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Abstract: Providing safe water through water reuse is becoming a global necessity. One concern
with water reuse is the introduction of unregulated contaminants to the environment that cannot be
easily removed by conventional wastewater treatment plants (WWTP). The occurrence of ampicillin,
sulfamethoxazole, ciprofloxacin, and tetracycline-resistant Escherichia coli through the treatment
stages of a WWTP (raw sewage, post-secondary, post-UV and post-chlorination) was investigated
from January to May 2016. The highest concentrations of antibiotic resistant E. coli in the effluent
were detected in April after rainfall. Ampicillin-resistant E. coli was the most common at the
post UV and chlorination stages comprising 63% of the total E. coli population. The minimum
inhibitory concentration (MIC) analysis showed that one in five isolates was resistant to three
or more antibiotics, and the majority of these E. coli were resistant to ampicillin, followed by
sulfamethoxazole and ciprofloxacin. The highest MIC was detected at the finished water after
application of multiple disinfection methods. Tetracycline resistance was the least observed among
others, indicating that certain drug families may respond to wastewater treatment differently.
Currently, there are no policies to enforce the monitoring of antibiotic-resistant pathogen removal
in WWTP. Better guidelines are needed to better regulate reuse water and prevent health risk upon
exposure to antibiotic-resistant bacteria.

Keywords: antibiotic resistance; chlorination; Escherichia coli; fecal indicator bacteria; reuse water;
UV-disinfection

1. Introduction

The discovery of antibiotics has been one of the significant successes in human history. Most of
these pharmaceuticals, however, become irrelevant to the disease they were intended to treat over time,
as microorganisms have rapidly developed resistance mechanisms to fight back this once lifesaving
intervention. Today, over 20,000 potential resistance genes in genome sequencing databases have been
discovered since the first antibiotic resistance reported in the late 1930s, right after its medicinal use [1].

Microorganisms harboring resistance genes end up in water [2] and soil [3]. Wastewater [4],
agricultural runoff [5], and hospital waste [6] have been reported as sources of antibiotic resistance in
the aquatic environment. Water contaminated with antibiotic-resistant bacteria (ARB) has the potential
to affect aquatic biodiversity [7,8] and human health adversely. These organisms are introduced to our
drinking water resources [9,10] and food systems through irrigation [11,12]. This issue has become
a global concern, and the World Health Organization has recently declared ARB as an emerging
pollutant in water [13].
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It is necessary to address problems arising from water reuse due to water scarcity
issues worldwide. One potential concern with reuse is that chemical and biological contaminants
in the WWTP effluents can be introduced to the environment. In an earlier study, [14] detected
several pharmaceutical and personal care products in surface water and water 30 cm beneath the
soil where turf-grass fields were irrigated with reuse water. Today, with increasing water scarcity,
WWTP in some states such as California, Texas, and Arizona have been using reclaimed water
for irrigation purposes. According to the USEPA, in 2012, 30 states and one U.S. territory have
adopted water reuse regulations [15]. Recycled water has been monitored by targeting fecal coliform
bacteria [16], but antibiotic-resistant indicator bacteria have not been a part of the monitoring efforts.

The purpose of this study was to determine the antibiotic removal efficacy of a conventional
WWTP whose effluents were utilized to irrigate recreational landscapes. Escherichia coli, as the fecal
indicator bacteria, were targeted for antibiotic resistance in the WWTP. Ampicillin, sulfamethoxazole,
ciprofloxacin and tetracycline-resistant E. coli were cultured to calculate the removal rates and
variability in the resistant population from inflow to the effluent (reuse water). Furthermore, the impact
of multiple disinfection steps on the removal of these E. coli populations was compared to provide
a more detailed assessment of antibiotic resistance in reuse water.

2. Materials and Methods

2.1. Sample Collection

A WWTP serving a small urban community with a population of 25,000 people in Georgia
was used for the study. The plant did not receive any industrial discharge. Samples were collected
during morning hours (before 9 am), and sampling was repeated five times in 2016 (January–May).
Triplicates of grab samples (1 L) were collected from the inflow, post-secondary, post-UV,
and post-chlorination stages. All samples (n = 60) were transported to the laboratory on ice and
processed within 6 h of collection. Seven days’ cumulative precipitation data (total precipitation of
the day of sampling and previous six days) were obtained from the University of Georgia Weather
Network (www.georgiaweather.net).

2.2. Antibiotic Resistant Escherichia coli Culture Collection

2.2.1. Escherichia coli Isolation

Serial dilutions from 101 to 106 were prepared for the influent and secondary effluent by using
sterile phosphate saline water. Triplicates of diluted influent, secondary effluent, undiluted UV-treated
effluent, and chlorinated reclaimed water were filtered through a sterile membrane filtration system
using 0.45 µm sterile filters. The chlorinated samples were neutralized with 10% sodium thiosulfate
prior to analysis. Presumptive Escherichia coli were grown on mI agar at 35 ± 0.5 ◦C. for 18 h [15]. The mI
medium contained cefsulodin (final concentration 5 µg/mL) and has been reported to inhibit the
growth of gram-positive organisms and non-coliform gram-negative bacteria in the literature [15,16].

The antibiotics tested for resistance in E. coli were selected from among the most
commonly used and clinically relevant pharmaceuticals (Table 1). Antibiotic-resistant presumptive
E. coli were enumerated by culturing a separate set of filters on mI Agar plates with
an antibiotic of concern—tetracycline (final concentration 16 µg/L), ampicillin (final concentration
32 µg/L), sulfamethoxazole (final concentration 350 µg/L) and ciprofloxacin (final concentration
4 µg/L)—at 37 ± 0.5 ◦C. All antibiotic concentrations were based on the Clinical & Laboratory
Standards Institute (CLSI, Wayne, PA, USA) breakpoints [17]. A control set of filters were also
incubated on media without antibiotics at the same conditions, and antibiotic resistance was calculated
as percentages by using the formula [18]:

% intermediate or resistant =
(Presumptive E. coli) on antibiotic plate
(Presumptive E. coli)on control plate

× 100 (1)

www.georgiaweather.net
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Table 1. Antibiotics used in the study.

Antibiotic Abbreviation Drug Family

Ampicillin AM β-lactam penicillin
Ciprofloxacin CI Fluoroquinolone

Sulfamethoxazole/Trimethoprim ST Folic acid synthesis inhibitor
Tetracycline TC Tetracycline

2.2.2. Isolate Identification

Colonies were randomly picked from the mI plates in aseptic conditions, transferred into typtic
soy broth (TSB) and grown in a shaker incubator at 37 ± 0.5 ◦C for 18 h. These cultures were then
washed with phosphate saline solution three times and finally stored in cryovials containing TSB with
50% glycerol at −80 ◦C for further analysis.

The species of these isolates were further confirmed by real time polymerase chain reaction.
Briefly, cultures grown overnight were lysed in a bead mill for 60 s at 5000 rpm and the
debris was removed by centrifugation [19]. The DNA concentration at the end of the crude
extraction was measured using a UV-spectrophotometer (NanoDrop™ 2000, Thermo Scientific,
Wilmington, DE, USA). Each DNA extract was analyzed in duplicate by the EC23S857 assay for
E. coli [20]. The reaction mixture contained 12.5 µl of Environmental Master Mix 2.0, 2.5 µL of 2 mg/mL
bovine serum albumin, 1 µM of each primer, 2 µL of DNA-free water and 5 µL of the DNA extracts
for a total reaction volume of 25 µL; and the thermal cycling protocols were 10 min at 95 ◦C, followed
by 40 cycles of 15 s at 95 ◦C and 60 s at 56 ◦C. A positive control (E. coli, ATCC® 25922™) and a no
template control were also run during the analysis for quality control.

2.3. Antibiotic Susceptibility Testing of the Isolates

The E. coli isolates (n = 96) were further tested for antibiotic susceptibility by Epsilometer test
(ETEST®) (bioMérieux, Marcy l’Etoile, France) as described by the manufacturer. Briefly, overnight
cultures of isolates were streaked on Mueller Hinton Agar plates and antibiotic strips were placed
on these plates after they were completely dry. These plates were then inverted and placed in
a 35 ± 0.5 ◦C incubator for 18 h. Each isolate was tested for ampicillin, ciprofloxacin, sulfamethoxazole
and tetracycline susceptibility. At the end of the incubation, the minimum inhibitory concentration
(MIC) values for each isolate and each antibiotic were recorded as described by the manufacturer.
The CLSI breakpoints were used to interpret the data [13] and were reported as susceptible (S),
intermediate (I) or resistant (R).

2.4. Data Analysis

The data were imported and the analysis was performed using the SAS (Statistical Analysis
Software) 9.4. Univariate analysis for each variable was performed to assess the normality
and distribution. The difference between the mean of the different antibiotic resistant bacteria at
different stages of wastewater treatment was assessed using the Wilcoxon rank sum test (NPAR1WAY).

3. Results

3.1. Presumptive E. coli Growth on Plates Supplemented with Antibiotics

3.1.1. Growth on the Control Plates

The presumptive E. coli entering the WWTP (2.5 × 107 ± 1.36 × 107 CFU/100 mL) were
removed significantly during UV disinfection with an average 5.2 log (Table 2), and an additional
1.1 log reduction was achieved with chlorination before the treated effluent was released for
irrigation purposes. Two out of five sampling events (February and April) had the highest number of
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the presumptive E. coli (1.1 × 102 and 3.2 × 102 CFU/100 mL respectively) (Figure 1) at the disinfected
effluent stage.

Table 2. Log removal of Escherichia coli in different treatment stages.

Media Influent to Secondary Secondary to UV Influent to UV Influent to UV + Chlorination

Control −2.68 −2.56 −5.24 −6.33
ST −2.55 −2.61 −5.17 −6.15
CI −3.11 −2.17 −5.29 −5.95
TC −2.36 −2.90 −5.26 −5.79
AM −2.50 −2.83 −5.33 −6.26

Figure 1. Escherichia coli growth on control (A), ampicillin (B), ciprofloxacin (C), sulfamethoxazole (D)
and tetracycline (E) supplemented media.

3.1.2. E. coli Growth on Antibiotic Supplemented Media

The mean concentrations of ampicillin resistant E. coli that grew on AM/MI agar were
higher than the E. coli detected on any other antibiotic supplemented media. The mean
concentrations of E. coli were 1.2 × 107 ± 1.04 × 107 CFU/100 mL at the inflow and decreased down to
2.4 × 101 ± 5.1 × 101 CFU/100 mL at the reclaimed water stage. Almost half (47%) of E. coli entering
the WWTP were able to grow on the AM/MI agar (Table 3). An additional 0.9 logs of E. coli
were removed with the chlorination after the conventional treatment and UV disinfection (Table 2).
At the effluent, the percentage of the presumptive E. coli that were able to grow on the AM/MI agar
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increased significantly (Table 3). E. coli was detected post-chlorination in January, February and April
(2 × 100, 4 × 100 and 1.2 × 102 CFU/100 mL respectively) on this medium. April was also the month
with the highest amount of precipitation (total of 1.5 inches in seven days prior to the sampling) followed
by January and February (Figure 2).

Figure 2. Cumulative precipitation (7 days total) before each sampling event.

Table 3. The percentage of E. coli growth on media supplemented with antibiotics through the
treatment stages.

Stage AM ST CI TC

Inflow 47 24 19 6
Secondary 42 17 12 12

UV 47 29 16 5
UV + chlorination 63 21 25 9

At the inflow, E. coli growth on sulfamethoxazole supplemented MI media (ST/MI) reached
6.1 × 106 ± 6.95 × 106 CFU/100 mL. These concentrations decreased to 7.2 × 101 ± 1.07 × 102

CFU/100 mL and 8 × 100 ± 1.57 × 101 CFU/100 mL post UV and chlorination stages, respectively.
Similar to the control and AM/MI, E. coli growth on ST/MI media was the highest in April
(2.6 × 102 CFU/100 mL).

E. coli concentrations on ciprofloxacin supplemented media (CI/MI agar) ranked third among
other antibiotic conditions (4.7 × 106 ± 3.59 × 106 CFU/100 mL). Almost one fifth (19%) of the
presumptive E. coli population at the inflow could grow on CI/MI agar. The number of bacteria
decreased to 9.6 × 100 ± 1.92 × 101 CFU/100 mL post-chlorination, and 25% of the E. coli were able to
grow on the CI/MI agar at this last stage (Table 3).

E. coli growth on tetracycline supplemented media had the lowest occurrence at the inflow with
a mean of 1.4 × 106 ± 8.99 × 105 CFU/100 mL (Figure 1). Only 6% of the E. coli entering the WWTP
grew on the TI/MI agar. However, the percentage of E. coli doubled post-secondary stage (12%).
Chlorination followed by UV disinfection removed some of these bacteria, and 9% of the E. coli were
able to grow on the TC/MI agar at the end of the treatment process.

The nonparametric analysis using the Wilcoxon rank sum test yielded significant results
for all the antibiotics. The difference between inflow and UV, inflow and UV + chlorination,
and secondary and UV for ampicillin, ciprofloxacin, sulfamethoxazole, and tetracycline were strongly
significant (p < 0.001). The difference was moderately significant for ampicillin, ciprofloxacin,
and sulfamethoxazole between UV and chlorination (p < 0.05). Tetracycline concentrations, on the
other hand, were not significant between these two disinfection stages (p > 0.05).
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3.1.3. Antibiotic Susceptibility in E. coli Isolates

All isolates were confirmed as E. coli based on PCR validation. The cycle thresholds for isolates
ranged from 18 to 28. Antibiotic resistance was observed in E. coli isolates obtained from different
stages of treatment (Table 4). The highest resistance was to ampicillin (85% R and 1% I). Among these
isolates, sulfamethoxazole resistance ranked second (Table 4). Ciprofloxacin and tetracycline resistant
E. coli were the least observed isolates (10% R and 20% I for CI and 30% R for TC, respectively).

Table 4. Percentage of antibiotic resistant E. coli isolates.

Antibiotic MIC Interpretive Criteria (µg/mL) Percent Resistant † (n = 96)

S I R
AM ≤8 16 ≥32 95
CI ≤1 2 ≥4 30
ST ≤2 - ≥4 70
TC ≤4 8 ≥16 30

† For all antibiotics, any ‘intermediate’ resistance was included with resistant.

Resistance to three or more antibiotics (multidrug-resistant) was observed in 21% of the
E. coli isolates. Based on the minimum inhibitory concentrations, resistance to ampicillin was
widespread among the multidrug resistant E. coli and four of these isolates had ampicillin
MIC > 256 µg/mL (Table 5). Three of these high MICs (EC5, EC9 and EC14) were isolated from
the effluent where both UV and chlorination was applied to the finished water. Two of these isolates
were also resistant to tetracycline with MIC > 256 µg/mL (EC5 and EC9). Ampicillin, ciprofloxacin,
and trimethoprim–sulfamethoxazole multidrug resistance was observed in 15 of the E. coli
isolates (75%). One isolate (EC12) was resistant to all four antibiotics.

Table 5. The minimum inhibitory concentration (MIC) values of multidrug-resistant E. coli.

Isolate Location AM CI ST TC

EC1 inflow 64 4 6 2
EC2 secondary 64 2 4 3
EC3 secondary 48 3 >32 0.5
EC4 inflow 48 8 6 0.38
EC5 UV + chlorination >256 0.5 >32 >256
EC6 UV + chlorination 48 2 >32 2
EC7 UV + chlorination 64 24 >32 4
EC8 UV 48 3 4 1
EC9 UV + chlorination >256 3 0.047 >256

EC10 UV + chlorination 128 6 4 4
EC11 secondary >256 3 4 4
EC12 UV 64 2 12 15
EC13 inflow 64 4 0.38 24
EC14 UV + chlorination >256 6 >32 3
EC15 inflow 48 >32 >32 4
EC16 inflow 16 0.016 4 32
EC17 inflow 24 4 0.047 >256
EC18 UV 24 3 24 0.5
EC19 UV 48 4 6 2
EC20 secondary 48 3 >32 2

4. Discussion

In the study, the occurrence of antibiotic-resistant E. coli in a conventional WWTP in which
effluents have been utilized to irrigate recreational landscapes was investigated. The results show
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that reclaimed water harbors E. coli resistant to a suite of commonly used antibiotics in medicine
(ampicillin, sulfamethoxazole, ciprofloxacin, and tetracycline). The resistance to these antibiotics was
also observed among E. coli isolates from irrigation waters in other studies [21–23]. Culturable fecal
indicator bacteria such as E. coli have been instrumental in monitoring the impact of effluents on
the environment [24]. According to the National Pollutant Discharge Elimination System (NPDES),
a WWTP in the USA can only discharge effluents below fecal indicator bacteria guideline values to
ensure minimum adverse environmental impact [25]. However, there are currently no guidelines to
monitor antibiotic resistant E. coli in reuse water. The results of our study provide baseline information
on the occurrence of these antibiotic-resistant indicator bacteria.

Multiple disinfection methods (UV followed by chlorination) applied during the reclaimed
water production significantly decreased the number of E. coli. In an earlier study, [26] estimated
3.9 log removal of fecal indicator bacteria in a WWTP utilized for reuse purposes; approximately
2 logs lower than our findings. This may be a result of different treatment methods among WWTPs.
Earlier studies showed that chlorine-related disinfection by-products might potentially induce
antibiotic resistance [27], and UV may not entirely remove antibiotics or antibiotic resistant genes from
the effluent [28]. In addition, [29] showed that rapid sand filtration used for wastewater treatment
failed to remove E. coli cells. The USEPA states in the guidelines of water reuse that the reclaimed
water programs vary with the intensity of treatment based on the anticipated human exposure to the
effluent [30]. The variability in resistance is not only limited to the treatment type, and environmental
conditions may have a significant impact on the occurrence of antibiotic-resistant E. coli even within
the same plant. Our study showed that the antibiotic-resistant E. coli concentrations were high at the
effluent when there was rain prior to the sampling event. Precipitation events are often a burden on
the treatment efficacy. Earlier studies showed an association between heavy rainfall and pathogen
removal [31]. A metagenomics study in wastewater treatment plants also showed that the diversity in
the microbial community significantly increased after rainfall events [32], suggesting poor disinfection
due to increased flow and short retention time. Further research is needed with a study designed
specifically to assess the impact of rain on the removal efficiency of antibiotic-resistant bacteria.

Another important finding was that one in every five E. coli isolated from the WWTP
had multidrug resistance. Similarly, [33] found that E. coli O157:H7 plasmids were resistant to
seven different antibiotics including ampicillin, ciprofloxacin, and tetracycline. It is well known
that E. coli can survive long-term and proliferate in the environment [34], and that the long-term
persistence of antibiotic-resistant E. coli can cause potential public health outcomes upon exposure.
Therefore, the ecology of E. coli—in particular, persistence and seasonality—plays a significant role in
the health risks [35,36]. Investigating the culturable fraction of antibiotic-resistant bacteria through
WWTP stages in our study provided information that can further be used to assess health risk
upon exposure. A majority of the studies on the antibiotic resistance from WWTP have investigated
antibiotic resistance genes, which provide vast knowledge on the horizontal gene transport and
fate of these genes during treatment. However, these genes may exist in the wastewater as naked
DNA. In addition, antibiotic-resistant genes can be naturally found in the environment as these genes
have been detected in pristine environments dating back thousands of years, before the antibiotic
era [14,37,38]. These genes may also persist in the environment longer than the cells, which may cause
an overestimation of the health risk. Earlier studies showed that E. coli genes decayed slower than
cultivated E. coli in water (T99 = 5.65 days and 2.02 days, respectively) [39–41]. Therefore, investigating
the culturable fraction of antibiotic resistance can help to fill some of these knowledge gaps to estimate
health risk.

The E. coli that are resistant to certain antibiotics which have been used for a long time in
medicine could still be detected at the effluent even after multiple disinfection steps. For example,
approximately 50% of the E. coli entering the WWTP were resistant to ampicillin, and the percentage
increased to 63% at the effluent before leaving the plant after disinfecting with both UV and chlorine.
Moreover, three out of four isolates of E. coli with multidrug resistance had minimum inhibition
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concentrations that were above the detection limits. These results suggest that the total E. coli
community may have serotypes that are resistant to antibiotics and disinfection at the same time.
Similar to our findings, [42] suggested that the disinfection byproducts promoted the evolution
of resistant E. coli strains. Similarly, [43] showed that the dose applied for UV disinfection can
create a selective environment for antibiotic resistant E. coli to survive better than other serotypes
within the population. These findings suggest that better treatment processes are needed to take
over old technologies to mitigate antibiotic resistance in the environment. Studies have shown
that membrane bioreactor systems are capable of achieving better removal of microorganisms than
conventional activated sludge systems [44]. Alternatively, tertiary treatment with filtration followed
by disinfection was also reported to be effective in antibiotic resistance removal [45]. Approaches such
as these relatively new technologies may reduce the antibiotic-resistant bacteria load entering
aquatic environment.

5. Conclusions

The findings of this study show that using conventional methods of wastewater treatment
to produce reclaimed water may pose challenges to removing antibiotic-resistant bacteria.
Factors impacting the treatment efficacy such as the microbial community composition entering
and leaving the plant, physicochemical factors impacting treatment, and extreme weather events
that can adversely affect the flow and overall plant capacity need to be addressed while tackling the
contribution of WWTP to antibiotic resistance in the environment. Our results show that multiple
disinfection methods such as UV and chlorination may remove fecal indicator bacteria to acceptable
levels for reuse, but the remaining cells in the effluent exhibit multidrug resistance phenotypes.
The presence of these strains in the effluent needs to be considered while developing new regulations
for water reuse. Further research is required in order to evaluate the health risks of using reclaimed
water harboring antibiotic-resistant bacteria for drinking, agricultural, and recreational purposes.
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Z.C. and O.O. performed the laboratory analysis; Z.C. and A.B. analyzed the data.
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