of the primers as adapted by Nam et al.
(2013) are summarised in Table 2.

Statistical Analysis
Descriptive statistics were used to analyze the result of the
antibiotic susceptibility test and the putative antibiotic
resistance genes. T-test was used to compare the enterococci
count between relevant sampling points and p value of less than
or equal to 0.05 was considered to be significant. Correlation
analysis was conducted in terms of the putative antibiotic
resistance genes.

RESULTS

Enumeration of Enterococci
The TE counts ranged between 6,2 and 7,2 log10 CFU/100 ml in
wastewater influent in both WWTPs. The VRE counts were
persistently higher in WWTP II than in WWTP I. The counts
in both plants did not show any seasonal variation. Plant II had
a higher percentage of VRE (4.2%) than Plant I (1.1%), except
in March, when Plant I was 0.3% higher (Figure 1 and
Table 3). On two sampling months (July and February), no
VRE was detected from Plant I but occurred in Plant II.
Figure 1 shows the TE and VRE counts in the influents of
the two WWTPs.

Varying TE- and VRE log10 removal occurred over the
various steps of the treatment processes. Log10 removal of
TE in the secondary treatment (biofiltration) ranged from
log10 0.99 to 2.47 (89.9–99.9%) for Plant I and log10 1,22 to
2,55 (94–98%) for Plant II. Log10 removal of VRE at this
secondary treatment step also was in the same range or
higher, ranging from 1,17 to 4.88 (95–100%) for Plant I and

TABLE 2 | Primers for detection of vancomycin resistance genes.

Gene Primer name Primer sequence (59-3) Product size (bp)

Van A AF GCGCGGTCCACTTGTAGATA 314
AR TGAGCAACCCCCAAACAGTA

Van B BF AGACATTCCGGTCGAGGAAC 220
BR GCTGTCAATTAGTGCGGGAA

Van C1 C1F ATCCAAGCTATTGACCCGCT 402
C1R TGTGGCAGGATCGTTTTCAT

Van C2/3 C2F CTAGCGCAATCGAAGCACTC 582
C2R GTAGGAGCACTGCGGAACAA
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1,06 to 4,85 (96–100%) for Plant II. There was 100% removal
efficiency of both TE and VRE at the Plant I, but Plant II had
between 94.0 and 100% removal efficiency (Table 3).

Even though the TE counts in the influents of the two plants is
high, the VRE counts was low (0.5 -3.7%) for Plant I but higher in
Plant II WWTP where the VRE count ranged from 1.2 – 35%.

Effect of the Effluents on the Recipient
The upstream count (TE and VRE) of both recipients of both
plants were higher than at their respective downstream location
(Table 4). Also, the downstream counts of TE and VRE were
higher than that of the effluents. There was no measurable effect of
the effluent on the downstream count of Plant II.

FIGURE 1 | Comparison of the prevalence of VRE between Plants I and II.

TABLE 3 | Mean counts of the presumptive enterococci of various sampling points expressed as Log10/100 ml values.

WWTP Influent BIOFILTER/CLARIFIER Effluent Upstream Downstream

TE VRE TE VRE TE VRE TE VRE TE VRE
I 6.4 ± 0.2 3.6 ± 1.9 4.3 ± 0.4 0.6 ± 1.2 0 0 3.9 ± 0.9 1.4 ± 0.9 2.8 ± 0.8 0.7 ± 0.8
II 6.5 ± 0.3 4.8 ± 0.2 4.8 ± 0.5 2.7 ± 1.4 2.3 ± 1.6 0.8 ± 1.2 3.3 ± 0.6 1.7 ± 0.8 2.4 ± 1.5 1.0 ± 1.1

p values.
Plant I TE Upstrm/Dwstrm � 0.03; VRE Upstrm/Dwstrm � 0.04; Plant II TE Upstrm/Dwstrm � 0.19; VRE Upstrm/Dwstrm � 0.15.

TABLE 4 | Comparison of the effluent, upstream and downstream counts of the presumptive enterococci.

Month Plant I Plant II

TE counts VRE counts TE counts VRE counts

Upstrm Efflnt Dwstrm Upstrm Efflnt Dwstrm Upstrm Efflnt Dwstrm Upstrm Efflnt Dwstrm
Aug 2.6 0 1.9 0.9 0 0.8 2.4 2.0 2.3 0.9 0.9 1.0
Oct 3.4 0 3.3 1.8 0 1.6 3.3 0 2.1 1.8 0 0
Nov 3.1 0 2.5 1.0 0 0.4 2.8 2.4 3.3 1.0 1.1 1.7
Jan 3.4 0 2.9 1.4 0 0 3.3 3.5 3.5 1.4 0 2.1
Feb 4.6 0 2.9 2.3 0 0.1 3.0 4.4 3.1 2.3 2.0 2.3
Mar 3.8 0 3.2 1.1 0 1.4 3.1 1.6 0 1.1 0 0
Apr 4.5 0 4.5 3.0 0 2.2 4.4 3.9 4.3 3.0 0 2.3
May 5.5 0 3.6 1.4 0 0 3.4 1.5 3.0 1.4 0 0
Jun 4.4 0 1.8 2.1 0 0 3.5 0 0 2.7 0 0
Mean 3.9 0 2.8 1.4 0 0.7 3.3 2.3 2.4 1.7 0.4 1.0
SD 0.9 0 0.8 0.9 0 0.8 0.6 1.6 1.5 08 0.8 1.1

The counts expressed as Log10/100 ml of water sample.
Upstrm � Upsteream, Dwstrm � Downstream, Efflnt � Effluent.
P values: Plant I TE, Upstrm/Dwstrm � 0.03; VRE, Upstrm/Dwstrm � 0.04.
Plant II TE, Upstrm/Dwstrm � 0.19; VRE, Upstrm/Dwstrm � 0.15.
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Confirmation of the Isolates
Out of the 205 VRE isolates which were gram-positive cocci in
chains, catalase negative, pyrase positive and formed dark colonies
on bile aesculine agar, 186 were confirmed by PCR as Enterococcus
species. The species diversities include E. faecium and E. faecaliswith
E. casseliflavus as the least abundant. Others include E. durans, E.
hirae, E. cecorium. and E. gallinarum (Figure 2).

Antibiotic Resistant Pattern of the VRE
Isolates
In total, 186 VRE isolates were subjected to antibiotic susceptibility
tests. As shown in Table 5, there were multidrug resistant isolates
showing high resistance to cefixime (100%), ciprofloxacin and

tetracycline (90.1%) and streptomycin (91.1%). For Quinopristin-
dalfopristin, there was a marked zone of inhibition with most isolates
but it was not large enough to be interpreted as sensitive. Overall there
was a greater number of the VRE isolates interpreted as intermediate
or resistant than sensitive to Quinopristin-dalfopristin. Highest
sensitivity was observed with Amoxy-clav followed by Imipenem,
Azithromycin and Gentamicin. Since Vancomycin was used in the
isolation medium, resistance to Teicoplanin and Vancomycin, were
expected because they are related glycopeptides. Apart from the
isolate, E casseflavus that was sensitive to Teicoplanin and
Vancomycin. The summary is shown in Tables 5.

The spread of the resistance on various sampling points revealed
relatively similar trend, but on one sampling occasion, effluents from
Plant II had the highest resistance (compared to other points) to

FIGURE 2 | Percentage distribution of the Enterococcus species among the isolates.

TABLE 5 | Antibiotic resistance profile of the VRE and VSE isolates.

Percentage resistant (%) Percentage sensitive Percentage intermediate

Antibiotics VRE VSE VRE VSE VRE VSE

Gentamicin 25.7 97.7 74.3 0 0 2.3
Azithromycin 24.3 97.7 75.7 2.3 0 0
Ciprofloxacin 88.6 58.1 3 4.7 7.9 37.2
Teicoplanin 88.6 14 5 27.9 6.4 58.1
Co-amoxiclav 4.5 4.7 95.5 95.3 0 0
Vancomycin 93.6 39.5 2 16.3 4.5 44.2
Tetracycline 90.1 65.1 6.4 11.6 2.5 23.3
Cefixime 100 100 0 0 0 0
Streptomycin 91.1 74.4 5 4.7 4 20.9
Quinupristin-dalfopritin 45 86 21.3 4.7 33.7 9.3
Imipenem 4.5 16.3 91.6 46.5 4 37.2
Doxycycline 88.6 67.4 7.9 16.3 3.5 16.3
Erythromycin 68.3 45 3.3 0 28.3 55
Ampicillin 43.3 25 56.7 75 0 0
Penicillin G 36.7 11 63.3 9 0 0

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 7979927

Adegoke et al. Vancomycin Resistant Enterococci in Wastewater for Reuse

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Azithromycin (37.5%). On the same sampling occasion, 5 isolates
from Plant II effluent and 1 isolate from Plant II secondary treatment
stage (clarifiers), whichwere allEnterococcus faeciumwere resistant to
all the 12 antibiotics used.

These highly resistant E. faecium were, however, not detected
in Plant I and the two recipients. Plant II downstream isolates
showed 14.8% resistance to imipenem and 7.4% resistance to
amoxicillin-clavulanic acid.

MARI of ≥0.2 was observed among all the isolates with the
highest percentage (50.3%) of the isolates having MARI of 0.5.
About 3.4% of the isolates showed resistance to all the antibiotics
used in the study (MARI � 1). The details of the MARI and the
percentage of the isolates are depicted in Figure 3.

Detection of Van Genes
One hundred and eightyVRE isolates were tested for presence ofVan
A, B, C1 and C2/3 genes. Each of the isolates showed the presence of,
at least, one of the van genes by multiplex PCR. Van A, C1 and C2/3
were detected. Greater percentage of the isolates (80.3%) had vanA as
seen clearly by the expected band size followed by van C1 (18.4).
Presence of vanC1was detected only in E. gallinarum and E. cecorum
while van A was common among E. faecalis, E. faecium and other
enterococci (unspeciated). A band size of 420bp, which is not the
expected band size for van Bwas formed, when a singleplex PCRwas
done using van B primers thus confirming vanB not present.

DISCUSSION

WWTPs are described as hotspots for dissemination of VRE. This is
due to high concentration and variety of bacteria carrying resistance
genes from different sources and thus enabling environment for
horizontal gene transfer (Rizzo et al., 2013). Improper wastewater
treatment plant processes could lead to pollution of their receiving
water bodies with harmful pathogens such as VRE. This study was

designed to determine the efficiency of two WWTPs in removing
VRE from wastewater and thus their impact in their receiving water
bodies. Our findings showed that VRE count in the influent of the
two plants ranged between 4,46 and 5,87 log10 CFU/100ml. TheVRE
counts were reduced down by the treatment process such that their
effluents had very little or no influence on the receiving water bodies.

Our study coincides with data from other studies where VRE
were detected inwastewater samples including effluents in this study.
Our findings differed by the increased concentration of VRE isolates
involved as compared to their fewer VRE isolate (Nagulapally et al.,
2009; Kotzamanidis et al., 2009; Araújo et al., 2010; Luczkiewicz
et al., 2010; Morris et al., 2012). However, our use of media
supplemented with Vancomycin during the primary isolation
could contribute to possible detection of all VRE present in the
samples analysed. Enterococci are normal gastrointestinal flora and
will be present in large number in influent samples as can be seen in
high counts of TE (6,2 _ 6,7 for Plant I; 6,3 – 7,2 for Plant II) andVRE
(4,0 – 4,9 for Plant I; 4,4 – 5,8 for Plant II) in our study.

Treatment processes are expected to bring about the reduction of
pathogen concentration. A high reduction occurred in the counts from
influent to effluent with varying efficiencies with plant (100% in Plant
I; 94–100% in Plant II) mainly as a result of the effect of chlorination.
Chlorination does not necessarily kill all bacterial pathogens, but it
renders some non-culturable, even when they are still viable (Rizzo
et al., 2004; Oliver et al., 2005; Ding et al., 2017). The non-culturable
bacteriamay still be a threat in conferring both virulence and antibiotic
resistance genes on other bacteria in the receiving water environment
(Rizzo et al., 2004). There was no clear impact of the receiving water
with viable Enterococci by the effluent in this study as the upstream
samples had higher concentration than the downstream although the
difference is not statistically significant (p > 0.05). Contamination of
the receiving surface water might most probably emanate from other
sources. Surface water are exposed to pollution from multiple sources
in addition to wastewater effluents like farm yard runoff and other
human activities (Pignata et al., 2012).

FIGURE 3 | Multiple antibiotic resistant index (MAR Index) of the VRE isolates and percentage involved. *Red zone revealed the epidemiological high-risk isolates
zone (MAR Index >0.2). The subsequent MAR Index value of the VRE isolates after 0.2 is 0.3 from which the red zone on the figure started.
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The proportion of VRE to TE isolates were different between
the two plants, with consistently lower values in Plant I samples
(both wastewater and river samples) than from Plant II. The
difference in VRE count of influent between the two plants are
statistically significant (p < 0.05). These differences could be due
to geographic differences in human VRE infection rates
(Bouchillon et al., 2005; Rosenberg-Goldstein et al., 2014) or
due to their different sources of wastewater. Plant I is located in a
local township area while Plant II is in a suburban setting with
larger population and thus may account for the higher
concentration of VRE Plant II. In addition, the design and
working capacity of Plant II is larger than Plant I. In addition,
there is a livestock farm close to Plant II and on several sampling
occasions, the livestock were seen grazing around the stream. This
could have contributed to the prevalence of VRE in the stream
samples rather than from the wastewater effluents.

This study showed even distribution of Enterococcus species in
both WWTPs and the receiving water, though there is none or
just a few in the effluents of Plant I and Plant II. E. faecium and E.
faecalis dominated the isolates and also dominate the Enterococci
in the normal flora of the gastrointestinal tract (Agudelo and
Huycke, 2013; Lebreton et al., 2014). Several other studies have
also identified E faecium and E faecalis as the most common
species of VRE isolated from wastewater Talebi et al. (2008);
Morris et al. (2012); Rosenberg-Goldstein et al. (2014). Other
species such as E durans, E hirae, E cecorium and E gallinarum are
normally less abundant than E faecium and E faecalis as
evidenced in this study and in line with the report of Leclercq
et al. (2013).

Although the antibiotic resistance pattern of the VRE isolates
showed sensitivity to Amoxy-clav, Imipenem and to some extent
Gentamicin and Azithromycin, their high resistance to
Quinopristin/dalfopristin and Streptomycin is of concern. This
was in tandem with the report of Gotkowska-Płachta (2020) that
majority of the E. faecalis and E. faecium isolated were highly
resistant to Streptomycin. This implies that Quinopristin/
dalfopristin which has been a valuable alternative to the
treatment of VRE infections (Wang et al., 2016) may no
longer be as potent for chemotherapy. Since Vancomycin was
used in the isolation medium, resistance to Teicoplanin and
Vancomycin, were expected as they are glycopeptides and as
such are related. The World Health Organization has in early
2017 listed VRE among those with highest priority for further
surveillance and research, both among humans and in the
receiving aquatic environment. Resistance to imipenem and
cefixime in secondary treatment stage, effluent and
downstream samples of Plant II also showed that the isolates
from these sample sites are potential beta lactamase producers
with immense public health importance (Radhouani et al., 2014).
Resistance to all the 12 antibiotics used as observed in Plant II
effluent showed that potentially difficult-to-treat isolates are
being released at the plant. Varying antibiotic susceptibility
profiles are expected from various sectors of one health
continuum due to varying application of antibiotics (Zaheer
et al., 2020). This is expected to select for the emergence of
multidrug resistance based on what number of antibiotics an
isolate has been exposed (Adegoke et al., 2016). Generally, an

observation of MARI >0.2 shows that 98.9% of the isolates are
from high risk to very high risk sources, reflecting potential
antibiotic abuse and high selective pressure (Suresh et al.,
2000) or the potential release of multiple antibiotic resistant
strains into the environment from the hospital patients or
convalescent individuals at home (Adegoke et al., 2016;
Adegoke et al., 2020). It also showed the epidemiological high-
risk isolates zone (MARI >0.2), too high for reuse of the sampled
water source. The subsequent MARI value of the VRE isolates
after 0.2 is 0.3 from which the red zone on the figure started
(Figure 3). However, following a longitudinal surveillance of
antibiotic resistance in Escherichia coli and Enterococcus spp.
from a Wastewater Treatment Plant in Kwazulu Natal, South
Africa, Mbanga et al. (2021) observed a lower MARI that ranged
from 1.83 to 3.98 among Enterococcus spp.

VanC1 was detected in all the E gallinarum of VRE isolated
which portrays the intrinsic vanC resistance specific to E
gallinarum. However, vanA was detected in 80.3% of the
VRE isolates while vanB was not detected. This differs from
the previous findings by Iweriebor et al. (2015) who found that
Enterococcus isolated from wastewater and their effluents in
Alice, South Africa, contained vanB, vanC1 and vanC2/3 but no
vanA genes; and Nam et al. (2013) who detected only vanC1 and
vanC2/3 genes from Korean aquatic environments. Gotkowska-
Płachta (2020) reported that the Enterococcal strains isolated
from wastewater and downstream bear van genes and showed
57% phenotypic resistance, in which majority bore vanC1 genes.
VanA type of resistance is mostly inducible and confers high
level of resistance (resistance to high concentration) to both
Vancomycin and Teicoplanin (Fisher and Phillips, 2009). The
vanA gene has been shown to be on transposons (Arthur et al.,
1993) and thus can easily be transferred. This may explain their
detection in the majority (80.3%) of the VRE isolates in this
study. According to Giraffa, (2002), resistance genes can be
transferred to both antibiotics susceptible enterococci and other
pathogens. In the same way, vanA resistance gene can easily be
transferred to other pathogens within the environment. Thus, a
high prevalence of vanA genes among the isolates is a public
health risk.

CONCLUSION

The two WWTPs showed efficient in removing VRE from
wastewater. VRE present in the stream samples that receive
their effluents were not as a result of the discharged effluents
but from other sources since the upstream counts were higher
than that of the downstream. The use of MALDI-ToF-MS added
values to the speciation process and infer acceptable concord with
PCR for continuing use. The presence of vanA genes in greater
percentage of the isolates has potential public health impact since
they can be easily transferred to other pathogens. The treated
wastewater can be put to cautious reuse because of the very low
level of Enterococcus contaminants in them. Further work on the
proper risk assessment of using Plant I and Plant II recipient
water as sources of water for agricultural and other purposes
should be done.
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