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This study characterizes a total of 21 wastewater samples collected from Al Amal hospital,
and aims to determine if untreated hospital wastewater may impose a potentially
detrimental impact on the downstream municipal biological wastewater treatment
process. By means of solid phase extraction and liquid chromatography with tandem
mass spectrometry (LC-MS/MS), chemical contaminants in these wastewater samples
were determined in a non-targeted manner. In-silico characterization for the mutagenicity
and reactive oxygen species (ROS) producing capabilities was performed by checking
against database and literature. However, majority of the chemical contaminants have no
prior information available and remain uncharacterized for both traits. Instead, in-vitro
mutagenicity tests by means of Ames test showed that majority of the samples were non-
mutagenic except for 5 samples that imposed mutagenic effect at high concentrations of
>×10. In-vitro tests to determine for intracellular ROS production further showed that one
of the mutagenic samples collected on Jun-22 positively induce ROS production and
subsequently increased horizontal gene transfer via natural transformation. The findings in
this study suggest that a specialty hospital like Al Amal does not frequently contribute
mutagenic compounds and ROS to the wastewater streams, and in instances where it
contributed positively, would require a high concentration to do so. Hence in general,
wastewater streams from a specialty hospital like Al Amal may be unlikely to significantly
perturb the downstream environment.
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INTRODUCTION

As demand for water increases due to population growth,
wastewater treatment and its subsequent reuse are increasingly
becoming an important aspect of integral water resources
management to enhance water supply reliability (Jiménez and
Asano, 2008). Water reuse is practiced for municipal, industrial,
agricultural or ecological purposes. Depending on the reuse
purposes, wastewater is cleaned to varying degrees of final
quality that would be fit for that specific purpose. Among the
various reuse purposes, reclaiming water for potable drinking
purposes would require demonstration of a wastewater treatment
facility that is able to achieve reliable pathogen control and
attenuation of chemicals that are present in the wastewater
(Trussell et al., 2018). For example, the state of California
adopts the “12/10/10 rule”, meaning viruses, Cryptosporidium
and Giardia should be reduced by 12-logs, 10-logs and 10-logs,
respectively, from the untreated wastewater (Crook et al., 2013;
Nappier et al., 2018). In addition, source control programs are put
in place to control toxic chemicals from entering the wastewater
collection system as toxic chemicals may interfere with or pass
through the wastewater treatment system to pollute the
environment and affect aquatic ecosystems (Neemann et al.,
2020).

Municipal wastewater, which is most commonly used as the
source to obtain reclaimed potable waters, contains discharges
from homes, industries, hospitals and public and private
institutions. Among these sources contributing to the
municipal wastewaters, hospital wastewaters are particularly of
interest as high consumptions of pharmaceutical drugs and
disinfectants happen within these facilities. Pharmaceuticals
such as paracetamol and diclofenac were detected at
7.4–65 μg/L, and others like ofloxacin (an antibiotic) were
detected at up to 200 μg/L in hospital wastewater sampled in
Turkey (Yilmaz et al., 2017). Another study found concentrations
as high as 212 μg/L of paracetamol and 141 μg/L of ibuprofen in
hospital wastewater in Cameroon (Mayoudom et al., 2018).
Compared to municipal wastewater from the same urban area,
pharmaceuticals in hospital wastewater were more concentrated
and can contribute up to 67% of the pharmaceutical load into the
municipal wastewater treatment plant (WWTP) (Verlicchi et al.,
2012).

There are four potential scenarios by which hospital
wastewaters are handled. The first is a direct discharge to the
environment without any prior treatment on-site of the hospital.
The second is a direct discharge to the municipal sewer without
any prior treatment on-site of the hospital but rely on the
downstream municipal wastewater treatment to remove
chemical contaminants. The third is to have an on-site
hospital wastewater treatment plant that typically involve an
activated sludge processes before discharge. The fourth is to
have both on-site and subsequent municipal wastewater
treatment for hospital wastewaters. There are currently no
data on the occurrence of each of these four different
scenarios in most countries (Pauwels and Verstraete, 2006) but
a recent review on the global hospital wastewater treatment
scenario stated that most developing countries often drain the

hospital wastewaters into municipal wastewater systems or
discharge them into water bodies directly without any prior
treatment (Kumari et al., 2020). Regardless of which scenario
is prevalent, chemical contaminants from the untreated hospital
wastewater, with their chemical contaminants, may potentially
interfere with either the natural ecosystems receiving these
wastewaters or the biological processes in the wastewater
treatment plants.

Potential impacts may include detrimental effect on the
functionality and performance of the biological treatment
process or by contributing towards new gene traits among
microorganisms. For example, recent studies have shown an
increase in horizontal gene transfer rates caused by non-
antibiotic pharmaceuticals such as ibuprofen (Wang et al.,
2020). The pharmaceutical compounds were further shown to
increase horizontal gene transfer rates for competent bacterial cell
hosts by enhancing the stress levels that resulted in reactive
oxygen species (ROS) production. In separate studies, it was
also shown that chemicals or external stressors that are mutagenic
can increase DNA repair rates, in turn triggering natural
transformation (i.e., uptake of extracellular DNA) among
competent Acinetobacter baylyi ADP1 (Augsburger et al., 2019;
Mantilla-Calderon et al., 2019). This is a major concern especially
in hospital wastewater due to the higher presence of antibiotics
and antibiotic resistance genes (ARGs). Different studies have
reported that hospital wastewater have concentration of ARGs
between 0.4 log to 1.8-fold more than communal wastewater
(Paulus et al., 2019; Wang et al., 2019). The presence of ARGs
along with a mutagen can potentially facilitate the increase in
antibiotic resistance in the microbial community through natural
transformation events, which poses a great health hazard. Other
impacts may include harmful effects on the aquatic life where the
treated wastewater is discharged. A study has shown that the
treated wastewater generated by a psychiatric hospital damaged
the reproduction and biological activities of macroinvertebrate
communities (Mazzitelli et al., 2018).

Hence, understanding the level of toxicity imposed by
chemicals that are present in the hospital wastewater would
facilitate subsequent assessment on potential detrimental
impact on the recipient environment. To study the toxicity of
the wastewater produced by hospitals, it is important to first have
an understanding of its composition and properties. Several
studies were conducted on wastewater collected from hospitals
in which they target specific compounds and evaluate their
toxicity and environmental impact. In one study, single grab
samples from three hospitals in Turkey were collected and
analyzed for the presence of 55 compounds that include
pharmaceuticals, corrosion inhibitors and pesticides (Yilmaz
et al., 2017). The hazard quotients were estimated for each
characterized compound and the cytotoxicity and mutagenicity
assessment was done to evaluate the environmental risk imposed
by the hospital wastewater. However, the study provides only a
snapshot view of the hospital wastewater as it did not sample the
wastewater over a temporal scale (Yilmaz et al., 2017). A similar
approach was done by Mendoza et al. in which 25
pharmaceuticals were detected, quantified for their
concentration and determined for their hazard quotients
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(Mendoza et al., 2015). However, those studies targeted general
hospital. A study by Mazzitelli el al. targeted and quantified 10
compounds used in psychiatric hospitals. Some of those
compounds, which include cyamemazine and diazepam were
not found in the mentioned studies (Mazzitelli et al., 2018). This
is due to the fact that psychiatric hospitals use different
medications for their patients compared to the general
hospital, hence the difference in the chemical composition of
their wastewater. Earlier studies focused on targeting a selected
group of pharmaceuticals and quantifying the concentrations of
specific compounds to estimate hazard quotients (Escher et al.,
2011; Verlicchi et al., 2012; Mendoza et al., 2015; Yilmaz et al.,
2017). However, such approach does not provide a holistic profile
of the suite of chemical contaminants that may be present in the
complex hospital wastewater matrix over a certain temporal
duration.

In this study, we performed a non-targeted qualitative
assessment of the chemical composition of wastewater samples
collected from a hospital in Jeddah, Saudi Arabia. Mutagenicity
and ROS production capacity of each individual chemical
identified after solid phase extraction followed by liquid
chromatography-mass spectrometry was further assessed by
referencing against literature and databases (i.e., in-silico).
Mutagenicity and ROS production were also characterized in-
vitro for each wastewater sample to complement the in-silico
observations. As untreated hospital wastewater is in contact with
either the natural environment or the biological wastewater
treatment processes, it is essential to have an understanding
on how each constituent chemicals can impose stress on the
microbial community. Hence, natural transformation test was
performed with hospital wastewater samples that exhibit both
mutagenicity and ROS induction. By understanding the chemical
composition of the wastewater and demonstrating the extent at
which hospital wastewater can impose stress conditions, such
findings will allow us to better understand the extent of
detrimental impact that may arise from untreated hospital
wastewaters.

MATERIALS AND METHODS

Sampling
Al Amal Hospital is a psychiatric medical facility that specializes
in the treatment of patients with mental illnesses as well as
addiction rehabilitation. This hospital has a tertiary wastewater
treatment system that consists of equalization tank, primary
clarifier, aeration tank, secondary clarifier, sand filter and
chlorination. The hospital generates approximately 200 m3/day
of wastewater, while its designed capacity is 400 m3. This hospital
has 210 beds with an average of 75 ± 6 patients/day during the
sampling period. Grab samples were collected from the
equalization tank in the morning on each sampling date and
immediately transported to KAUST. A total of 21 untreated
wastewater samples were collected from Al Amal Hospital in
Jeddah from Apr-12 to Jul-8, 2020, during the first wave of the
COVID-19 pandemic in Saudi Arabia. The sample collection
dates were spaced out unevenly due to COVID-19 restrictions

imposed within the city during the initial phase of the pandemic,
and sampling can only be carried out when permission was
granted on an ad-hoc basis. The sampling dates are listed in
Supplementary Figure S1. Sample collected on Jun-22 was
collected into two different sterile collection bottles and
individually processed by solid phase extraction (SPE) and
subsequent analytical characterization independently. This is
to serve as an internal control to determine technical
reproducibility of protocols and analytical instruments.
Samples were stored at 4°C until further analysis.

Sample Concentration
200 ml of each sample was individually filtered through
Whatman® glass microfiber filters (GF/F grade) and collected
for concentration and purification through SPE. SPE was done
using Dionex AutoTrace 280 through 500 mg Oasis HLB
cartridges. The cartridges were pre-conditioned with 5 ml
HPLC-grade methanol followed by 5 ml of HPLC water (pH
2.5). The sample was loaded into the cartridge with a flow rate of
3 ml/min, then washed with 10 ml of HPLC-grade water. The
sample-loaded cartridge was then dried with nitrogen gas for
60 min, then elution of bound sample was done using 10 ml
HPLC-grade methanol. Concentrated samples were collected in
sterile tube and lyophilized in a 40°C water bath under a nitrogen
gas blower. The lyophilized sample was then dissolved in 1 ml of
HPLC-grade methanol and stored at 4°C prior to analysis on the
liquid chromatography with tandem mass spectrometry. The
recovery efficiency of the SPE method was evaluated by
assessing the recovery of two pharmaceuticals, namely
carbamazepine and atenolol. After running wastewater samples
spiked with known concentrations of carbamazepine and
atenolol, the concentrate derived from SPE was ran through
the LC-MS/MS and the recovered concentration of each
pharmaceutical was measured. The measured concentration is
subtracted from a negative control, which is the same wastewater
without spiking the pharmaceuticals. Observed recovery
efficiency for carbamazepine and atenolol are 90.9% and
91.5%, respectively. Standard curve at different spiked
concentrations was determined for the R2 value to determine
the linearity range for concentration detection (Supplementary
Figure S2).

Chemical Identification
LC-MS/MS was used to provide a non-targeted approach to
characterize the chemical constituents that are present in each
of the untreated hospital wastewater sample. The system consists
of Gemini-NX C18, 4 × 2.0 mm (Phenomenex Inc.) column,
Agilent 1260 infinity, and ABSCIEX QTRAP 5500. The system
was using two mobile phases: Mobile phase A with 4 mM of
ammonium formate and 0.1% formic acid in HPLC-grade
methanol and mobile phase B with 4 mM of ammonium
formate and 0.1% formic acid in HPLC-grade water. The LC-
MS-MS ran on multiple reaction monitoring (MRM) at flow rate
of 200 uL/min for 18 min (Zaouri et al., 2021). The scan range was
limited between 150 and 1000 m/z to improve signal intensity
since a preliminary run showed only noise before 150 and after
1000 m/z. The peaks were recorded for data analysis and were
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compared to the online database mzCloud to find matches. A
positive match is defined based on having at least 80% match
similarity with a specific compound listed in the database. For
each identified chemical, the occurrence frequency was noted and
subsequently categorized into five major classes, namely 1)
medication (i.e., chemicals such as antibiotics, non-steroidal
anti-inflammatory drugs NSAIDs, allergy medication etc,
needed for medical treatment), 2) illicit drugs (i.e., chemicals
that were used as illicit or recreational drugs), 3) pesticides
(contaminants that are used in agricultural activities), 4)
natural bioactives (chemicals that are secreted naturally by the
microorganisms in the wastewater such as toxins), and 5)
withdrawn chemicals that have been discontinued from the
market. With the exception of the final class, the remaining
four classes were further organized into three subclasses to
form a total of 13 categories. The first subclass was “Parent
Compounds” which was defined as chemicals that retained their
original chemical structure and did not undergo any reaction. The
second subclass was “Analogs” which was defined as chemicals
that have similar chemical structure and function to the parent
compounds but may differ in their pharmacokinetic properties,
such as their absorption and toxicity to the human body, amongst
others. The third subclass was “Metabolites”which was defined as
parent compounds that have undergone a reaction which resulted
in an entirely different chemical compound altogether.

In-Silico Mutagenicity and ROS
Characterization
For each chemical, in-silico characterization on its mutagenicity
and ROS production data was done based on search conducted
on databases collated by US Food and Drug Administration (US
FDA), European Chemicals Agency (ECHA). Studies and articles
that are within the accessible public domain, written in English
and were published within the duration of 1991–2021 were
included as information database to search for the
mutagenicity and ROS production capacity of each individual
chemical. To search, the name of the chemical and the primary
search terms used were “mutagen”, “Ames assay”, “Ames test”,
“Salmonella” and “reactive oxygen species”. These databases were
also used to determine if the Ames assay results of each
contaminant were available. Apart from the results, the details
of such studies, such as the strains of the model organism used
and concentration of contaminants tested amongst others, were
also noted to construct a comprehensive catalog. In addition, a
computational model, admetSAR accessed through DrugBank
(https://go.drugbank.com) was also used to computationally
predict the Ames mutagenicity of the contaminant using a
probability score, so as to further enhance the
comprehensiveness of the in-silico characterization. For
chemicals that have no literature data, they were indicated as
“inconclusive”. Similarly, these databases were also used to
determine if each contaminant had been tested in vitro for
their capability to induce, suppress or to have no effect on
ROS production. Contaminants that do not have such data
related to ROS available in literature or databases will be
denoted as “Inconclusive”. After analyzing each individual

chemical for its mutagenicity and ROS production capacity,
the relative percentage of mutagenicity and ROS production
capacity for each wastewater sample was further tabulated.

In-Vitro Characterization of Mutagenicity
for Hospital Wastewater Samples
The mutagenic effects of the wastewater were evaluated using
Salmonella enterica serovar Typhimurium TA98 and TA100
strains. TA98 strain evaluates for on-point mutation while
TA100 tests for base pair substitution mutation (Maron and
Ames, 1983). The positive control was 100 µg of sodium azide/
plate for TA100 and 5 µL dichloromethane/plate for TA98,
respectively (Jongen et al., 1978). ×1 potassium phosphate
buffer (PPB) was used as the negative control. Both strains
were prepared by growing them overnight in LB broth with
ampicillin at 25 mg/L. The mutagenic effect was evaluated by the
Ames test as previously described (Maron and Ames, 1983). The
SPE-extracted wastewater samples which were stored in
methanol-dissolved form were prepared by lyophilizing them
again and dissolving them in sterile Milli-Q water prior to
mutagenicity experiments. The Salmonella cells were
standardized to 2 × 109 cells/mL and incubated with the SPE-
extracted samples (which has an original concentration of ×200)
at a final concentration of either ×1, ×10 or ×20 for 1 h and 37°C.
Samples of each concentration were done in three technical
replicates and plated onto minimal glucose plates
supplemented with Vogel−Bonner (VB) salt solution (recipe
listed in earlier paper by (Vijay et al., 2018). After 48 h of
incubation at 37°C, the number of histidine revertant colonies
was counted and normalized against the number of colonies
derived from the negative control. Moreover, the standardized
cells were grown in a separate plate along with sterile disk that
absorbed crystal violet to ensure that the cells contain rfa
mutation, which allows higher permeability for larger
molecules (Ames et al., 1973).

In-Vitro Characterization of Intracellular
ROS Production by Hospital Wastewater
Samples
A single colony of Acinetobacter baylyi ADP1 (Rizzi et al., 2008)
was cultured in LB Lenox medium at 37°C in a shaker incubator
set at 200 rpm. Once at exponential growth phase, the culture was
centrifuged at 5,000 g, removed of its supernatant and the pellet
washed once with ×1 PBS buffer prior to resuspending it to a
density of approximately 2 × 107 cfu/ml. The cells were stained
with 5 μM of CM-H2DCFDA (Thermo Fisher Scientific,
Waltham, MA) at 37°C for 30 min. Afterwards, 100 µL of the
stained cells were mixed with 100 µL of PBS buffer (as control) or
with SPE-concentrates (with original concentration of ×200)
derived from hospital wastewater samples to become a final
concentration of either ×1, ×10 and ×20. The SPE-extracted
wastewater samples which were stored in methanol-dissolved
form were prepared by lyophilizing them again and dissolving
them in sterile Milli-Q water prior to ROS determination
experiments. To facilitate high throughput measurements, the
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samples were placed individually within a well on a 96-well plate,
and the plate was sealed with a plastic film and wrapped with
aluminum foil to avoid light and cultured at 37°C for 30 min and
1 h. Thereafter, the samples were put on ice and diluted 10-fold in
×1 PBS buffer before analysis using BD LSRFortessa Cell analyzer
(Becton Dickinson, Franklin Lakes, NJ) outfitted with a
microplate autosampler. A total of 50,000 events was analyzed
at a speed of 2 μL/s for each sample for fluorescence
determination. The detection parameter was FSC 500, SSC 250
and FL1-A 500, with a threshold on FSC set at a value of 500.
Culture lacking fluorescent dye was included as a control for
background auto fluorescence. The bacteria treated with 10 μM,
100 μM and 1 mM hydrogen peroxide were used as positive
control.

The tests were performed in 3 biological replicates. Each
sample was recorded in technical replicates. The ROS data
recorded by flow cytometry was presented in two ways. First,
mean fluorescence intensity for total cells indicate the level of
intracellular ROS produced by the cells upon exposure to hospital
wastewater. The second way of indicating intracellular ROS was
by showing the percentage of stressed cells with an increased
production of ROS. This is indicated by first determining the
gating region of a flow cytogram that would indicate the
percentage of non-stressed cells in the presence of negative
control, and the gating region on the right would indicate the
percentage of cells that are stressed (Ameziane-El-Hassani and
Dupuy, 2013; Zhang et al., 2021). The same gating region is then
used for all subsequent flow cytograms derived from the test
treatment (Supplementary Figure S3) to tabulate percentage of
stressed cells.

Statistical significance was calculated for each set of technical
triplicate measurements using one-way ANOVA, making
comparison to the unstained auto fluorescence control
included in each replicate. Measurements were regarded as
statistically significant when the p value were ≤0.05.

Natural Transformation by Acinetobacter
Baylyi ADP1 in Presence of Untreated
Hospital Wastewater
For those hospital wastewater samples that exhibit both
mutagenicity and ROS production, the change in the
transformation frequency was measured using the
transformation assay as described previously (Rizzi et al., 2008;
Augsburger et al., 2019; Mantilla-Calderon et al., 2019). A. baylyi
ADP1 was inoculated in 50 ml LB broth along with rifampicin
(50 μg/ml) and kanamycin (50 μg/ml) and incubated overnight at
37°C at 200 rpm. The cells were adjusted to OD of 0.05 at 600 nm.
For each reaction, 2 µg of donor DNA was incubated along with
100 μL of the adjusted cells and ×20 concentrate of the SPE-
extracted wastewater samples that was resuspended in Milli-Q.
×20 concentrate was chosen for this experiment because earlier
studies performed by our group indicated that the Acinetobacter
baylyi ADP1 system along with the plate counting technique
require high concentration to induce positive observations
(i.e., detection sensitivity issues). Hence, false-negative issues
may arise when using low concentration of tested factor. Cells

that undergo successful natural transformation will integrate this
donor DNA into their DNA, which will give them resistance to
spectinomycin. The reactions were incubated at 37°C at 200 rpm
for 18 h. The number of transformants was determined by plating
100 μL of 10−1 diluted cells were plated in LB media agar plate
supplemented with 50 μg/ml rifampicin, 50 μg/ml kanamycin
and 100 μg/ml spectinomycin. The total number of cells was
determined by plating 100 μL of 10−6 diluted cells in LB media
agar plate supplemented with 50 μg/ml rifampicin and 50 μg/ml
kanamycin. Those plates were incubated at 37°C for 18 h and the
colonies were counted. The transformation frequency was
calculated by dividing the number of transformed cells by the
total cells. The frequency is used to calculate the fold change by
dividing the transformation frequency of the sample by the
transformation frequency of the control (×1 potassium
phosphate buffer, PPB). Transformation experiments for each
sample were done in triplicate.

RESULTS

Profile of Chemical Contaminants Present
in Untreated Hospital Wastewater
A total of 824 chemical contaminants was identified from all
wastewater samples collected from Al Amal hospital
(Supplementary Table S1). 32% of the identified chemicals were
classified into medications in their parent compound form and
include medications such as antibiotics, antidepressants, and
antipsychotics (Figure 1) The percentage of medications that are
in its metabolites form account for only 6.3% of the total detected
chemicals. In contrast, illicit drugs (19%) and their metabolites (13%)
account for the next twomajor categories of chemicals detected in the
hospital wastewater (Figure 1). Illicit drugs are drugs that were
discharged by patients of the hospital in their pure form, while
metabolites are the final products after they are metabolized in the
patient’s body. Those illicit drugs include multiple types of synthetic
cannabinoids, heroin, Lysergic Acid Diethylamide (LSD), and others.

Pesticides were the fourth most common chemicals identified
in the hospital wastewater, accounting for 12% of the total
identified chemicals. This category includes pesticides,
herbicides, and fungicides. Both chemicals classified as
bioactives or withdrawn chemicals account for only a small
percentage of the identified chemicals. Bioactives include
chemicals that are secreted naturally by the microorganisms in
the wastewater, while withdrawn chemicals include those that
were discontinued from the target consumer markets but may be
accessed through illegal routes.

In-Silico Prediction of Mutagenicity
The number of chemicals identified within each sample and
classified to either mutagenic, non-mutagenic or inconclusive
based on in-silico prediction is shown in Supplementary Table
S2. For all samples, less than an average of 4% of the chemicals were
in-silico predicted to be mutagenic (Figure 2). An average of 34% is
predicted to be non-mutagenic. However, an average of 62% of the
chemicals did not have data available about their mutagenicity,
primarily because they are illicit drugs and their metabolites and
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analogs (i.e., inconclusive). The sample with a comparatively higher
percentage of chemical contaminants classified as mutagens was
Apr-25 (Figure 2). Moreover, one-way ANOVA was performed on
the number of characterized mutagenic, non-mutagenic, and
inconclusive chemicals to compare samples collected in April,

May, and June 2020. July was excluded due to the low number
of samples. While there was no statistically significant difference in
the mutagenic category, there was a statistical difference among the
different months for the percentage of inconclusive chemicals (p <
0.05). From Tukey’s Honest Significant Difference, the different

FIGURE 1 | An overall depiction of the chemicals identified in the 21 wastewater samples and their respective categories. Numbers represent percentage of
identified chemicals that are assigned to that respective category.

FIGURE 2 | Percentage of compounds classified in-silico as mutagenic and non-mutagenic compounds, or do not have available literature and hence classified as
inconclusive compounds.
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months were April and May for the percentage of inconclusive
chemicals. Sample collected on Jun-22 was analyzed twice in an
independent manner from the SPE to the LC-MS/MS step, and both
independently processed samples showed similar in-silico profiles,
suggesting that the earlier processing protocol is reproducible.

In-Vitro Mutagenicity Tests of Hospital
Wastewater Samples
Of the 21 samples, most of the samples did not show a
mutagenic effect for either TA98 or TA100. The only sample
that showed mutagenic response on TA98 was collected on Jun-
27 at a ×20 concentration (Figure 3A), in which the number of
revertants normalized against the negative control (NC) was
1.4-fold higher. Samples that showed mutagenic response on
TA100 include those collected on Apr-27, Apr-29 and on May-
27 (Figures 3B–D). Mutagenic response on TA100 was only
observed when Apr-27 sample was of 20x concentrate, and that
the fold increase in the number of revertants was 1.7 compared
to NC. For Apr-29 sample, mutagenic response on TA100 was
observed for both ×1 and ×20 concentrate but not for ×10, and
that the fold increase in the number of revertants was 1.26 and
1.24, respectively, compared to NC. In contrast, May-27 sample
exhibited a mutagenic response on TA100 at ×10 concentration.
In addition, both independently processed samples collected on
Jun-22 exhibited a sub-lethal response on TA100 when tested at
×10 and ×20 concentrations (Figures 3E,F). The number of
revertants counted at both concentrations was 0.5 to 0.7-fold of

that in NC. One of the Jun-22 repeats also showed a significant
decrease in number of revertants at ×1 concentration compared
to that of control (Figure 3F).

In-Silico Prediction of ROS Production
The number of chemicals identified within each sample and
classified to ROS inducers, ROS non-inducers, ROS-
suppressants or inconclusive based on in-silico prediction is
shown in Supplementary Table S3. Similar to the in-silico
prediction of mutagenicity, majority of chemical contaminants
(average 75.3%) were classified as inconclusive and without data
available on its ROS production capabilities. For the remaining
chemical contaminants, an average of 15% were predicted to
induce ROS while only an average 2.6% of chemical contaminants
showed no effect. The remaining average of 7.1% of chemical
contaminants may potentially counteract ROS production.
Samples collected on Apr-21, Apr-25, Apr-27, as well as that
on May-16 and Jun-22 had a comparatively higher percentage of
chemical contaminants that induce ROS than other samples
(Figure 4). There was no statistically significant difference in
the percentage of chemicals classified within the ROS production
category among the different months.

In-Vitro ROS Production by Hospital
Wastewater Samples
The ROS data recorded by flow cytometry was presented in
two ways. First, mean fluorescence intensity for total cells

FIGURE 3 | Fold changes of number of Salmonella Typhimurium revertants compared to the negative control. (A) Fold changes of S. Typhimurium TA98 at ×1, ×10
and ×20 concentration of 27 June sample (B–F) Fold changes of S. Typhimurium TA100 at ×1, ×10 and ×20 concentration of (B) 27 April sample, (C) 29 April sample,
(D) 27 May sample, (E) 22 June sample replicate 1, (F) 22 June sample replicate 2. Asterisks denote significant difference compared to negative control.
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indicate the level of intracellular ROS produced by the cells
upon exposure to hospital wastewater. Most of the 21 samples
did not induce a significant generation of intracellular ROS
compared with the positive control, H2O2 after both 30 min
and 1 h incubation (Figures 5A,B) (p > 0.05), However, 2
hospital samples collected on Jun-13 and Jun-22 generated
intracellular ROS by A. baylyi ADP1 after both 30 min and 1 h
incubation. Specifically, there was 1.1-, 10.7- and 19.1-fold
(p < 0.05) increases of ROS production observed for the
107 cfu/mL A. baylyi ADP1 in response to Jun-13 samples
at ×1, ×10 and ×20 concentrations, respectively (Figure 5D).
Similarly, both Jun-22 samples resulted in intracellular ROS
increases within A. baylyi ADP1 at x10 (1.2- and 1.03-) and
×20 (1.37- and 1.21-) concentrations after 30 min reaction
(Figure 5C).

The second way of indicating intracellular ROS was by
showing the percentage of stressed cells with an increased
production of ROS. Supplementary Figures S4A,B indicate
the percentage of bacterial cells with an increase production of
ROS after exposure to different hospital samples for 30 min and
60 min. Most of the cells showed increase in ROS level after
exposure to hospital samples. The stress effect of hospitals sample
on A. baylyi ADP1 increases with the sample concentrations and
treatment duration. Among all samples, Jun-13 sample induces
the highest stress on the bacterial cells, with 18.8% and 33.2% of
cells showing an increase in ROS level after exposure to Jun-13
sample at ×10 and ×20 concentrations, respectively, for 30 min
(Supplementary Figure S4A).

Natural Transformation by Acinetobacter
baylyi ADP1 in presence of Untreated
Hospital Wastewater
Considering that the 2 samples collected independently on Jun-22
exhibited both sub-lethality and ROS production, both samples
were further tested to determine if they would induce horizontal
gene transfer via natural transformation. ×20 concentrate of Jun-
22-1 and Jun-22-2 samples were observed to significantly increase
natural transformation by an average 1.2-fold compared to the
control (p < 0.05), with an average transformation frequency of
1.9 × 10−5.

DISCUSSION

Although Al Amal hospital is a psychiatric medical facility, non-
targeted characterization of the wastewaters from this hospital
showed that the most abundant (32%) chemical constituents are
medications including antibiotics, antidepressants and
antipsychotics. Meza et al. detected the presence of 52 organic
contaminants in Hershey Medical Center wastewater and
observed 83% of the identified chemicals to be
pharmaceuticals, while the rest were pharmaceutical
metabolites or antifungals (Meza et al., 2020). Another study
also characterized the wastewater collected from 4 general
hospitals and detected 31 out of 55 (56%) identified chemicals
to be pharmaceuticals. The remaining components were

FIGURE 4 | Percentage of chemical contaminants that induce, has no effect or suppress reactive oxygen species (ROS). Chemical contaminants that do not have
available literature on ROS production are classified as inconclusive compounds.
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pharmaceutical metabolites, corrosion inhibitors and pesticides
(Yilmaz et al., 2017). Those profiles are not entirely similar in
terms of chemical composition to our study due to a higher
percentage of chemicals belonging to medications in the earlier
studies. There was also a lack of illicit drugs present in their
wastewater streams. These differences in chemical profiles could
be explained due to the nature of Al Amal hospital as a psychiatric
medical facility (i.e., a specialty hospital), and hence the use of
medications to treat ailments may be of lower frequency than in
general hospitals. Escher et al. also observed differences in the
predicted environmental concentrations of the top 100
pharmaceuticals present in the general hospital and psychiatric
hospital wastewaters (Escher et al., 2011), reiterating that the type
of chemical contaminants found in the waste streams is
dependent on the hospital management and operation practices.

Using an in-silico approach, majority of the chemicals
identified to be present in Al Amal hospital cannot be
characterized for its mutagenicity/non-mutagenicity (Figure 2)
nor for their ROS production capacities (Figure 4). In terms of
mutagenicity, the highest number of identified inconclusive
chemicals was from the sample collected on Apr-21. The
inconclusive results were due to a lack of information for the
mutagenic properties for different pharmaceuticals, for example,
quinupramine, finasteride and robenidine that were identified in

Apr-21 sample. In addition, Al Amal hospital is a specialty
hospital that uses medications to alleviate the side effects of
drug addictions. Patients can discharge illicit drugs and
metabolites of the drugs they ingested or injected to the waste
stream. Therefore, unless databases improve by expanding
characterization effort for both mutagenicity and ROS
production to a wider suite of chemical contaminants,
particularly that of illicit drugs and drug metabolites, it
remains difficult to ascertain the overall chemical profile of the
hospital wastewater in an in-silicomanner. This is especially if we
were to consider the extent of complexity in such wastewater
streams (in this instance, > 800 different types of chemical
constituents are present).

Hence, reliance on in-vitro characterization of both
mutagenicity and ROS production capacities are still needed to
understand the chemical constituents in hospital wastewaters. It
was observed that almost all, except for 5 samples, are non-
mutagenic, suggesting that mutagenicity of such wastewaters
occur on an intermittent basis. This observation conflicted
with studies that reported that hospital wastewater is
mutagenic in majority of their samples. Sharma et al. showed
that wastewater from four hospitals in India is mutagenic but
proper treatment of the hospital wastewater can lower the extent
of mutagenicity (Sharma et al., 2015). Similarly, Yilmaz also

FIGURE 5 | Flow cytometry detection results of intracellular ROS generation when exposing 107 cfu/ml of A. baylyi ADP1 to hospital samples. (A) and (C) Fold
change of ROS production of A. baylyi ADP1 cells after 30 min treatment by hospital samples at ×1, ×10 and ×20 concentration. (B) and (D) Fold change of ROS
production of A. baylyi ADP1 cells after 1 h treatment by hospital samples at ×1, ×10 and ×20 concentration, *p < 0.05, **p < 0.01,***p < 0.001.
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showed that wastewater samples collected from hospitals in
Turkey showed strong mutagenic activity (Yilmaz et al., 2017).
The difference in observation may be due to the earlier studies
sampling wastewater from general hospitals that provide
treatment for a wider suite of ailments and diseases. In
addition, the studies only presented data on a small sample
size of grab samples, and hence do not provide information
on the occurrence frequency of mutagenic compounds in the
wastewater over a temporal scale.

For those five Al Amal wastewater samples that demonstrate
mutagenicity or toxicity, there were 2 samples that induced a
positive effect at ×1 concentration (e.g., Apr-29 and Jun-22-2)
and with the other 4 samples (Apr-27, May-27, Jun-22-1 and Jun-
27) requiring ≥×10 concentration to induce a positive effect
(Figure 3). In earlier studies, it was determined that the
contribution of untreated hospital wastewater into municipal
wastewater can range from 0.2% v/v (Łuczkiewicz et al., 2010)
to approximately 1% v/v (Galvin et al., 2010). Hence, accounting
for dilution effect, the contribution of mutagenicity effect on bulk
water would be comparable with the observed results noted from
the x1 concentration (Figure 3), and that the frequency of
contributing mutagenicity effect to the bulk water would be
particularly low or possibly on an intermittent basis. However,
there may be a need to monitor for potential detrimental impact
on the activated sludge (AS) processes in the downstream
biological wastewater treatment plants where bioaccumulation
occurs. AS systems that are operated with long sludge retention
time, SRT, (e.g., 20–40 days) may bioaccumulate the chemical
contaminants to a high enough level that induce mutagenicity
within the sludge blanket. In addition, although only one sample
collected independently twice (e.g., Jun-22-1 and Jun-22-2) was
determined to induce toxic effect at both ×10 and ×20
concentration, bacterial cells like A. baylyi ADP1 were stressed
when exposed to all hospital wastewater samples
(Supplementary Figure S4). Hence, there may be a potential,
albeit low possibility, to detrimentally affect COD, nutrient and
organic micropollutants removal via biodegradation by the AS
with longer SRT (Majewsky et al., 2011; Falås et al., 2016).

Unlike mutagenicity that use Salmonella Typhimurium as a
golden standard method, detecting intracellular ROS production
is challenging due to limitations associated with the CM-
H2DCFDA stain method. When establishing the ROS
detection protocol, it was observed that the response of
bacteria to stress factors varied with the ratio of bacterial cell
density to test factor (e.g., H2O2), with a higher density of the cells
being less affected by the test factor and hence not generating
detectable fluorescence intensity to denote intracellular ROS
production (i.e., lower detection sensitivity) (Supplementary
Figure S5). Considering these limitations, this study used a
cell density of A. baylyi that would be more responsive to
treatment factors, and used flow cytometry to determine
fluorescently-stained cells at 2 time points. In-vitro
characterization of the hospital wastewater samples for ROS
production suggests only 2 hospital wastewater samples
collected on Jun-13 and Jun-22 induced intracellular ROS
production in a time- and concentration-dependent manner
(Figure 5).

Production of intracellular ROS may be concerning as an
earlier study demonstrated an increase in the rate of conjugation
in E. coli LE392 by up to 8-fold due to an increase in ROS
generation caused by carbamazepine at 50 mg/L. When an ROS
scavenger thiourea was added, the rate of conjugation was
reversed, reiterating the role of ROS in horizontal gene
transfer by means of conjugation (Wang et al., 2019). In a
separate study, ROS production, along with enhanced stress
levels and increased cell membrane permeability, also
contributed to an increase in natural transformation (Wang
et al., 2020). As such, we focused on determining if Jun-22
samples, which exhibited stress on the bacteria and ROS
production, would contribute towards natural transformation.
The untreated hospital wastewater samples at x20 concentration
resulted in a positive increase in natural transformation,
suggesting that potential accumulation of mutagenic and ROS
producing chemicals that are discharged with the hospital
wastewater may disseminate the acquisition of new functional
gene traits in the downstream wastewater treatment processes.
This is especially considering that activated sludge systems with
longer SRT also have higher mixed liquor suspended solids
concentration (i.e., biomass and extracellular DNA) that can
favor horizontal gene transfer frequency.

CONCLUSION

This study demonstrated that a specialty hospital like Al Amal
does not frequently contribute mutagenic compounds and
ROS to the wastewater streams. Only a small number of
samples (2 out of 6) contributed positively to mutagenicity
at ×1 concentrations, with the remaining inducing positive
response when present in high concentrations (≥×10). Only 2
samples produced ROS at both tested 30 min and 1 h exposure
time, but both would require ≥×10 concentrate to induce ROS.
In such specialty hospital wastewater, majority of the chemical
components was medications, followed by illicit drugs, as was
anticipated for a specialty hospital that provides drug
addiction and psychological treatment to patients. The
study utilized databases and literature to in-silico assess the
overall mutagenicity and ROS production profile of the
wastewater. In general, in-silico characterization resulted in
a large number of inconclusive data, suggesting that further
studies are needed to understand the nature of the chemical
contaminants, particularly as it relates to their concentrations
and stoichiometry, as well as their biochemical mechanisms.
Meanwhile, in-vitro experiments to determine mutagenicity
and ROS production denote that majority of the samples did
not induce mutagenicity and ROS. Mutagenic effect was only
observed in 4 samples when they are concentrated by at least
×10, and can be arising from the presence of the chemical
constituents profiled within the hospital wastewater samples
or due to other potentially mutagenic compounds (e.g., heavy
metals and disinfectant residues used in the hospital) that may
also be present but not elucidated in detail in this study.
However, as is observed for the Jun-22 samples,
mutagenicity and ROS production can result in an increase
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in natural transformation among competent bacterium like A.
baylyi.

Overall, the results of this study demonstrated that there may still
be a need to consider ad-hoc contributions of mutagenic and/or
toxic wastewater streams from the hospitals that can in turn trigger
horizontal gene transfer events. In those instances, there may be a
likelihood of detrimentally impacting the downstream recipient
environment, including biological wastewater treatment processes.
Hence an on-site treatment at the point of generating hospital
wastewaters may be an option to minimize such concerns.
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