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Abstract: Bacteria’s ability to withstand the detrimental effects of antimicrobials may take the form
of resistance or tolerance with the minimum inhibitory concentration (MIC), the mutant prevention
concentration (MPC), and the mutant selection window as salient concepts. Isolates exposed for 30
days to different concentrations of selected antibiotics, biocides, and heavy metals, singly and in
combination, were additionally exposed to very high (15 x MIC) concentrations of ampicillin., and
their tolerance was calculated the time to kill 99.9% of the isolate population (MDXKo9.9). These values
were increased by 30 to 50% in test isolates compared to the untreated control. BAC 10-exposed
isolates had the highest tolerance increase, and the tolerance appeared to originate from two
sources, i.e.,, stochastic persistence and genetic-induced persistence, involving multiple genes
using diverse mechanisms. The mutant selection window of the isolates to ampicillin, amoxicillin,
and oxytetracycline also slightly increased compared to the control, indicating the amplification of
persister cells during the 30-day exposure. These findings indicate that bacterial exposure to sub-
inhibitory concentrations of environmental chemical stressors may not always result in the
development of antimicrobial resistance but could initiate this process by selecting for persisters
that could evolve into resistant isolates.

Keywords: environmental stressors; pharmaceuticals; antibiotic resistance; selection pressure;
public health; tolerant bacteria; environmental pollution; mutation; whole genome sequencing;
single nucleotide polymorphisms

1. Introduction

Bacteria and other microorganisms have continuously adapted to adverse stressors from the
natural environment and anthropogenic activities. These adaptations are exhibited phenotypically
(persistence, biofilms, resistance, and tolerance) and genotypically through resistance and tolerance
genes.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Resistance is the ability of bacteria to survive, grow and replicate in the presence of
antimicrobials at concentrations beyond the minimum inhibitory concentrations (MIC) and usually
manifests as direct drug inactivation, decreased intake, and increased efflux of the drug, as well as
the alteration of the binding sites for the drugs [1-3]. Tolerance, on the other hand, is the ability of
the bacteria to survive low to extremely high antimicrobial concentrations, usually above bactericidal
concentrations but without growth or replication [2]. Tolerance occurs in bacteria through molecular
mechanisms such as dormancy, reduced metabolism, oxidative stress, and adenosine triphosphate
(ATP) level maintenance. On their part, persisters are a naturally occurring sub-population of
bacteria, making up about 0,000001% of the bacteria population. Their lack of growth makes them
infallible to attacks by most extraneous effects such as antimicrobials and environmental stressors,
and they can survive extremely high pressure from these stressors [4]. Unlike resistance, which
involves a one-gene-one phenotype expression, persistence and eventual tolerance are associated
with multiple genes [5-8].

While resistance increases the MIC of the mutant compared with the susceptible parental strain,
the MIC remains the same in both the parental and the evolved strain with tolerance. Tolerance is
instead observed as an increase in the MDKyy, the minimum duration to kill 99% of the bacteria in a
culture [9]. Generally, persister cells are genetically similar to parental and non-persister cells in the
same population and have the same MIC. However, their presence is responsible for the biphasic
killing pattern observed in bacteria, which usually starts exponentially (signifying the killing of the
susceptible cells, then increases slightly again, indicating the secondary killing phase of the persister
cells [5,9].

Besides resistance and tolerance, another factor of great interest in microbial invulnerability is
the mutant selection window (MSW). The MSW represents the concentration range for the emergence
of resistant mutants within a bacterial population. It is the range between the minimum inhibitory
concentration (MIC) and the mutant prevention concentration (MPC). The MIC is the minimum
concentration of antimicrobial that inhibits bacteria growth. The MPC is the MIC of the least
susceptible first-step resistant mutant (the most resistant mutant) in a 10'* CFU bacterial population.
The length of the MSW plays a huge role in the selection of resistance in bacteria. The shorter the
window, the smaller the drug concentration range, and the better the chances of preventing the
development of resistant mutants [10].

Environmental discharge points such as hospital and manufacturing effluent can have stressors
at concentrations 3 to 10 times the environmental values, especially antibiotics and heavy metals. For
example, in Africa, sulfamethoxazole (SMX) has been detected at concentrations of 20.6 ug/L in
hospital effluents compared to 6.8-7.8 ug/L in WWTP and surface waters [11]. In addition,
ciprofloxacin (CIP) levels detected in industrial effluents were up to 31,000 ug/L, which is over 100
times the toxic level of most bacteria [11-13]. Karkman et al. (2019) suggested that these types of
concentrations, above the bactericidal levels, were responsible for the emergence of AMR in the
environment. The MPC represents the concentration above which bacteria rarely select for resistant
mutants [14,15]. However, environmental concentrations of these stressors fluctuate between very
low to extremely high, depending on the distance to the source and weather and could contribute to
the emergence of cell persistence and subsequent development of tolerance by bacterial populations.
Therefore, investigating the effect of prolonged exposure to sub-bactericidal concentrations, as seen
in the environment, on the emergence of tolerance to stressors by bacteria is essential.

The standard technique to assess tolerance is through time-kill measurements, with viable
colony forming units (CFU) of bacteria exposed to an antimicrobial plotted against time. When the
killing is solely exponential, the killing rate can be used to measure tolerance, which is the minimum
duration of killing (MDK) at a certain percentile of the population, expressed as an index in the MDK
value. Therefore, MDKx is the minimum time required to kill n% of a bacterial population.
Conversely, a high MDK suggests bacterial killing requires more time, which eventually corresponds
to high tolerance [16]. Hence, tolerance is a bacteria's ability to stay alive despite bactericidal
antimicrobial concentration [17].
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In our previous experiment, it was observed that the environmental concentrations of
oxytetracycline (OXYTET), amoxicillin (AMX), copper (Cu), zinc (Zn), benzalkonium chloride (BAC)
10, dimethylammonium chloride (DADMAC) 12 and a combination of all of them could not elicit
phenotypic or genotypic resistance in the bacteria following exposure for 30 days (Data not shown).
Therefore, this study looked at the impact of these exposures on the level of persistence and tolerance
development in the exposed isolates; using extremely high doses of ampicillin for killing. The current
study further assessed the associations with observed mutations by whole genome sequencing (WGS)
and Single nucleotide polymorphisms (SNP) and investigated the impact of such exposure to the
MSW of these exposed E. coli isolates to ampicillin, oxytetracycline and amoxicillin.

2. Materials and Methods

Two sets of experiments were conducted using the 30-day exposed isolates, first to determine
the MSW to amoxicillin, oxytetracycline and ampicillin and their MDKos.9 when exposed to extremely
high doses of ampicillin.

2.1. Test Organisms

The test organisms were the 30-days exposed E. coli (ATCC strain 25922) isolates from the earlier
experiment, while wholly susceptible E. coli (ATCC strain 25922) were used as control. Bacteria
inoculum at a concentration of 1.5 x 108 McFarland standard, was prepared using the 30-day exposed
isolates and the wholly susceptible E. coli (ATCC strain 25922).

2.2. Determination of Bacterial Tolerance

For this experiment, the duration for killing 99.99% of the isolates (MDK.99) was investigated
by modifying the method by Fridman et al. [18]. First, the exposed isolates were cultured overnight
on nutrient agar at 37 °C to obtain fresh, viable, and concentrated isolates to monitor killing rates
adequately. Then, the cultured isolates were scrapped into a 1 mL of Luria-Bertani (LB) broth (Merck
Life Science (Pty) Ltd, Johannesburg, South Africa) and cultured overnight for a very concentrated
culture. After that, the 1 mL of the concentrated culture was inoculated into 5 mL LB broth
supplemented with 100 g/mL ampicillin (about 15 times the E. coli ampicillin MIC value). Each culture
mixture was prepared in 2 x triplicate sets for three different time intervals (T.-3, 5, and 8 hours), and
the culture mixture was then incubated at 37 °C in a shaking incubator at 200 rpm.

Depending on the time intervals (3, 5 and 8 hours), the culture was brought out after the
incubation and washed twice in 5 mL of LBL by centrifuging at 1400g for 10 minutes. Next, the pellets
were resuspended in 1 mL of LBL and grown again for up to 24 hours (21, 19 and 16 hrs, respectively)
at 37 °C in a shaking incubator at 200 rpm. This gave a fresh 24 hr culture for the following day's
exposures. After 24 hours, the plate was cell counted and recorded. The overnight culture was then
subjected to the same exposure as the previous day for three consecutive days, using the same cyclic
periods. To confirm tolerance and not resistance, the surviving E. coli cells were also subjected to AST
to ascertain changes in their MICs compared to the original stock [18].

2.3. Mutant Selection Window

The MSW is an antimicrobial concentration range extending from the minimal concentration
required to block the growth of wild-type bacteria (MIC) to the concentration needed to inhibit the
growth of the least susceptible, single-step mutant (MPC).

The MIC was performed using the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) broth microdilution method [19-21]. Briefly, two-fold serial dilutions of the test agents
(environmentally determined amoxicillin, ampicillin and oxytetracycline) were dispensed into
microdilution plates and inoculated with E. coli. The plates were incubated at 37 °C for 24 hours and
read visually. The MPC was obtained by determining the MIC of a higher microbial load (=10°
CFU/mL) as previously described [22].
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All contiguous sequences for the isolates used in this study have been deposited in GenBank
with accession numbers under BioProject PRINA836107.

3. Results
3.1. Determination of toleance

3.1.1. Tolerance among biocide-exposed isolates

The tolerance of the biocide-exposed isolates was measured as the minimum duration for killing
99.99% (MDKo9.99) of the BAC 12 and the DADMAC 10-exposed isolates when treated with a very
high ampicillin concentration. There was a decrease in the initial bacterial concentration of 2.5 x 108
CFU/ml to 2.5 x 10* CFU/mL on the second day, giving an MDK.99 of 30 hours for BAC 12 (Figure 1).
For DADMAC 10-exposed isolates, the bacterial count dropped from 1.8 x 108 to 1.5 x 10+ CFU/mL,
giving an MDKoo.9 value is 28 hours (Figure 1). There was no reduction in the bacterial count of the

controls.
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Figure 1. The minimum duration for killing 99.99% (MDKuw.s9) of bacterial cells in the population for
BAC and DADMAC-exposed isolates compared to the control.

3.1.2. Tolerance among antibiotics residue exposed isolates

The 30-day amoxicillin-exposed isolates, with an initial concentration of 1 x 108 CFU/mL, when
exposed to a very high dose of ampicillin, had an MDKos.e at 26 hours on the second day, as the
concentration decreased to 1 x 10* CFU/mL (Figure 2). The OXYTET-exposed isolates had an MDKo9.99
value of 28 hours, with the initial concentration of 2 x108 CFU/mL decreasing to 2 x 10* CFU/mL on
the second (Figure 2).
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Figure 2. The minimum duration for killing 99.99% (MDKo.99) of bacterial cells in the population for
AMX and OXYTET-exposed isolates compared to the control.

3.1.3. Tolerance among metal-exposed isolates

The 30-day heavy metals (Zn and Cu)-exposed isolates, when subjected to a high ampicillin dose
ampicillin had an MDKos.99 of 28 hours and 30 hours with bacterial concentrations reducing from 2 x
108 CFU/mL to 2 x10* CFU/mL, and 1.5 x 108 CFU/mL to 1.5 x 10* CFU/mL on the second day for Zn
and Cu, respectively (Figure 3).
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Figure 3. The minimum duration for killing 99.99% (MDXKo.») of bacterial cells in the Zinc and
Copper-exposed isolates compared to the control.

3.1.4. Tolerance for the combined chemicals-exposed isolates
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The combined chemicals (ALL)-exposed isolates subjected to a high ampicillin dose treatment
expressed an MDKos.99 value of 26 hours with a concentration of 2.5 x 10* CFU/mL on the second day,

from an initial concentration of 2.5 x 108 (Figure 4).
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Figure 4. The minimum duration for killing 99.99% (MDK99.99) of bacterial cells in the population

for ALL compared to the control.

3.1.5. Comparison of pollutant-treated isolates to control in the determination of the MDKuy9.99

The MDKw.o of all the pollutant-exposed isolates, compared to that of the control, are
summarised in Table 1. Compared with the control with an initial concentration of 3.5 x 10° and an
MDXKogof 20 hours at 3.5 x 105 CFU/ml, BAC 12-exposed isolates showed an increase in duration
of killing by 50% while for DADMAC 10-exposed isolated recorded a 40% increase following
treatment with a very high ampicillin dose. Also, for the AMX and OXYTET-exposed isolates, the
MDXKo9.99 increased by 30% and 40%, respectively, after high ampicillin exposure. Furthermore, there
wasa40% and 30% increase in the MDKoo.99 for Zn and Cu-exposed isolated, respectively, compared
to the control. Finally, ALL-treated isolates displayed a 30% increased MDKuw.99 value compared to

the control upon treatment with high antibiotic concentrations.

Table 1. Summary of the tolerance experiment results showing the initial concentrations, final
concentrations, MDKoo.99, and percentage difference compared to the control. All show a positive

percentage time increase.

Chemical-Exposed Initial Concentration =~ CONCENTRATION Percentage

Isolate (CFU/mL) (CFU/mL) on Day 2 Difference
BAC 12 2.5x108 2.5x104 30 +50%
DADMAC 10 1.5 %108 1.5 %104 28 +40%
AMOXICILLIN 1x108 1x10* 26 +30%
OXYTETRACYCLINE 2 x 108 2 %104 28 +40%
ZINC 2 x 108 2 %104 28 +40%
COPPER 1.5 =108 1.5 =104 26 +30%

CONTROL 3 x 10° 3 x10° 20 0
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3.2. Determination of the Mutant Selection Window

The MSW of the isolates exposed for 30 days to the different environmental stressors was
obtained by determining the MIC and MPC of these isolates. The results are presented in Table 2. No
significant increase in the MSW was observed for OXYTET treatment compared to the control. For
the AMX treatment, no significant difference in the MSW of the AMX, OXYTET and Cu-exposed
isolates compared with the control. However, there was a 41.67% increase in the MSW of Zn-exposed
isolates and a 100% increase in the MSW for the DADMAC, BAC and ALL-exposed isolates. Finally,
ampicillin treatment revealed a 100% (Zn-exposed isolates) and 300% (ALL-exposed isolates) increase
in the MSW of the test isolates compared to the control (Table 2).

Table 2. Mutant Selection window of the 30-day-exposed isolates following oxytetracycline,
amoxicillin and ampicillin treatment.

MSW Exposure Test Isolates Controls
Treatment  pollutant MIC MPC MSW MIC MPC MSW
Z AMX 2 256 0.5-256 2 256 2-256
o OXYTET 2 256 2-256 2 256 2-256
® COPPER 2 256 2-256 2 256 2-256
~ ZINC 2 256 2-256 2 256 2-256
= BAC 2 256 2-256 2 256 2-256
= DADMAC 05 256 0.5-256 0.5 256 0.5-256
5 ALL 2 256 2-256 2 256 2-256
AMX 8 512 8-512 8 512 8512
% OXYTET 8 512 8512 8 512 8512
= COPPER 8 512 8512 8 512 8512
% ZINC 8 512 8-512 8 256 8 — 256
o) BAC 8 512 8512 8 256 8 - 256
5 DADMAC 8 256 8256 8 128 8128
ALL 8 512 8512 8 256 8 - 256
AMX 8 256 8 - 256 8 256 8 — 256
z OXYTET 8 256 8-256 8 256 8 - 256
- COPPER 8 256 8 - 256 8 256 8 - 256
o ZINC 8 256 8 - 256 8 128 8-128
= BAC 8 512 8-512 8 128 8128
< DADMAC 8 256 8-256 8 256 8 - 256
ALL 8 258 8258 8 128 8128

4. Discussion

The present study investigated the impact of exposure to different environmental pollutants on
the development of resistance in bacteria, using E. coli as a model organism. Previously exposed
isolates were treated with extremely high ampicillin concentrations, and the time to reduce their
population by 99.99% was determined. It was observed that exposure to environmental
concentrations of biocides, antibiotics and heavy metals induced tolerance in the test organism,
demonstrated by an increase in the time to kill 99.99% of the exposed bacterial population and a
broadening of the mutant selection window.

4.1. Tolerance in exposed isolates

Tolerance develops from increased persister cells in a population, and these cells can out-
compete or be out-competed based on prevailing conditions [2,4,5,9]. This means that the increase in
the number of persister cells should translate to an increase in tolerance, indicated by an increase in
the MDKws of the isolates, triggered by the expression of genes as seen in the 30-days exposed
wholly susceptible E. coli in the current study. This is a sure pathway towards making the population
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fully tolerant and a first step towards resistance, as further exposure may lead to the development of
resistance genes. Furthermore, this shows that tolerance enables the bacteria to survive stress, and if
the stress contrinues, the bacterial fitness cost for selecting and expressing resistance genes is lowered
[18,23,24].

The current experiment reveals that exposing E. coli to sub-inhibitory concentrations of different
chemicals can increase the duration of the killing of the exposed isolates (MDK.%), indicating that
the exposed isolates may have a greater survival ability in the environment compared to unexposed
cells (in this case the control). From the results, BAC 12 had the highest MDKug.99, 50% higher than the
control, while amoxicillin and copper had the lowest MDKg.99 of 30% higher than the control. In our
earlier experiment on these isolates, WGS showed mutations in the isolates after 30 days of exposure,
with no phenotypic resistance. However, this study identified more survivors in the exposed isolates
compared with control isolates, despite the exposure to a very high concentration of ampicillin (MICx
15), indicating probable adaptation to antimicrobials in the environment in the form of increased
persister development and resultant antimicrobial tolerance based on the observed increase in MDK
instead of the MIC [18]. Tolerance is reversible with improved favorable conditions and unlike
resistance, uses different mechanisms, which we also observed in our study.

Susceptible E. coli ATCC 25922 strains, exposed to sub-MIC concentrations of DADMAC, BAC
12, Zn, Cu, AMX and OXYTET over 30 days, showed no phenotypic or genotypic antibiotics
resistance traits (Data not shown). Most of the genes as detected through WGS/SNP (acnB, cusA, degQ,
epmA, queG, hsmp, mlc, murP, nudK, ptsG, purH, queG, robA, stlE, tsaB, yddG and yghH), are involved
in repression of oxidative stress, SOS-dependent gene repairs, toxin/antitoxin efflux actions, skin
permeability, biofilm formation or cellular physiological processes. These are factors mostly
employed by bacteria for tolerance and persister cell production. [25,26].

BAC 12 had the highest MDKw.9, and in addition to the genes above, the BAC12 isolates also
had the fliL gene. The fliL gene was only detected in BAC12 and oxytetracycline isolates, and this may
have contributed to the high MDKov.99 observed in these two isolates. fliL is one of the seven genes
within the flagellar associated flaA locus and works with the rotor and stator proteins associated with
the mobility of bacteria by stabilising and increasing the efficiency of the stators, thus enhancing the
torque generation, which is essential for swarming over surfaces, increasing bacteria motility [27,28].
Cell motility contributes to bacteria survival and virulence, and survival due to motility does not
increase the MIC of the survivors [29]. This result is in agreement with previous studies indicating
that exposure of E. coli to sub-MIC concentrations of BAC resulted in the expression of genes
associated with efflux, outer membrane porins and motility, which increase BAC tolerance in E. coli
[30-33]. So, the detected filL gene likely contributed to increased tolerance to stressors in the BAC12
and OXYTET-exposed isolates, and this can be confirmed by the increased MDK when compared to
control, indicating an increased number of persister cells capable of surviving bactericidal
concentrations of antimicrobials.

Oxidative stress, which results from the over-accumulation of reactive oxygen species (ROS)
(produced by normal metabolism and essential for cell signalling and homeostasis), leads to DNA
damage and cell death. For example, the mutM and Fpg (formamidopyrimidine glycolase) genes were
detected in only zinc-exposed isolates (with a 40% increase in tolerance compared to the control). Fpg
is a bifunctional DNA glycosylase that cleaves the N-glycoside bond of redox-damaged purines and
incises the phosphodiester backbone to yield single-strand breaks with 3' and 5'phosphoryl ends [34].
In repairing oxidative damaged DNA, mutM is the primary DNA glycosylase that removes the
oxidised purines and some pyrimidines [34]. As such, it is actively involved in the repair of lesions
in the transcription of intermediates. Its involvement has been noted in the molecular mechanism of
lesion recognition, formation of productive complex and lesion excision [35-37]. Repairs of DNA and
genetic materials are part of the SOS response for cell survival. SOS response in E. coli contributes to
the transcription of genes involved in DNA repairs, persister production, biofilms and tolerance
mechanism [25,38,39].

Another gene only detected in DADMAC isolates was the ompD, a major porin protein in the
outer membrane of cells. It constitutes about 50% of the cell wall porins during favourable conditions
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and increases with increased anaerobiosis and environmental stress. It is involved in the efflux of
toxins/antitoxins through the cell membrane, which is very important in persister production and
tolerance [40—-42]. Furthermore, the nudK gene, also known as GDP-mannose hydrolase (which was
expressed by other isolates except for DADMAC-exposed isolates), is a member of the ADP-ribose
pyrophosphate sub-family of the Nudix hydrolases, whose overexpression suppresses the lapB that
encodes the protein involved in lipopolysaccharide (LPS) assembly. This gene promotes biofilm
formation, contributing to persister production and tolerance [25,43]. In addition, the hsmP gene,
which was also detected in all the isolates, also encodes for biofilm formation [44]. Biofilms are very
important for tolerance as it encourages the production of persister cells within the population.

Another gene detected in all the isolates that contributes to tolerance is the murP gene which
encodes the permease component of the N-acetylmuramic acid PTS transport system and facilitates
the uptake and transportation of anhydrous acetylmuramic (anyMurNAc) acid but not its
phosphorylation. In addition, it encodes anmK (anhydro-N-acetyl muramic acid kinase), which is
needed to convert imported anhMurNAc to MurNAc-P, a carbon and energy source for E. coli. The
cAMP and catabolic response genes in E. coli negatively relay rpoS, so over-expression of rpoS induces
stationary phase cells and persisters production and increases tolerance to antimicrobials [25,45-48].
acnB is also similar [49-51].

During exposure to antimicrobials, the few surviving tolerant bacteria can outwait
antimicrobial exposure and resume growth and virulence with exposure cessation. Hence, tolerance
is the ability of bacteria to stay alive in fluctuating exposure to antimicrobials, especially above the
MIC [17]. So, bacteria must acquire the mechanism that should enable them to resume growth and
degQ facilitates this. degQ, a serine endoprotease and a homologous member of the HtrA (High-
temperature requirement A) protein family with degP and degS, is involved in the degradation of
transient proteins, stress sensing, regulation, and protection during unfolded protein responses,
especially in isolates exposed to high temperature and nutrient deprivation, which also induces
persistence cell formation [25,48,52].

Tolerance mutations are essential for the continued survival of the bacterial population, as the
increased number of persisters creates a reservoir of unsusceptible bacteria. This supplies a feeder
hedge for the population, which helps bacteria to survive antimicrobials at bactericidal
concentrations [18]. So, bacteria can adapt to extended adverse conditions by tolerance, and if
conditions continue, they selection for resistance genes with a decreased fitness cost. This can be
attributed to the fact that persister cells naturally develop resistance genes. Still, these are lost due to
high fitness cost, but with increased persister cells due to tolerance, these genes spread within the
population easily, leading to pseudo resistance. So tolerance has been observed as the first step
towards resistance in most bacteria, especially those in environments exposed to extended
antimicrobial treatments at very high concentrations [53-55].

4.2. Effect of exposure on the mutant selection window

The MIC and MPC results showed that of the 30 days Cu and Zn-exposed isolates, only Zn-
exposed isolates had an increase in their MSW range to the tested antibiotics, compared to the
unexposed control. On the other hand, there was a significant increase in the MSW of amoxicillin and
ampicillin for the Zn-exposed isolates, but the MSW of OXYTET remained the same. This signifies
that exposure of susceptible bacteria to heavy metals like Zn in the environment, even at sub-MIC
concentrations, may contribute to developing more persister cells within the population, capable of
surviving current concentrations in wastewater treatment plants (WWTPs). This can lead to the
selective amplification of these unsusceptible cells than susceptible cells in the population and the
magnification of antimicrobial resistance in bacteria [22,56,57]. This also agrees with Fridman et al.
[18] and Levin-Reisman et al. [55], who stated that tolerant strains enhance the population's survival
and extend their survival window beyond the MPC, thereby increasing the MSW.

For the biocides, BAC-exposed isolates exhibited the most significant increase in the MSW
compared with the control, especially when tested against amoxicillin and ampicillin but not with
oxytetracycline. This shows that biocides in the environment, like heavy metals, can also trigger
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selection pressure for tolerant strains, contributing to further resistance of the isolates against
known antimicrobials and facilitating mutation, especially in the WWTPs [22,56,57].

The antibiotics-exposed isolates all had similar results indicating only a slight MSW increase
with ampicillin treatment. This suggests that antibiotics in the environment may not be major
contributory factors for increased antimicrobial resistance and may not be a factor in changes in the
antimicrobial profile of the population [10]. This agrees with a previous study which stated that
antibiotics in the environment exert less selection pressure for antimicrobial resistance than other
stressors such as heavy metals [58].

5. Conclusions

Exposing E. coli to different chemicals for 3 days triggered increased tolerance in the bacterial
population when exposed to a high ampicillin dose. This affected the MSW of the isolates against
amoxicillin and ampicillin treatment. The survival in antimicrobials, even above the MIC value, can
be attributed to the emergence of more persister cells, hence increased tolerance, and contributed to
the observed differences, in the MSW of the exposed isolates, compared with controls that were not
exposed to any chemical. These results call for deeper analysis of the mechanisms influencing
antimicrobial resistance in the environment. Therefore, studies involving different microbial and
chemical pollutants. It should, however, be noted the current study was conducted under static
physicochemical conditions and that other factors like temperature, pH and organic substances
present in the natural environment were not investigated.
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