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Abstract 
The persistence of antibiotic resistance in bacteria poses a major global health challenge, with 
wastewater treatment plants (WWTPs) increasingly recognized as hotspots for both antibiotic-resistant 
bacteria and resistance genes (ARGs). This study investigated genetic mutations and phenotypic 
resistance profiles of bacterial isolates from three WWTPs in Windhoek, Namibia. Bacterial isolates 
were obtained through culture-based methods, identified using Gram staining and the Vitek system, 
and tested for antibiotic susceptibility via the Kirby–Bauer disk diffusion method in accordance 
with Clinical and Laboratory Standards Institute (CLSI) guidelines. ARGs were detected using direct 
polymerase chain reaction (PCR). Key isolates included Escherichia coli, Klebsiella pneumoniae, and 
Citrobacter freundii, with PCR confirming the presence of the gyrA gene linked to fluoroquinolone 
resistance. Antimicrobial susceptibility testing revealed resistance to ampicillin and tetracycline, and 
one isolate resistant to ciprofloxacin. Despite the detection of gyrA, most isolates remained susceptible 
to ciprofloxacin, suggesting these mutations may influence susceptibility to other fluoroquinolones 
rather than confer direct resistance. No amplification was observed for tetA and blaTEM genes. These 
findings reveal that WWTPs act as critical reservoirs and dissemination hubs for antibiotic-resistant 
bacteria and ARGs, emphasizing the urgent need for sustained genomic surveillance to curb their 
environmental and public health impact.
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INTRODUCTION 

	 The discovery of antibiotics revolutionized 
modern medicine, providing an effective means 
to combat infectious diseases.1 However, the 
widespread and often indiscriminate use of 
these agents in healthcare, agriculture, and 
industry has accelerated the emergence of 
antimicrobial resistance (AMR), a global health 
threat that undermines the effectiveness of current 
treatments.2 AMR arises through a combination of 
genetic mutations and the acquisition of antibiotic 
resistance genes (ARGs), which collectively enable 
bacteria to survive antimicrobial exposure.3,4

	 Mutations in bacterial genes can alter 
antibiotic targets, inactivate drugs, or enhance 
efflux activity.5 For instance, gyrA mutations 
(Ser83Leu, Asp87Gly) confer fluoroquinolone 
resistance, blaTEM variants such as Asp170Asn 
encode extended-spectrum b-lactamases (ESBLs), 
and rpoB mutations (S531L) are linked to rifampicin 
resistance.6,7 Similarly, tetA mutations enhance 
tetracycline efflux, while 23S rRNA alterations 
(A2058G) mediate macrolide resistance.8,9 
Understanding these molecular signatures is 
essential to elucidate how resistance evolves and 
spreads across microbial populations.
	 Wastewater treatment plants (WWTPs) 
have emerged as crit ical  reservoirs and 
dissemination hotspots for ARGs and resistant 
bacteria. These systems receive inputs from 
domestic, hospital, and industrial sources,10,11 
creating an environment rich in microbial 
diversity, antibiotic residues, and selective 
pressures that facilitate horizontal gene transfer.12 
Consequently, effluents discharged from WWTPs 
often contain resistant bacteria and ARGs that 
can disseminate into natural ecosystems and 
potentially re-enter human populations through 
various exposure pathways.13,14 Studies have 
reported diverse and transcriptionally active 
ARGs in activated sludge and treated wastewater, 
conferring resistance to multiple antibiotic classes, 
including aminoglycosides, fluoroquinolones, and 
b-lactams.15,16

	 Windhoek, Namibia, presents a unique 
and critical case for studying antimicrobial 
resistance within wastewater systems. As one of 
the few cities globally that extensively recycles 

treated wastewater for both potable and non-
potable uses, understanding the microbial and 
genetic composition of these systems is essential 
for public health safety. Effluents from the 
three sampled wastewater treatment plants are 
routinely repurposed for non-potable applications 
such as landscape irrigation, agricultural 
use, and environmental augmentation. This 
continuous reuse cycle increases the likelihood of 
environmental and human exposure to antibiotic-
resistant bacteria and resistance genes, warranting 
focused genomic and phenotypic investigation of 
these microbial communities.
	 This study investigates signature 
mutations and phenotypic antibiotic resistance 
in bacterial isolates from WWTPs in Windhoek, 
Namibia. By mapping resistance-associated 
mutations and profiling susceptibility patterns, the 
research provides insights into the genetic basis 
of resistance and the environmental persistence 
of ARGs. The findings reinforce the importance 
of continuous AMR surveillance in wastewater 
systems as part of a One Health strategy to 
mitigate the spread of resistance and safeguard 
public health.

MATERIALS AND METHODS

Sampling sites
	 This study focused on three wastewater 
treatment plants (WWTPs) situated in Windhoek, 
Namibia, all of which employ biological treatment 
processes.
	 Plant A, the city’s main reclamation 
facility, is connected to the municipal sewer 
network17 and treats approximately 28,000 m³/
day, serving up to 80% of Windhoek’s population 
through multi-stage processing that includes 
preliminary, primary, secondary, and advanced 
treatment stages (Figure 1). Plant B treats 
around 7500 cubic meters per day (m³/d) of 
mixed municipal and industrial wastewater using 
combined physical, chemical, and biological 
processes (Figure 2). Plant C serves a residential 
development on the outskirts of Windhoek. This 
plant utilizes a more advanced biological trickling 
filter system, incorporating primary anaerobic 
treatment, settling, secondary aerobic treatment, 
secondary clarification, and final disinfection.17,18
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Collection and preparation of samples
	 Both grab and composite samples of 
influent and effluent wastewater were collected 
usually in the mornings from each WWTP on a 
weekly basis over a four-week period. Sterile glass 
containers (Witeg, Germany, cat. No.: 5 526 500 B) 
were used for collection, following environmental 
microbiology protocols to prevent contamination, 
whereby the bottles were thoroughly rinsed with 
the sample water twice prior to sampling.19 A total 
20 samples were collected and upon collection 
samples immediately labeled (ID, date, time, type, 
location) and kept cool during transport. In the lab, 
samples were stored at 4 °C and processed within 
3 hours to preserve microbial integrity.

Bacterial isolation and identification
	 To ensure aseptic handling, a metal 
inoculating loop was sterilized by heating until 
red-hot over a Bunsen burner flame and cooled 
before use. A small aliquot of each wastewater 
sample was streaked onto nutrient agar plates 
(Millipore, SA; lot No.: HG0000C1.500) using the 
quadrant streaking technique to obtain isolated 
colonies.20 Incubation of the plates was carried 
out at 37 °C for a duration of 24 hours to allow 
the development of distinct colonies. Distinct 
colony morphologies were then sub-cultured 
to ensure purity for subsequent analysis. Pure 
isolates were first subjected to Gram staining to 
distinguish Gram-positive from Gram-negative 
bacteria.21 Identification was then performed 
using the VITEK 2 Compact system (bioMérieux, 
France), which determines bacterial identity 
based on automated biochemical profiling and 
database comparison. Bacterial suspensions 
were prepared in 0.45% saline, adjusted to a 0.5 
McFarland standard,22 and loaded onto VITEK GN 
and GP identification cards (bioMérieux, SA; lots 
2412771103 and 2422792403) for Gram-negative 
and Gram-positive bacteria, respectively. The 
system provided automated identifications with 
corresponding confidence levels. 

Identification of ARGs using PCR
	 Genomic DNA was extracted from 
pure bacterial cultures using the ZymoBIOMICS 
Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo 
Research, USA; catalog number D6005), according 
to the manufacturer’s protocol.23 The purity and 

concentration of extracted DNA were evaluated 
using a NanoDrop One spectrophotometer 
(Thermo Scientific, USA) and genomic gel 
electrophoresis. PCR amplification was conducted 
in a 25 µL reaction volume comprising 12.5 µL of 2 
× PCR Master Mix, 1 µL each of forward and reverse 
primers (10 µM), 2 µL of template DNA, and 8.5/ 
µL of nuclease-free water.24 Primers targeting the 
blaTEM, gyrA and tetA genes were synthesized by 
Inqaba Biotechnical Industries (Pty) Ltd (South 
Africa). The thermal cycling protocol consisted 
of an initial denaturation at 95 °C for 2 minutes, 
followed by 32 cycles of denaturation at 95 °C for 
15 seconds, annealing at 56 °C for 35 seconds, 
and extension at 72 °C for 35 seconds, with a final 
extension step at 72 °C for 8 minutes24 (Table 1). 
A no-template negative control was included. PCR 
products (3 µL) were then run on a 1.5% agarose 
gel (with ethidium bromide) at 100 V for 45 min 
alongside a 1 kb ladder for size reference. The 
bands of DNA products were viewed under the 
Gel Documentation System.

Antibiotic susceptibility testing
	 Antibiotic susceptibility of the bacterial 
isolates was assessed using the Kirby-Bauer disc 
diffusion technique. The procedure followed 
the interpretive standards of the Clinical and 
Laboratory Standards Institute (CLSI, 2018).18 
Pure bacterial colonies were suspended in sterile 
saline to achieve a concentration equivalent 
to the 0.5 McFarland standard (approximately 
1.5 × 108 CFU/mL), and the suspension was 
then evenly spread onto Mueller-Hinton agar 
(Millipore, SA; lot No.: HG000C37.500) using 
a sterile swab. Antibiotic disks saturated with 
antimicrobial agents [Tetracyclines (30 µg), 
Ciprofloxacin (5 µg) and Ampicillin (10 µg)] were 
then placed on a lawn of known bacteria seeded 
on the surface of the inoculated media. The plates 
were incubated overnight at 37 °C. Following 
incubation, the diameters of the inhibition zones 
were measured and categorized as susceptible (S), 
intermediate (I), or resistant (R) according to the 
zone diameter breakpoints specified by the CLSI 
standards for the various bacterial groups tested. 
It is noteworthy that although CLSI guidelines 
are developed for clinical isolates, they may 
be applied to environmental and wastewater 
bacteria, particularly clinically relevant species like 
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Enterobacterales (which were predominant in this 
study), to enable standardized interpretation of 
resistance profiles. It is acknowledged, however, 
that these breakpoints may not fully reflect the 
behavior of environmental isolates.
	 Antibiotic susceptibility results were 
interpreted using CLSI breakpoints (Table 2) and 
subsequently analyzed statistically to compare 
resistance patterns across different wastewater 
treatment plants
Statistical analysis
	 The data was analyzed using descriptive, 
comparative, and inferential statistical methods. 
Descriptive statistics such as averages, standard 
deviations, and frequency counts were applied to 
summarize the distribution of bacterial species, 
patterns of antibiotic resistance, and gene 

presence. Comparative analysis was performed 
using chi-square tests to assess associations 
between bacterial species, resistance phenotypes, 
and wastewater treatment plant (WWTP) sources. 
Inferential statistical methods were used to assess 
if the differences in resistance patterns were 
statistically meaningful, with significance set at 
a p-value below 0.05. Graphical representations 
of the data were created using GraphPad Prism 
version 6 and Microsoft Excel.

RESULTS AND DISCUSSION

Bacterial identification
	 A total of 47 bacterial isolates were 
recovered from wastewater samples collected 
from the three treatment plants: Plant A (23 

Table 1. Targeted antibiotic resistance genes (ARGs), primer sequences, amplicon sizes, and melting temperatures 
used for PCR amplification

Gene	 Forward Primer Sequence	 Reverse Primer Sequence	 Amplicon	 Melting 
			   Size (bp) 	 temp.

blaTEM	 5’-ATAAAATTCTTGAAGAC-3’	 5’-TTACCAATGCTTAATCA-3’	 ~858 bp	 32 °C
tetA	 5’-GTAATTCTGAGCACTGTCGC-3’	 5’-CTGCCTGGACAACATTGCTT-3’	 ~210 bp	 45 °C
gyrA	 5’-CGACCTTGCGAGAGAAAT-3’	 5’-GTTCCATCAGCCCTTCAA-3’	 ~620 bp	 48 °C

Figure 1. Process flow diagram of wastewater treatment plant A  showing the main stages of wastewater treatment, 
including influent, treatment units, and effluent pathways. Arrows indicate the direction of wastewater flow
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isolates), Plant B (12 isolates), and Plant C (12 
isolates). Among these, 83% were Gram-negative 
and 17% were Gram-positive (Figure 3). The most 
frequently identified species were Escherichia coli, 
Klebsiella pneumoniae, and Citrobacter freundii, 
with E. coli occurring at all sites (Figure 4). Plant 
B was dominated by K. pneumoniae and E. coli, 
while Plant A exhibited greater species diversity, 
including K. pneumoniae, E. coli, and Raoultella 
planticola. Plant C contained a high proportion 
of E. coli, Raoultella planticola, and Enterobacter 
spp. Based on VITEK system analysis, Kocuria 
rosea, Staphylococcus lentus, and Pediococcus 
pentosaceus were identified with high confidence, 
indicating a diverse microbial community.

	 T h e  b a c te r i a l  s p e c i e s  i s o l a te d 
from wastewater treatment plants (E. coli, 
Klebsiella pneumoniae, Citrobacter freundii, 
among others) are known to harbor antibiotic 
resistance genes (ARGs), and their presence 
in wastewater highlights the environment as 
significant reservoirs for resistance.25 Studies 
have documented that Klebsiella pneumoniae and 
other Enterobacteriaceae frequently harbor beta-
lactamase genes (e.g., blaTEM, blaSHV, blaCTX-M), which 
confer resistance to beta-lactam antibiotics.26,27 
The identification of these genes in wastewater 
isolates indicates significant risk for the spread 
of multidrug-resistant (MDR) strains into the 
environment.28 The dominance of Gram-negative 

Table 2. The standard AST breakpoints as per Clinical and Laboratory Standards Institute

Antibiotic 	 Abbreviation 		  Antibiotic sensitivity rating  

		  Susceptible (S) 	 Intermediate (I) 	 Resistant (R) 

Ampicillin	 AMP	 ≥8	 18-20	 ≤16
Ciprofloxacin	 CIP	 ≥15	 10-14	 ≤4
Tetracyclines	 TET	 ≥19	 15-18	 ≤14

Figure 2. Process flow diagram of wastewater treatment plant B, illustrating the major treatment stages, return 
activated sludge (RAS), waste activated sludge (WAS), and integration of backwash water from the New Goreangab 
Water Reclamation Plant. Arrows indicate the direction of wastewater flow
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isolates is consistent with previous studies 
reporting their prevalence in environments 
impacted by human and animal waste.29,30 
Their outer-membrane structures and lipid A 
modifications promote multidrug-resistance 
by reducing permeability and supporting ARG 
exchange.2 Lipopolysaccharides (LPS) are essential 
components of the outer membrane of Gram-

negative bacteria, contributing to membrane 
stability and protection against environmental 
stress. These organisms often harbor antibiotic 
resistance genes (ARGs) that provide multidrug 
resistance to clinically significant antibiotics 
and facilitate the spread of resistance across 
environmental and clinical settings.31

Figure 3. Distribution of Gram-positive and Gram-negative bacterial isolates across Plants A, B, and C (n = 47). 
Gram-positive bacteria predominated in Plants B and C, whereas Plant A showed a balanced composition

Figure 4. Distribution of bacterial species across the three wastewater treatment plants. Significant variation 
was observed among sites (χ² = 45.87, df = 4, p < 0.0001), with Escherichia coli being most prevalent and Plant A 
showing the highest diversity
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	 Klebsiella pneumoniae and Klebsiella 
oxytoca were identified in several wastewater 
samples making them important indicators of 
b-lactamase activity.32 Similarly, Enterobacter 
spp. and Citrobacter freundii are known to harbor 
extended-spectrum beta-lactamases (ESBLs) 
suggesting potential dissemination of extensively 
drug-resistant phenotypes. E. coli often carries 
gyrA mutations related to fluoroquinolone 
resistance and blaTEM genes, emphasizing its role in 
ARG transmission.33 The detection of opportunistic 
species such as Raoultella spp. and Aeromonas 

spp., further highlights wastewater as a conduit 
for clinically relevant resistance determinants. 
	 Among Gram-positive isolates, K. rosea 
appeared in roughly 98% of the collected samples. 
Though typically benign, it can resist b-lactams and 
tetracyclines through bla (beta-lactamase) and tet 
resistance genes.34,35 The significant abundance of 
this bacterium in wastewater indicates its potential 
to carry resistance genes that could be passed 
on to other harmful bacteria through horizontal 
gene transfer within this setting. S. lentus, a 
coagulase-negative staphylococcus, has also been 

Figure 5. Antibiotic susceptibility profiles of bacterial isolates across tested antibiotics. High sensitivity was observed 
to ciprofloxacin, with notable resistance to ampicillin and variable responses to tetracycline

Figure 6. Agarose gel electrophoresis (1.5%) of amplified gyrA gene products from bacterial isolates recovered 
from wastewater
(A) Lane 1: 1 Kb DNA ladder; NC: negative control; Lanes 3-9: bacterial samples. Positive amplification observed 
in lanes 3 (140 GE2), 4 (161 EI2), 7 (139 GE1), and 9 (159 OE4), confirming the presence of the gyrA gene. No 
amplification detected in lanes 5 (135 OE4), 6 (133 OE2), and 8 (141 GE3).
(B) Lane 1: 1 Kb DNA ladder; NC: negative control; Lanes 3-8: bacterial samples. No amplification detected in any 
sample, indicating the absence of the gyrA gene.
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previously reported to have potential for multidrug 
-resistance via bla, tetK, and tetM.36 Leuconostoc 
mesenteroides ssp. cremoris was also identified 
in over 90% of samples, indicating that even 
lactic-acid bacteria can serve as ARG reservoirs in 
wastewater systems. 
	 Species distribution varied by site 
(Figure 4) and likely reflected socioeconomic and 
infrastructural differences. Plant C, which treats 
wastewater from higher-income households, 
showed greater bacterial diversity, likely due to 
higher levels of nutrients and pharmaceuticals 
in the influent. This pattern aligns with evidence 
from previous studies that have linked economic 
indicators such as income levels, export activity, 
and education related to antibiotic use, hygiene, 
and healthcare practices, suggesting that 
socioeconomic status (SES) can shape bacterial 
profiles in urban wastewater systems.37 In 
contrast, Plant B’s simpler wastewater profile 
yielded lower diversity, dominated by fecal-
associated species such as K. pneumoniae and 
R. planticola. The lower bacterial diversity 
observed in Plant B reflects its socioeconomic 
status, where wastewater inputs are likely to be 
simple, with fewer pharmaceutical or industrial 
contributions. Species like Klebsiella pneumoniae 
and Raoultella planticola may dominate due 
to a focus on basic sanitation and untreated 
wastewater containing fecal contamination and 
simple organic matter. Plant A, which receives 

mixed domestic and industrial effluents, exhibited 
the broadest species range, including R. planticola, 
E. cloacae, and K. pneumoniae. This diversity 
likely reflects the heterogeneous nature of 
the influent, as mixed industrial and domestic 
discharges introduce a wide range of nutrients and 
chemical compounds that create varied ecological 
conditions supporting both environmental and 
fecal-associated bacteria.31,37,38

Antibiotic susceptibility testing
	 Antimicrobial susceptibility testing (AST) 
revealed distinct resistance trends among the 
three wastewater treatment plants (WWTPs), 
reflecting differences in influent composition, 
treatment efficiency, and the socioeconomic 
characteristics of the serviced populations (Figure 
5). Overall, the highest resistance was observed in 
Plant A, followed by Plant B, while Plant C exhibited 
the lowest resistance rates. These findings suggest 
that both anthropogenic activities and local living 
conditions may shape resistance dissemination 
within wastewater systems.39

	 Ampicillin resistance was the most 
prevalent, detected in more than 90% of isolates, 
particularly among Klebsiella pneumoniae and 
Escherichia coli. This widespread b-lactam 
resistance is consistent with the dominance 
of b-lactamase-producing Enterobacterales in 
wastewater environments receiving mixed or 
industrial discharges. This indicates that these 

Figure 7. Prevalence of gyrA mutations among bacterial isolates from three wastewater treatment plants (Plants 
A, B, and C). Plant A exhibited the highest mutation prevalence, followed by Plant B and Plant C
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isolates may have exhibit b-lactamase production 
or other resistance mechanisms, such as enzymatic 
destruction by b-lactamases, target alteration of 
the PBPs that prevents b-lactam binding, and 
control of b-lactam entry and efflux.4 In contrast, 
tetracycline resistance was moderate and variable 
across sites, whereas most isolates remained 
susceptible to ciprofloxacin despite the detection 
of the gyrA gene associated with fluoroquinolone 
resistance. Comparable studies have similarly 
reported extensive resistance to older antibiotic 
classes such as b-lactams and tetracyclines, while 
fluoroquinolone resistance remains comparatively 
lower.22,28,40

	 Ciprofloxacin is a fluoroquinolone that 
works against a variety of Gram-negative and some 
Gram-positive bacteria by targeting DNA gyrase 
and topoisomerase IV. Often, gyrA and parC gene 
variants mediate resistance to ciprofloxacin.37 
Many of the bacterial isolates were susceptible 
(S) to ciprofloxacin, suggesting the presence of 
an efflux pump mechanism or potential gyrA gene 
alterations. Tetracycline resistance is commonly 
mediated by tetA, tetB, or tetM genes, which 
encode efflux pumps or ribosomal protection 
proteins. A previous study found that Tetracycline 
resistance to Enterococcus spp. is widespread 
and may be rising. Tetracycline resistance among 
Klebsiella, Providencia, Raoultella, and Citrobacter 
spp. likely reflects the presence of plasmid-borne 
tet genes, which facilitate horizontal gene transfer 
in wastewater environments.28

	 Plant A demonstrated the broadest range 
of resistant species and the greatest multidrug- 
resistance potential. This plant receives both 
domestic and industrial effluents, including 
hospital inputs, generating a complex mixture of 
antibiotics, heavy metals, and organic compounds 
that enhance selective pressure for antimicrobial 
resistance genes (ARGs). The high ampicillin and 
tetracycline resistance observed in Plant A likely 
reflects co-selection within such mixed inputs. 
Similar observations have been reported in mixed-
use WWTPs where industrial and hospital waste 
streams significantly elevate resistance gene 
diversity.41

	 In Plant B, resistance was mainly 
associated with K. pneumoniae and Raoultella 
planticola, showing high ampicillin resistance but 
moderate tetracycline susceptibility. The limited 

resistance range and lower diversity likely reflect 
simpler domestic wastewater inputs with minimal 
industrial or pharmaceutical contributions. 
Such conditions, typical of lower-income areas, 
promote fecal contamination-driven resistance 
but offer fewer chemical pressures for complex 
ARG selection.33 In contrast, Plant C, serving 
higher-income residential households, exhibited 
the lowest resistance levels, with most isolates 
susceptible to all antibiotics. This trend likely 
results from reduced empirical antibiotic use, 
better healthcare oversight, and improved 
sanitation infrastructure.37 The low detection of 
gyrA further supports the role of socioeconomic 
and infrastructural factors in shaping resistance in 
community wastewater.41,42

	 Influent and effluent samples across all 
sites showed that resistance was consistently 
higher in influent samples, particularly for 
ampicillin, indicating that treatment processes 
substantially reduce but do not eliminate resistant 
bacteria. The persistence of resistant isolates 
and detection of gyrA in effluents emphasize 
the limited efficacy of conventional biological 
treatments in removing resistant determinants. 
Previous studies likewise found that secondary 
and tertiary treatment stages decrease bacterial 
loads but allow ARGs to survive and disseminate 
into receiving waters.10,43

	 The persistence of resistant bacteria 
and ARGs in treated effluents poses clear 
environmental and public-health risks, especially 
given that reclaimed water in Windhoek is reused 
for irrigation and other non-potable applications. 
Such reuse could facilitate horizontal gene transfer 
of resistance determinants to soil and aquatic 
microbiomes, potentially affecting human and 
animal health through environmental exposure. 
Similar findings have been documented elsewhere, 
where b-lactamase-producing E. coli and K. 
pneumoniae released via effluents contribute 
to downstream accumulation of ARGs in aquatic 
ecosystems.27,31

	 Although most isolates remained 
susceptible to ciprofloxacin, the detection of the 
gyrA gene suggests the potential for resistance 
to other fluoroquinolone antibiotics. This trend 
is consistent with previous research showing 
widespread resistance to older antibiotics such as 
tetracyclines and b-lactams, while fluoroquinolone 
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resistance appears to be emerging.13,28 There was a 
varying inhibitory effect exhibited by tetracycline 
across the tested samples. While many samples 
were sensitive, a significant number also show 
resistance, with zones of inhibition as low as 0 
mm in several cases. Intermediate results (zones 
around 12-16 mm) indicate that tetracycline 
resistance is evolving and may vary depending on 
environmental factors or bacterial species.
	 Among  Gram-pos i t i ve  bacter ia , 
particularly Kocuria rosea, Staphylococcus lentus, 
and Leuconostoc spp., are known to harbor various 
ARGs, including bla, Tet, and gyrA genes, which 
may provide resistance to b-lactams, tetracyclines, 
and fluoroquinolones, respectively.44 The broad 
resistance to ampicillin and tetracycline supports 
the likelihood that these species may carry such 
ARGs, with b-lactamase activity explaining the 
high ampicillin resistance observed. Further 
molecular characterization is required to identify 
specific mutations enhancing these resistance 
traits, particularly in S. lentus and K. rosea, 
Staphylococcus lentus and Kocuria rosea.

Detection of ARGs by PCR
	 PCR analysis detected the presence of the 
gyrA gene, linked to fluoroquinolone resistance, 
in selected isolates, as shown in Figure 6. No 
amplification was observed for tetA or blaTEM 
genes, suggesting their absence or low prevalence 
in the sampled bacterial population.
	 The detection of the gyrA gene, a 
key marker of fluoroquinolone resistance, 
in several isolates indicates the potential for 
resistance development and dissemination 
within wastewater environments. In contrast, 
the absence of tetA and blaTEM amplification may 
reflect either the low occurrence of these genes in 
the sampled bacterial population or limitations in 
PCR sensitivity under the applied conditions. The 
amplification of gyrA is particularly significant, as 
it suggests that these bacteria may already possess 
or have the potential to develop fluoroquinolone 
resistance through mutations within the quinolone 
resistance determining region (QRDR).45 The 
amplification of this gene across multiple bacterial 
isolates suggests the potential presence of 
signature mutations (e.g., at codons 83 or 87), 
which are known to confer resistance.45

	 Considering that most isolates carrying 
gyrA were found in effluent samples, highlights 
environmental and public health risks. Wastewater 
effluent can spread antibiotic-resistant bacteria 
and genes like gyrA into natural water bodies. A 
similar investigation done on E. coli shows high 
fluoroquinolone resistance via gyrA and parC 
mutations across various environments affected 
by wastewater discharge.46 These findings indicate 
that discharges from wastewater treatment 
plants (WWTPs) could contribute to the growth 
and spread of antibiotic resistance in streambed 
biofilms. Moreover, the study revealed that 
antibiotic resistance genes (ARGs) were detectable 
in biofilms at considerable distances downstream 
from the WWTP discharge point, extending up to 
1 km.46 The presence of the gyrA gene, linked to 
fluoroquinolone resistance, indicates that bacteria 
harboring it can persist and thrive in environments 
exposed to these widely used clinical and 
agricultural antibiotics.47 After entering the 
environment, these resistant bacteria may engage 
with native microbial populations, potentially 
passing resistance genes to other bacteria via 
horizontal gene transfer. This transmission can 
lead to the formation of environmental reservoirs 
of antibiotic resistance, especially in aquatic 
ecosystems, where resistance genes may travel 
through the food web and eventually impact both 
humans and animals. For instance, people and 
animals exposed to contaminated water through 
drinking, recreational activities, or agriculture 
could acquire resistant infections that are more 
challenging to treat.48

	 Similar findings in other regions have 
shown WWTP effluents as significant sources of 
resistant bacteria into natural ecosystems, raising 
public health concerns.49 In studies where tetA and 
blaTEM genes were detected, conditions such as 
higher anthropogenic influence or direct hospital 
wastewater discharges have often contributed to 
increased ARG prevalence. In contrast, the lower 
prevalence of these genes in this study suggests 
that either the environmental or treatment plant 
factors in Windhoek may limit their spread.
	 The low prevalence of gyrA in Plant C 
as shown in Figure 7 is consistent with its high 
living standard and relatively clean wastewater 
inputs. Affluent households may use fewer broad-
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spectrum antibiotics like fluoroquinolones due to 
better access to targeted healthcare interventions 
or awareness about antibiotic stewardship. 
Effective sanitation infrastructure may also reduce 
the retention and the spread of microorganisms 
resistant to antibiotics.43 The moderate gyrA 
prevalence in Plant B may reflect lower living 
standards, where antibiotic misuse and limited 
sanitation promote resistant bacteria. In contrast, 
the highest gyrA prevalence in Plant A is expected, 
as it treats wastewater from diverse sources 
which includes residential, industrial, and hospital 
effluents. The mixing of these wastes, along with 
potential accumulation of resistance genes and 
recirculation of treated effluent, likely enhances 
the persistence of gyrA at this site. Exploring 
various types of wastewater and conducting a 
wider analysis of antibiotic resistance genes could 
offer deeper understanding of how these genes 
spread in the environment.50

Implications for wastewater treatment and public 
health
	 These findings highlight that wastewater 
treatment plants (WWTPs) could serve as key 
locations where antibiotic resistance develops and 
spreads. Despite effectively lowering the number 
of bacteria, current treatment methods may not 
fully remove antibiotic resistance genes, such as 
the gyrA gene. As a result, these genes along with 
ampicillin resistant isolates, may still be released 
into their effluent receiving environments such 
as natural water bodies.43 This points to the need 
for continuous AMR surveillance and advanced 
treatment strategies that target both bacterial 
pathogens and ARGs to mitigate resistance spread. 
Effective strategies might include incorporating 
AMR monitoring in the current wastewater quality 
and risk assessments, optimization of treatment 
processes, and integration of newer disinfection 
technologies like UV-C irradiation or ozonation 
in some of the sampled WWTPs. As these may 
be more effective at degrading genetic material 
associated with resistance.

CONCLUSION

	 Bacterial  isolates obtained from 
wastewater were analyzed using culture-based 

antibiotic susceptibility testing and PCR to explore 
both phenotypic and genetic resistance features. 
The isolates displayed varied phenotypic resistance 
patterns, and the gyrA gene which is linked to 
fluoroquinolone resistance was detected in several 
samples. Despite this, only one isolate showed 
phenotypic resistance to ciprofloxacin, suggesting 
that specific gyrA mutations may modulate 
resistance expression rather than directly confer 
it. The absence of blaTEM and tetA amplification 
indicates that these organisms may employ other 
genetic mechanisms to tolerate b-lactam and 
tetracycline exposure. Overall, the findings show 
that even non-pathogenic bacteria in wastewater 
can act as reservoirs for antimicrobial resistance, 
contributing to its persistence and posing a 
potential threat to public health. Continuous 
surveillance using genomic and metagenomic 
tools is recommended to uncover additional 
resistance determinants and inform strategies to 
curb environmental dissemination.
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